Localized Symmetry Breaking for Tuning Thermal Expansion in ScF; Nano-scale Frameworks

Lei Hu,™® Feiyu Qin,! Andrea Sanson,? Liang-feng Huang,® Qiang Sun,* Zhao Pan,! Qiang Li,> Lu
Wang,! Fangmin Guo,®> Umut Aydemir,®® Yang Ren,®> Chengjun Sun,’ Jinxia Deng,! Giuliana Aquilan-
ti,” James M. Rondinelli,® Jun Chen, Xianran Xing*

1 Department of Physical Chemistry, University of Science and Technology Beijing, Beijing 100083,
China

2 Department of Physics and Astronomy, University of Padova, Padova [-35131, Italy

3 Department of Materials Science and Engineering, Northwestern University, Illinois 60208, United
States

4 International Laboratory for Quantum Functional Materials of Henan, School of Physics and Engi-
neering, Zhengzhou University, Zhengzhou 450001, China

5 X-Ray Science Division, Argonne National Laboratory, Argonne, Illinois 60439, United States
6 Department of Chemistry, Koc University, Sariyer, Istanbul 34450, Turkey

7 Elettra Sincrotrone Trieste, Basovizza, Trieste [-34149, Italy

Supporting Information Placeholder

ABSTRACT: The local symmetry, beyond the averaged crystallographic structure, tends to bring unu-
sual performances. Negative thermal expansion is a peculiar physical property of solids. Here, we report
the delicate design of the localized symmetry breaking to achieve the controllable thermal expansion in
ScF3 nano-scale frameworks. Intriguingly, an isotropic zero thermal expansion is concurrently engi-
neered by localized symmetry breaking, with a remarkably low coefficient of thermal expansion of
about +4.0x10%/K up to 675K. This mechanism is investigated by the joint analysis of atomic pair dis-
tribution function of synchrotron X-ray total scattering and extended X-ray absorption fine structure
spectra. A localized rhombohedral distortion presumably plays a critical role in stiffening ScF3 nano-
scale frameworks and concomitantly suppressing transverse thermal vibrations of fluorine atoms. This
physical scenario is also theoretically corroborated by the extinction of phonon modes with negative
Griineisen parameters in the rhombohedral ScFs. The present work opens an untraditional chemical
modification to achieve controllable thermal expansion by breaking local symmetries of materials.

Chemical modification on crystallographic symmetry plays a critical role in achieving attractive
performances of functional materials. Recently, the emerging local symmetry, distinct from the average
long-range crystallographic structure, has brought unusual physical properties, such as local dipoles in
cubic PbTe thermoelectric material,! a lower local symmetry associated with enhanced T in Fe(Se,Te)
superconductor,? and local tetragonal distortion in negative thermal expansion (NTE) of cubic MnsCui-
«GexN antiperovskite manganese nitrides.3

NTE is a peculiar physical property, which is not only fundamental but also practical issues for
physics and materials science*>®"® This unusual feature derives from diverse attributes, such as low-
frequency phonon modes in ZrW,Os*, charge transfer in BiNiO3’, microstructural effects in Ca;RuO3 74
ceramics®, ferroelectric spontaneous polarization in Pb(Ti,V)O;°, and magnetovolume effect in
La(Fe,Si,Co)11 and Tb(Co,Fe),.1% Until now, the controllable thermal expansion has been elaborately
devised by the traditional chemical substitutions with heterogeneous atoms, such as Zri«SnyMo,Os'?
and MNFs (M = 34 transition metals, N = Zr or Nb) solid solutions,'? and by the insertion of guest mol-
ecules or atoms in cavities of framework structures, like N(CH3)4CuZn(CN)4'34 and (Li,Sc,Fe)F3.1



Here, we report an unconventional localized symmetry breaking to tailor controllable thermal ex-
pansion in ScF3 nano-scale frameworks. Intriguingly, an isotropic zero thermal expansion (ZTE) is con-
comitantly achieved, with remarkably small linear coefficient of thermal expansion (CTE), ou =
+4.0x10%/K from 325 K up to 675 K. A restricted rotation model and stiff lattice geometry are con-
firmed by local vibrational dynamics investigations. This work provides a fresh approach to devise spe-
cial thermal expansion properties in conventional magnetic or electronic NTE materials.

ScF3 nanocrystals with different crystalline sizes were prepared by a single source pyrolysis meth-
od (see the experimental section in Supporting Information). ScF3 nanocrystals with distinct average
sizes are denoted as S2 (~13.2 nm), S3 (~8.1 nm), and S4 (~6.3 nm). For comparison, bulk ScF3, named
as S1, was also prepared by the solid-state reaction method as a reference (

Figure S1). ScF; crystallizes in the Pm3m cubic lattice, composed of corner-sharing ScFs octahedra
(Figure S2). Temperature dependence of high-energy
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Figurel (a) Temperature dependence of relative lattice constant, Aa = ar — ao, of ScF3 crystals. S1 is

bulk ScF3; while S2 (13.2 nm), S3 (8.1 nm), and S4 (6.3 nm) are nanocrystals. (b) Contour plots of
(100) peaks of ScF; crystals (S1 to S4).

