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ABSTRACT: The understanding of the negative thermal
expansion (NTE) mechanism remains challenging but
critical for the development of NTE materials. This study
sheds light on NTE of ScF;, one of the most outstanding
materials with NTE. The local dynamics of ScF; has been
investigated by a combined analysis of synchrotron-based
X-ray total scattering, extended X-ray absorption fine
structure, and neutron powder diffraction. Very interest-
ingly, we observe that (i) the Sc—F nearest-neighbor
distance strongly expands with increasing temperature,
while the Sc—Sc next-nearest-neighbor distance contracts,
(ii) the thermal ellipsoids of relative vibrations between
Sc—F nearest-neighbors are highly elongated in the
direction perpendicular to the Sc—F bond, indicating
that the Sc—F bond is much softer to bend than to stretch,
and (iii) there is mainly dynamically transverse motion of
fluorine atoms, rather than static shifts. These results are
direct experimental evidence for the NTE mechanism, in
which the rigid unit is not necessary for the occurrence of
NTE, and the key role is played by the transverse thermal
vibrations of fluorine atoms through the “guitar-string”
effect.

n the last two decades, negative thermal expansion (NTE)

has been found in various types of oxides,’ alloys,2 nitrides,’
fluorides,™ and so on. Considering that even subtle variations
of the coefficient of thermal expansion (CTE) tend to crucially
degrade the performance of components or devices in optical,
electronic, and biomedical industries, NTE materials have
significantly technological applications for the precious control
of thermal expansion.’ It has been well-known that the
understanding of the NTE mechanism is crucial not only for
the design of new NTE materials but also for the control of
CTE.” However, the nature of NTE is complicated and remains
challenging since it is entangled with some factors like low-
frequency phonons and transverse motions,8 magnetic
transitions and ferroelectricity,” changes of the electronic
configuration, etc."’

Most NTE compounds have a common structural feature of
open frameworks, like ZrM,0Og compounds (M = W or
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Mo),""" cubic fluorides,*>"* cyanides,8 metal—organic frame-
works'® and their derivatives. Rigid unit mode (RUM) model
has been proposed and widely accepted to account for these
frameworks’ exotic NTE characteristicc. RUM model assumes
that polyhedral building blocks, consisting of 3D networks,
have negligible variance in shape and size, even when subjected
to drastic temperature fluctuation."* However, even for the
prototype NTE compound ZrW,0Og the NTE mechanism
remains debated: ZrO4 and WO, were postulated to be rigid
based on the RUM model, and the correlated rocking motion
of these polyhedra shrinks the lattice volume on heating;"'* in
contrast, the tent model claims that the displacement of WO,
along [111] crystal direction and the correlated motion of the
three nearest ZrOg octahedra contributes to NTE;' recent
molecular dynamics (MD) study revealed a more flexible model
with rigid nearest chemical bonds and tension effect.'”

The nature of NTE materials could be elucidated if a simple
crystal structure is available. Recently, a compelling counterpart,
cubic scandium trifluoride (ScFs, space group Pm3m) has been
reported to exhibit an interesting isotropic NTE behavior.* The
striking feature of the crystal structure of ScF; is that it is simply
composed of corner-shared ScFg octahedra. Such simple cubic
structure enables us to clarify the NTE nature. Here we report,
for the first time, the direct experimental evidence for the NTE
mechanism of ScF;, obtained by a combined analysis of the pair
distribution function (PDF) of synchrotron X-ray total
scattering, extended X-ray absorption fine structure (EXAFS),
and neutron powder diffraction (NPD). Specifically, the
transverse vibrational motion of bridging F atoms plays a
dominating role in NTE of ScF; through the so-called “tension”
or “guitar-string” effect.

The lattice constant, g, extracted from structure refinement
of our synchrotron X-ray diffraction (SXRD), X-ray PDF and
NPD, contracts smoothly on heating over a large temperature
interval (Figure 1). The average linear CTE, q, is —3.1 X 107
K" in the temperature range 300—800 K, in a good agreement
with the previous report by Greve et al.*

By considering only the temperature dependence of the
lattice constant, one can obtain an unphysical shrinkage of the

Received: March 4, 2016
Published: June 23, 2016

DOI: 10.1021/jacs.6b02370
J. Am. Chem. Soc. 2016, 138, 8320—8323


pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.6b02370

Journal of the American Chemical Society

Communication

ol @ dyn?mlc n_'lotlon
- (]
B8
— -2 i BQ
8
o4 a «g
= =] v
< Bs o
8 : By o
or O SXRD =] 8 @
O XPDF Bpo@ 4
Bpg
& NPD | =)
‘8 i 1 L 1 1 L 1
300 400 500 600 700 800
T (K)

Figure 1. Temperature dependence of the relative lattice constant, Aa.
The blue square, red circle and black diamond indicate refinement
results extracted from high energy SXRD, XPDF, and NPD data,
respectively. The inset shows the coupled rocking motion of ScFq
octahedra. The red arrows reveal the dynamic motion of fluorine
atoms.

