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ABSTRACT: The controllable isotropic thermal expan-
sion with a broad coefficient of thermal expansion (CTE)
window is intriguing but remains challenge. Herein we
report a cubic MZrF series (M = Ca, Mn, Fe, Co, Ni and
Zn), which exhibit controllable thermal expansion over a
wide temperature range and with a broader CTE window
(=6.69 to +1823 X 107%/K). In particular, an isotropic
zero thermal expansion (ZTE) is achieved in ZnZrF,,
which is one of the rarely documented high-temperature
isotropic ZTE compounds. By utilizing temperature-
dependent high-energy synchrotron X-ray total scattering
diffraction, it is found that the flexibility of metal---F atomic
linkages in MZrFq plays a critical role in distinct thermal
expansions. The flexible metal---F atomic linkages induce
negative thermal expansion (NTE) for CaZrF, whereas
the stiff ones bring positive thermal expansion (PTE) for
NiZrFg. Thermal expansion could be transformed from
striking negative, to zero, and finally to considerable
positive though tuning the flexibility of metal---F atomic
linkages by substitution with a series of cations on M sites
of MZrFq. The present study not only extends the scope of
NTE families and rare high-temperature isotropic ZTE
compounds but also proposes a new method to design
systematically controllable isotropic thermal expansion
frameworks from the perspective of atomic linkage

flexibility.

Negative thermal expansion (NTE) is an intriguing
thermophysical property, which distributes in diverse
solids."™ One of mainstream NTE materials share open
framework structures, involving the cooperative rotation of
metal coordination polyhedra, like ZrtW,Oy," Zr,_.Sn,Mo,0g,*
Sc,_ M,F,,>® and topologically flexible frameworks.” Besides,
other NTEs originate from valence fluctuation in BiNiOa,8
magnetic ordering variation,”'’ and spontaneous volume
ferroelectrostriction in PbTiO, ferroelectrics.”"'

Actually, cubic NTE isostructures with a controllable
coefficient of thermal expansion (CTE) are rare*”'* but fairly
desirable for both fundamental research and technological
applications. It is valuable that NTE could be chemically
modified to positive thermal expansion (PTE), especially
achieving scarce but critical isotropic zero thermal expansion
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(ZTE). Most NTE lattices exhibit highly flexible framework
characteristic. Their controllable CTEs have been well designed
within the negative region, like LnCo(CN),”” MPt(CN),,"*
M,[Co(CN)¢]-nH,0," and M,0."* However, it is scarce to
find that the CTE window could be transformed to ZTE or
even PTE. Until now, systematic design of an isotropic NTE
framework to achieve an extended CTE window has only been
reported in rarities, such as Zr;_,Sn,Mo,Og* (Sc;_,M,)F;,°*"
and some antiperovskite nitrides.'’ Furthermore, low frequency
phonon modes corresponding to NTE is easily overwhelmed
by high frequency ones. With increasing temperature, the latter
becomes dominant, overcomes the NTE contribution and
produces considerable PTE. It is not difficult to understand that
the majority of isotropic ZTEs could not persist up to high
temperature.'®” Accordingly, it is a great challenge to find a
framework with appropriate flexibility to design systematically a
series of controllable CTEs, especially to achieve isotropic high-
temperature ZTE.

Herein we report a systematically controllable thermal
expansion (NTE, ZTE, and PTE) with a much broader
CTEs (—6.69 to +18.23 X 107%/K) over a wide temperature
range (300 to 673 K) in MZrF series (M = Ca, Mn, Fe, Co, Nj,
and Zn). In particular, rarely documented isotropic ZTE has
been achieved in ZnZrF. The controllable thermal expansion is
correlated closely with the flexibility of the metal---F atomic
linkages. The present study extends the scope of controllable
NTE compounds not only possessing a broader CTE window
but also functionalizing over a wide high-temperature range.
The proposed method of atomic linkage flexibility tuned NTE
could provide a good example to design controllable NTE
framework solids.