synchrotron X-ray diffraction (SXRD) patterns (A = 0.117418 A) was utilized to investigate the lattice
thermal expansion. It is interesting to notice that ScF; crystals with continuously reduced crystalline size
(from S1 to S4) reveal highly distinct thermal expansion behavior (Figure 1a). The bulk ScF; (S1)
shows a strong NTE with the linear CTE, oy = -3.88x10/K (325 to 675 K), consistent with the previous
report.** However, the lattice thermal expansion of ScF3 crystals can be well tuned by reducing crystal-
line size. The NTE is suppressed in the sample S2 (13.2 nm), demonstrating a reduced oy = -1.72x10"
8/K. Interestingly, an isotropic ZTE is achieved in the sample S3 (8.1 nm). Its lattice constant nearly re-
mains
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Figure 2. (a) Schematic view of vibrational models of ScFs octahedra. Two-end arrows indicate distinct
atomic pairs. (b) Temperature dependence of R(r)s of the bulk and nano ScFs.

constant over a wide temperature range. Its CTE reaches a remarkably smaller value of +4.0x10%/K
(325 to 675 K). Further decreasing crystalline size, the slightly positive thermal expansion (PTE) is
achieved in the sample S4 (6.3 nm), with the oy = +6.34x107/K. Contour plots of (100) peaks of ScF3
crystals (S1 ~ S4) are presented in Figure 1b. The (100) peaks shift to different angle regions, directly
affirming lattice NTE, ZTE, and PTE behaviors. Besides, the (100) peak width broadens with decreas-
ing crystalline size, as clearly presented in Figure 1b.

In order to reveal the effect of local structure and lattice dynamics on tuning thermal expansion, we
carried out the joint studies of atomic pair distribution function (PDF) of synchrotron X-ray total scatter-
ing, Extended X-ray Absorption Fine Structure (EXAFS) data, and first-principles calculations. Figure 2
shows the radial distribution functions, R(r)s, of the bulk (the sample S1) and nano ScF; (the sample S4)
as a function of temperature. Two rotation models are suggested here, in which one is flexible rotation
model and the other is restricted one (Figure 2a). The rotation dynamics can be directly revealed by the
distance distribution of atomic pairs, such as the second and more distant Sc---F pairs corresponding to
(1) and (2) in Figure 2a. As shown in Figure 2b, these peaks corresponding to atomic pairs are well ob-
served, such as the peaks near 4.5 and 8.3 A for the atomic pairs (1) and (2), already marked by arrows
in Figure 2a. In sharp contrast, there exist distinct distance distributions of atomic pairs with respect to
temperature. In the bulk S1, Sc---F pairs, (1) and (2), intensively drop in the amplitude and broaden in
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Figure 3. (a) Parallel MSRD) of Sc-F and Sc-Sc, (b) Perpendicular MSRD. of Sc-F, (¢) The anisotropy
of relative thermal vibrations of Sc-F bonds (y = MSRD./ MSRD)). The lines are the best-fitting by uti-
lizing the Einstein model. (d) Schematic illustration of relative thermal ellipsoids of Sc and F.
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Figured4. (a) The goodness of fits, Ry as a function of rmax for S2, S3 and S4 by cubic and rhombohedral
models. (b) Griineisen parameters for phonon modes in the Brillouin zone for the two phases, and (c).
Griineisen-weighted phonon density of states (DOS) in cubic and rhombohedral ScF3, respectively.

Frequency (THz)

the width with rising temperature (marked by black boxes, Figure 2b), which indicates the large atomic
distance distribution and the flexible rotation model. In contrast, these peaks, (1) and (2), in the nano
ScF3 (S4) seems to condense out at elevated temperatures, supporting the restricted rock- ing model.
The relative bond width, Ac?(T), can be used to quantitatively describe the dynamics of atomic pairs
(Figure S4). A larger slope of Ac® versus T is observed in the NTE bulk ScF3, which indicates a soft
atomic pairs and flexible lattice geometry. However, the highly reduced slope is in the PTE nano ScF3,
in which rigid atomic pairs and restricted rotation model appears.