“apparent” bond length under crystallographic symmetry
constrains, such as that of the Sc—F bond (a/2). Therefore,
we used here total scattering diffraction and EXAFS to measure
the “true” bond length between neighboring atoms. The
temperature dependence of the true Sc—F and Sc—Sc distances
has been thus extracted (see Supporting Information for data
analysis details). In contrast to the shrinkage of the apparent
Sc—F distance (o = —3.1 X 107 K™!) derived from the lattice
constant, the true Sc—F bond expands steeply with increasing
temperature (Figure 2a). The linear CTE is positive and as
large as +18.4 X 107% K7', larger than the bond expansion
coefficients observed in more flexible framework structures like
ZiW,04'"* or Zn(CN),.* The large PTE of the real Sc—F
bond length can be directly viewed from the temperature
dependence of the Sc—F PDF peak between 1.75—2.25 A of
the G(r) function (Figure 2b and 2c), where on heating the
shift toward longer distances gives evidence of the considerable
expansion of the real Sc—F bonds. On the contrary, the next-
nearest neighbor Sc—Sc distance shrinks slowly with increasing
temperature, with an average negative o of ~ —3.2 X 1076 K™Y,
i.e,, very similar to the lattice contraction. It needs to note that
both XPDF and EXAFS results exhibit a good agreement. A
recent density-functional MD simulations show that the
calculated Sc—F bond also expands strongly with an
approximate CTE of +17.5 X 107°/K, 300—800 K (extracted
from their data),'”” in accordance with the experimental results.

The correlation of vibrational motion plays a key role in the
local behavior of NTE materials. First, before we understand
the NTE mechanism of ScF; in light of transverse vibrational
motion of fluorine, it needs to exclude the possibility of static
shifts of fluorine away from the mean position, which could also
bring the shrinkage of Sc—Sc distance. A disordered structure
model with the F atoms distributing over (0.5, y, y) sites was
employed to refine the NPD data. However, the disordered one
could not improve the refinement results (Figure S3),
compared to the ideal cubic model with F atoms at (0.5, 0,
0) site. Besides, if the atomic displacement parameters of
fluorine atoms in the ideal model are considered to calculate
the Sc—F distance (Figure S4b), it also exhibits an apparent
thermal expansion, consistent with the X-ray PDF result.
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Figure 2. (a) True thermal expansion of the Sc—F and Sc—Sc bonds
determined by XPDF (filled symbols) and EXAFS (open symbols).
Green refers to the Sc—F bond and blue to the Sc—Sc atomic pair,
shown in the inset. The red triangle indicates the Sc—F distance
extracted from the NPD data. (b) Temperature dependence of the first
Sc—F shell (blue line at RT, red line at HT). (c) Contour plot of the
normalized intensities of the Sc—F peak in G(r) as a function of
temperature.

Consequently, these results show that the dynamic vibration of
fluorine atoms, instead of static shifts, is vital for the NTE
behavior of ScF;.

In order to quantitatively investigate the correlated motion
between selected pairs of neighboring atoms and have a
complete description of the local dynamics, the atomic mean
square relative displacement (MSRD) was extracted from the
EXAFS data."® Figure 3a shows the MSRD parallel to the bond
direction of both Sc—F and Sc—Sc atomic pairs. The
temperature dependence of the MSRD can be utilized to
estimate the stiffness of the chemical bonds, which is
represented by the effective force constant, k, obtained from
the correlated Einstein model fit.'"® The corresponding effective
“bond-stretching” force constant kj for the Sc—F and Sc—Sc
chemical bonds are about 9.38(7) and 6.55(24) eV/A* (Table
S1), respectively. It is worth noting that the Sc—F bond is stiffer
than the nearest-neighbor bonds of some typical NTE, like
Ag,0 or diamond-zincblende structures,'”?° but it is also softer
than the nearest-neighbor bonds of other NTE compounds,
like Cu,O, CuScO,"” or even better ZrW,0g.'”* Therefore, the
stiffness of the Sc—F bond does not seem to be the only
important factor in NTE.