A series of MZrF, isostrucutres (M = Ca, Mn, Fe, Co, Nj,
and Zn) were prepared by a solid-state reaction method (see
Supporting Information). At ambient condition, all compounds
adopt double ReOj;-type structure and crystallize with Fm3m
cubic lattice. In detail, MZrF4 comprises the combination of
MFg octahedra alternating with ZrF4 ones. Taking CaZrF for
instance, Ca (yellow sphere), Zr (cyan), and F (red) atoms
occupy Wyckoff sites 2a (0, 0, 0), 2b (0.5, 0.5, 0.5), and 24e (x,
0, 0), respectively (Figure 1).
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Figure 1. Crystal structure of MZrF; (M denotes Ca here as an
example) with MF, (yellow) and ZrFg octahedra (red).

Variable temperature XRD of MZrF4 has been analyzed to
investigate thermal expansion. It is interesting to find that
although MZrF series share the same cubic symmetry, the
magnitude of NTE varies systematically with substitution across
the 3d-row (Figure 2a). The lattice constant of CaZrF,
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Figure 2. (a) Temperature dependence of lattice constant change
relative to the RT value for MZrF4 (M = Ca, Mn, Fe, Co, Ni, and Zn).
(b) Contour plots of the normalized intensity for the (200) peaks of
SXRD patterns, respectively.

decreases smoothly with increasing temperature, exhibiting a
strong NTE with a linear CTE (@ = —6.69 X 107%/K, RT to
675 K, Figure 2a). It is in good agreement with the previous
report.'”* This CTE is well approaching that of ZrW,Oq (a; =
—9.1 x 107%/K)" and approximately twice that of ScF; (a; =
—3.1 X 107%/K, 300—900 K).°* However, with the replacement
of Mn or Fe for Ca, the NTE is continuously dampened (a; =
—4.47 x 107%/K for MnZrF, and —3.24 X 107%/K for FeZrFy).
Intriguingly, the isotropic ZTE in the composition of ZnZrF is
highlighted by the miniscule fluctuation of lattice constant as
shown in Figure 2a. Its a; is +0.52 X 107%/K, which covers a
broad temperature range (RT to 675 K). Slight and
considerable PTE occurs in CoZrFy (a; = +3.33 X 107°/K)
and NiZrFg (q +18.23 X 107%/K), respectively. As
represented in Figure 2b, contour plots of the (200) peaks of
MZrF, (M = Ca, Zn, and Ni) shift to higher, barely shift, and
move to lower angle regions, respectively. This directly depicts
their strong NTE, ZTE, and considerable PTE properties.
Additionally, low temperature thermal expansions of these
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compounds are presented in Figure S2 and Table S1. In detail,
lattice constants, CTEs, and ionic radii of MZrF, series are
listed in Table S2. A correlation between CTE and ionic radius
is found and depicted in Figure S3. Theoretical calculations
were performed to investigate the bonding feature in two
representative compounds of CaZrF, and NiZrF, (Table S3
and Figure S4).

The application of NTE materials necessitates a broader
CTE window. However, until now, few of isotropic NTE
compounds with open-frameworks could obtain a wide CTE
window by chemical substitutions. The controllable CTEs of
most NTE compounds are restricted in the negative region.
Very few compounds have been found to reveal controllable
CTEs covering from negative to positive. For example,
Zr,_,Sn,Mo,Oq solids show a controllable CTE window (¢
= —5.7 — +7.9 x 107%/K)," and that of ScF;-based fluorides (a;
—3.3 — +3.3 X 107%/K).** The representative isotropic NTE
series are summarized in Table S4. In comparison, a
surprisingly broader CTE window (o = —6.69 — +18.23 X
107%/K) has been achieved in this MZrF, series. The
controllable isotropic thermal expansion covers a wider CTE
window from strong NTE to considerable PTE. It is important
to note that the controllable CTEs of MZrF, cover that of most
compounds. On the one hand, its strong NTE is comparable
with typical isotropic NTEs, like ZrW,04 (=9.1 X 107°/K)" or
ZrMo,0; (=59 X 107%/K).* On the other hand, its PTE
(+18.23 X 1079/K) is as considerable as the strong expansion
ceramics or metals, such as AL O; (+7.8 X 107%/K),” Fe (+12 X
107%/K),'"” and Cu (+16.64 X 107°/K).” Besides, the
controllable thermal expansion could also be achieved by
forming solid solutions between NTE and PTE MZrFq, such as
(Mn;_,Ni,)ZrFs and (Fe,_,Ni,)ZrFs For example, a ZTE
property has been found in (FeysNiys)ZrFs (a; = +0.17 X
107%/K).