Derived from EXAFS data, the atomic mean square relative displacements (MSRDs), parallel
(MSRDy) and perpendicular (MSRD.) to the bond direction, can be utilized to gain original insights into
the local vibrational dynamics of solids.'® Figure 3 shows local vibrational dynamics of the Sc-F near-
est-neighbors in the bulk (S1) and nano ScFz (S4). As shown in Figure 3a, they show a similar tempera-
ture response with effective bond-stretching force constants «, 9.38(7) and 9.94(9) eV/A?, respectively,
estimated by the Einstein model fits. Also the MSRD) of the second-neighbor Sc-Sc exhibits similar
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temperature dependence in the bulk and nano ScFaz. In sharp contrast, a large discrepancy occurs in the
perpendicular MSRD. (Figure 3b). For bulk ScFz (S1), the MSRD. of nearest-neighbors Sc-F strongly
increases with increasing temperature, showing a small effective bond-bending force of relative thermal
vibrations, monitored by the ratio y = MSRD./MSRD), is presented in Figure 3c. In the bulk ScFz the
value of y increases up to as large as 20 at high temperatures, indicating a large transverse thermal vibra-
tion of fluorine. Such large v has also been observed in other strong NTE compounds, like Ag20*,
CuScO2*® or ZrW,0g'". In contrast, y in the nanocrystal ScFs remains at much lower values, which re-
flects the highly reduced transverse thermal vibration. Additionally, Sc atoms exhibit isotropic dynamics
character, determined by the MSRDs of the Sc-Sc second-neighbors (Supporting Information, Section
5). Figure 3d presents the sketch of relative thermal ellipsoids of F and Sc atoms in the bulk and nano
ScFs. The strong NTE in bulk ScFs is associated with the strong transverse vibrations of fluorine atoms
through the “guitar-string” effect,*® however, they are considerably suppressed in the nano ScFs.

To well understand the local structure symmetry, PDF refinements of different » range were im-
plemented with both cubic (Pm3m) and rhombohedral (R3c) models from rmin of 1.4 A to progressively
extended rmax (Figure 4a). It is interesting to find that the refinements of the rhombohedral symmetry are
better than those of the cubic phase below a certain short » range. This indicates that the symmetry
breaking merely occurs locally but not globally. Furthermore, with increasing crystalline size, the sym-
metry breaking occurs in a smaller » range. Consequently, it is not difficult to understand that at a larger
ScF3 nanocrystal, the local symmetry change is not observed.!® What is the driving force to induce the
local rhombohedral distortion? It has been known that bulk ScF3 transforms from cubic phase into
rhombohedral one under 0.5 to 0.8 GPa hydrostatic pressures.'* In the present nanoparticles, the surface
pressures increase rapidly with decreasing crystalline size from S2, S3 to S4, whose chemical surface
pressures are comparable to the extrinsic hydrostatic pressures (see Figure S10). It implies the localized
rhombohedral distortion is generated by the surface pressure (the inset of Figure S10).

In order to elucidate the critical role of localized symmetry breaking in phonon modes, ab initio
theoretical calculation on phonon-related spectra and ScF3; nanocluster simulation were performed. Pho-
non modes with greater negative Griineisen parameters emerge along the Brillouin zone, M and R direc-
tions, which contribute to NTE in bulk ScF3, but they are totally eliminated in the rhombohedral phase
(Figure 4b). Significantly, the phonon modes with negative Griineisen parameters, dominates the low
frequency region in the cubic symmetry (Figure 4c). In sharp contrast, phonon modes with positive
Griineisen parameters overwhelm though most frequency regions in the rhombohedral one. Besides, a
strong distortion is found in the simulated ScF3 nanocrystals (Figure S14b), which also supports the evi-
dence of local symmetry breaking found in the PDF investigation.

The localized symmetry breaking drives fluorine atoms away from the straight linkages of Sc-F-Sc
(the inset of Figure S14a), which thereafter impedes thermal vibration of fluorine. It is in good agree-
ment with the restricted rotational model (Figure 2a) and the smaller perpendicular MSRD. in the ScF3
nanocrystals (Figure 3b). With further decreasing crystalline size, the region of local symmetry breaking
gradually grows and plays a significant role in the suppression of NTE. Consequently, the NTE of the
bulk ScF; is weakened to ZTE in the sample S3 and ultimately transforms into PTE in the sample S4.

It 1s known that tuning thermal expansion is a critical issue for the development of NTE solids. In
this work, the localized symmetry breaking is proven to be an effective route to achieve controllable
thermal expansion. Surprisingly, an isotropic ZTE is achieved in the sample S3 over a wide temperature
range (ou = +4.0x10°%/K, 325 K to 675 K), which is comparable to the rare and precious isotropic ZTE
compounds (summarized in Table S2) achieved by conventional chemical modification methods, such
as Zr1xSnxMo20s (au = -6.0x10%/K, 12~600K),!! Mn3(Gao.sGeo.sMno.1)No.oCo.1 (jou|<5x107/K, 190~272



K),?® Mn3CuosGeosN (1.2x107/K, 12~230K),3¢ (Sco.s5GaoosFeo.)F3 (ou = +2.3x1077/K, RT~900 K),%
and Zn4BsO13 (ou = +2.8x107/K, 13~110 K).?*

In summary, the localized symmetry breaking is utilized to tune thermal expansion of ScF3 crystals
from negative to positive. Intriguingly, an isotropic ZTE is achieved over a wide temperature range.
Both temperature dependence of PDF and EXAFS gives fundamental insights into the local vibrational
dynamics. The local structure analysis highlights a short-range symmetry breakdown from cubic to
rhombohedral in ScF3 nanocrystals. The localized symmetry breaking makes the lattice stiff, restricts the
fluorine vibration and thus suppresses the NTE. The present study provides a fresh way to devise and
control thermal expansion of materials from the perspective of local structure.
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