From the comparison between thermal expansion of
chemical bonds obtained by EXAFS and crystallographic
thermal expansion by XRD, we can also estimate the MSRD
perpendicular to bond directions.”’ As shown in Figure 3b, the
perpendicular MSRD, of the Sc—F bond reveals a very large
sensitivity to the temperature. It means that the transverse
thermal vibration of fluorine is extremely large, as predicted by
theory,”” and it will play a critical role in the NTE mechanism
of ScF;. The corresponding effective “bond-bending” force
constant k, is 0.94(4) eV/A?, approximately 10X smaller than
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Figure 3. Atomic MSRD of ScF;: (a) MSRD) (parallel), (b) MSRD,
(perpendicular), and (c) anisotropy of the relative thermal vibrations
of the Sc—F and Sc—Sc atomic pairs determined by EXAFS. The lines
are the best fitting Einstein models. (d) Schematic representation of
the thermal ellipsoids of the relative thermal vibrations. The larger
ellipsoid refers to the Sc—F relative motion and the smaller one to the
Sc—Sc relative motion.

the stretching one. Accordingly, the Sc—F bond is much stiffer
to stretch than to bend, and this could be related to the
presence of empty space in the cubic ScF; structure
perpendicularly to the Sc—F—Sc linkage. Contrarily, the
perpendicular MSRD, between the second-neighbors Sc—Sc
is small and almost unchanged over the whole temperature
range (Figure 3b).

From the ratio y = MSRD,;/MSRD; (Figure 3c) we can
determine the anisotropy of the relative thermal vibrations. For
perfect isotropy, y = 2. It is interesting to observe that the y
ratio for the Sc—F bond is highly sensitive to the temperature
and, above all, is large at high temperature where y = 20. This
value of y is much larger than that of other NTE compounds,
such as ¥y = 6 for Ge and Cu,O and y = 11 for CuCl, but is
similar to y = 22 of Ag2023 or y = 26—32 of bridging oxygens of
ZrW,0,.""* The larger values of ¥ could be related to the fact
that in ScF;, Ag,0O and ZrW,0O, contrary to Ge, Cu,O, and
CuCl, the NTE persists up to high temperatures. Turning to
the Sc—Sc pair, however, the y remains at low values and fairly
stable over the whole temperature range. The value of y is
slightly smaller than 2, indicating that the Sc—Sc relative
motion is more pronounced along the bond direction. Here,
the thermal ellipsoids of the Sc—F and Sc—Sc relative thermal
vibrations can be visualized by the schematic representation of
Figure 3d. This figure gives evidence of the large transverse
vibration of fluorine atoms normal to the Sc—F—Sc chain as
well as that of the nearest-neighboring scandium atoms that are
pulled closer together.

These experimental results demonstrate that the local
vibrational dynamics for ScF; can be directly ascribed to the
so-called “guitar-string” effect,’** in which the bonds between
some atomic pairs are so strong that the relative motion of the
atoms along the bond direction is inhibited and the transverse
motion to the bond direction is favorite. In the specific case of
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ScF;, when the fluorine atom in the middle Sc—F—Sc linkage is
displaced transversely, the Sc—F bonds tend to pull the two Sc
atoms together thus inducing a pronounced NTE. It is
important to highlight that this mechanism is firmly supgorted
by ab initoc MD and frozen phonon calculations.”® The
dynamic transverse motion of fluorine atoms has a good
agreement with the previous MD simulations, and this dynamic
vibration of fluorine atoms correlates closely with quartic
anharmonicity, contributing principally to NTE of ScF;.

It is also worth noting that the EXAFS parallel and
perpendicular MSRDs include only the dynamic contribution
of the relative Sc—F and Sc—Sc motion. Even if a static
contribution was present as the disorder structure model
claims, this is purged from the MSRDs.

In summary, this study provides new insight into the local
dynamics of ScF;, one of the most recent and interesting NTE
materials, by using X-ray total scattering EXAFS and NPD
techniques. A considerable PTE of the true Sc—F bond distance
and large transverse vibrations of fluorine atoms, perpendicular
to the Sc—F—Sc linkage, has been observed, thus indicating that
the Sc—F bond is much softer to bend than to stretch.
Concomitantly, the true Sc—Sc distance shrinks, and the Sc—Sc
relative motion is more pronounced along the bond direction.
Besides, dynamic transverse motion of fluorine atoms is
confirmed by Retiveld analysis of high-resolution NPD data.
The combination of these findings reveals the presence of a
“guitar-string” effect as the local mechanism responsible for the
NTE in ScF;.
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