Furthermore, it remains a challenge to achieve an isotropic
ZTE over a broad temperature range. Until now, remarkable
isotropic ZTE has been found in limited compounds, such as
Zry4SngMo,04 (up to 600 K),* Zn,BsO; (13—110 K),'®
N(CH,),CuZn(CN), (200—400 K)," Fe[Co(CN),] (4.2—
300 K),”* Mn,,,3Nig,4N (140—230 K),'** Mn,(CuysSngs)N
(307-355 K),'” TaO,F (RT to 800 K),”* and (Sc,_,M,)F;
(RT to 900 K).*»* Interestingly, given the systematically
controllable CTEs in MZrFq series, a satisfactorily isotropic
ZTE has been achieved in ZnZrFy (o = +0.52 X 107%/K)
which spans a wide temperature range (RT to 675 K). This
isotropic ZTE of ZnZrF4 could enrich the diversity of high
temperature isotropic ZTE candidates.

Why does the thermal expansion of MZrF4 behave
remarkably differently, even though they have the identical
cubic crystallographic symmetry? It is presumably that the local
vibrational dynamics plays a critical role in their thermal
expansion. To elucidate the underlying vibrational mechanism,
temperature-dependent synchrotron X-ray pair distribution
function (XPDF) was employed. Before the discussion on
XPDF, two distinct rocking models are introduced here. As
shown in Figure 3a, one is the flexible rocking model (FRM)
and the other is the weak rocking model (WRM). The
substructure consists of vertex-linked octahedra of MFq
(yellow) and ZrF4 (pink). The black arrows 1 and 2 indicate
the distances of the M:--F atomic linkages in which F atom is
next nearest neighbor to M. Firstly, the distances of 1 and 2 are
identical if no rocking occurs. However, on heating the coupled
rotation of octahedra induces a distribution of distances of the
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Figure 3. (a) Two rocking models of MZrF substructures. Temperature dependence of XPDF radial distribution function, R(r), from RT to HT, for
(b) CaZrF, and (c) NiZrFg. The upper-left insets in panels b and ¢ show distinct peaks corresponding to atomic pairs marked by the same color
arrows in the two substructures. The upper-right insets show the metal:--metal peaks in CaZrFg or NiZrFy. (d) Relative 6*(T) for different peaks of

CaZrF¢ and NiZrFq.

M---F linkages. In the FRM, flexible rotation yields a wide
distribution of distances of the M:--F linkages, whereas in the
WRM a slight variation occurs. As a result, the NTE may be
produced in the FRM not in the WRM.

As shown in Figure 3b,c, the atomic linkages can be
identified. For example, the atomic pairs of Ca—F, Zr—F, Ca--
Zr, and M'-+F (M’ = Ca or Zr) for NTE CaZrF4 are
approximately at 2.05, 2.28, 4.25, and 4.75 A, respectively
(Figure 3b). For PTE NiZrF,, Ni---Zr and M"--F (M’ = Ni or
Zr) peaks are at 4.0 and 4.51 A. It needs to note that the Ni—F
and Zr—F peaks merge into a broad one due to the similar ionic
sizes of Ni** and Zr* (Ni** = 0.69 A, and Zr** = 0.72 A).**
This gives rise to the difficulty to distinguish the similar lengths
of Ni—F and Zr—F bonds by the present XPDF, even with an
adequate resolution (Q = 26 A™"). The upper-right inset of
Figure 3b mainly shows the contraction of Ca--Ca or Zr--Zr
correlations on heating. This contraction is greatly consistent
with its macroscopic NTE behavior of CaZrF,. Contrarily, the
distance of Ni--Ni or Zr---Zr correlations (Figure 3c, the upper-
right inset) enhances greatly on heating, also confirming its
lattice PTE.

Most importantly, the M'---F linkage of NTE CaZrF at 4.8 A
denoted as (4) (marked by the red box) in Figure 3b exhibits
strong temperature sensitiveness. The M'---F peak broadens
greatly. Simultaneously, it drops in height from RT to 675 K,
approximately to ~84% of the primary peak height (Figure 3b).
In sharp contrast, the M”---F correlation of PTE NiZrF,
(marked by the blue box) seems to be frozen and barely
changes in height (only decreases to 96% up to 675 K).
Quantitively, the stiffness of atomic linkages could be revealed
by the variation of ¢* as a function of temperature.
Theoretically, 6*/T correlates positively with kyw™ (o, the
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Gaussian FWHM; kg, Boltzmann constant; o, effective
vibrational frequency). The larger ¢/T value indicates the
lower @?, the smaller force constant, and the higher flexibility of
atomic linkage. The relative 6> (T) plots are depicted in Figure
3d. Intriguingly, only the ¢ of M'-F for NTE CaZrFq
increases rapidly with increasing temperature. Its slope is 7.56
x 107 A*/K (Figure 3d), which is similar to that of Zr—W
linkages (2.2 X 107° A?/K) in ZrWZOg.lb The similarity in the
slope may explain the similar magnitude of NTE for CaZrFq
and ZrW,0, However, the ¢ of M”-F of PTE NiZrF,
increases with such a slow rate. Its slope (0.89 X 107> A%/K)
is almost 1 order smaller than that of NTE CaZrF. The larger
slope suggests the flexible M'--F linkage and the wider
distribution of M'---F distances in NTE CaZrF,, whereas the
smaller one indicates the stiff M”---F linkage and its narrow
distance distribution in PTE NiZrF, This could be also
supported by our theoretical calculation, in which the charge
cloud in NTE CaZrF, is more localized whereas more covalent
in PTE NiZrF,. This demonstrates the Ca—F bond is weaker
than the Ni—F one (Figure S4). As with the previous discussion
for Figure 3a, the most significant deviation for lattice dynamics
lies in the M---F linkages of CaZrF¢ and NiZrF,. The soft M'--
F linkages of CaZrF4 allows a flexible or intense coupled
rocking of CaF4 and ZrF4 octahedra, which has been indicated
by the lower-frequency F,; phonon mode.'”” However, the
restricted M”---F linkage of PTE NiZrFg only permits a weak
rocking. The physical picture is visualized in the Figure 3a by
the two different rocking models of FRM and WRM. In NTE
CaZrFy, the flexible rocking of polyhedra is strong enough to
counterbalance the PTE contribution originating from chemical
bonds, giving rise to the shrinkage of Ca--Ca and Zr-Zr
linkages and thus to NTE. However, with chemical substitution
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with M-site atoms, the M---F linkages of MZrF4 progressively
become stiffer and the local transverse vibrations turn to be
dampened in magnitude. Ultimately, thermal expansion of
MZrFq transforms from negative in CaZrFy to the considerable
positive in NiZrF. Meanwhile, the temperature dependence of
rocking angle demonstrates an intense thermal vibration of
fluorine atoms in NTE CaZrF4 whereas a fairly weak one in
PTE NiZrF4 (Figure S6).

For NTE flexible geometries, the present study provides a
possibility to design systematically materials with desirable
thermal expansion by finely tuning the flexibility of correlated
atomic linkages. The atomic linkage flexibility tuned thermal
expansion could be referred to elucidate the local vibrational
mechanism of most NTE framework compounds.

In summary, systematical design of controllable isotropic
thermal expansions including NTE, ZTE, and PTE have been
observed in MZrFg analogues (M = Ca, Mn, Fe, Co, Nj, and
Zn). The tunable thermal expansion exhibits an extended CTE
window (—6.69 to +1823 X 107%/K). Intriguingly, the
isotropic ZTE property has also been achieved in ZnZrFq
over a wide temperature range. Temperature dependence of
XPDF analysis provides a deep insight into the lattice dynamics
of MZrF,. The flexibility of the M--F linkages, involving the
rocking model, plays a critical role in thermal expansion
behavior. The flexible M---F linkages enhance the octahedral
rocking and thus produce NTE for CaZrF,, whereas stiffer ones
weaken the rocking which dampens thermal expansion from
negative, to zero, and finally to positive by simply substituting
3d-row cations for Ca. The atomic linkage flexibility tuned
isotropic thermal expansion provides a new method to design
controllable thermal expansion materials and could be utilized
in extensive framework structures.
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