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ABSTRACT: Manageable thermal expansion (MTE) of metal trifluorides can be TiF, PTE Weak vibration,
achieved by introducing local structure distortion (LSD) in the negative thermal 09 .00
expansion ScF;. However, an open issue is why isostructural TiF;, free of LSD, exhibits < ‘ o0’
positive thermal expansion. Herein, a combined analysis of synchrotron X-ray diffraction, g] o: Parially filed electronic states )
X-ray pair distribution function, and rigorous first-principles calculations was performed to %0, Strong vibration
reveal the important role of itinerant electrons in mediating soft phonons and lattice ."o.ﬁ.‘

dynamics. Metallic TiF; demonstrates itinerant electrons and a suppressed Griineisen ScF, NTE ™| [~ 7 o

parameter y & —20, while insulating ScF; absence of itinerant electrons has a considerable
y & —120. With increasing electron doping concentrations in ScF;, soft phonons become
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hardened and the y is repressed significantly, identical to TiF;. The presented results
update the thermal expansion transition mechanism in framework structure analogues and provide a practical approach to obtaining

MTE without inducing sizable structure distortion.

1. INTRODUCTION

Negative thermal expansion (NTE) is an uncommon physical
phenomenon, denoting that the crystal lattice volume contracts
upon heating."”” By diverse chemical modifications, manage-
able thermal expansion (MTE) could be attained based on
NTE, including compelling zero thermal expansion (ZTE).”™”
MTE is vital for electronic and optical devices with superior
size accuracy, such as laser gyroscopes, mirrors of lithography
machines, space telescopes, and so forth. A full understanding
of the fundamental factors of modifying the NTE is the
prerequisite for achieving MTE.

Materials with NTE are rare and could be categorized by
diverse mechanisms, such as magnetic order in a FeNi Invar
alloy,* rare-earth intermetallic alloys,'”"> MnM’'Ge-based
alloys (M’ = Co or Ni),"”'" anti-perovskite nitrides,"
spontaneous polarization in PbTiO;-based ferroelectric sol-
ids,lﬁ_18 strong covalent binding in VB,,** chemical pressure,45
charge or orbital ordering in (Bi, La)NiO,,"” Ca,Ru0,,*’ and
V,0PO,,”" and so forth. Among them, NTE derived from soft
optical phonons with negative Griineisen parameters (y) is a
dominating branch, such as the prototype ZrW,0Og,* open-
framework oxides,”>** cyanides,”*° metal—organic frame-
works,”” and equally attractive cubic fluorides.”® " Owing to
the critical role of soft optical phonons, to achieve MTE of
open-framework solids, long-term cognition focuses on
developing diverse chemical methods to mediate the specific
phonon modes by introducing local structure distortion (LSD)
in NTE materials. These methods include chemical sub-
stitution,”’ nano-scale engineerings,32 electrochemical inter-
calations,® and so forth. The critical factor is to construct
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LSD,** which demonstrates distinct phonon anharmonicity
(quantified by y) and thermal expansions, deviating from the
average crystal structure. The deliberately designed LSD is
capable of transforming NTE into ZTE and PTE, thus realizing
MTE, which gradually becomes the exclusive nature to explain
MTE in open framework derivatives and homologous series.
It is well known that cubic ScF; reveals a prominent NTE.
However, an open issue is why the isostructural TiF;, free of
LSD, exhibits a completely disparate positive thermal
expansion (PTE). One may wonder how the NTE in ScF,
could switch to PTE in TiF; without introducing any LSD
between them. Cubic ScF; and TiF; share considerable
similarities in cationic sizes, masses, electronegativities,
disorder magnetism (diamagnetism and paramagnetism,
respectively), and the absence of LSD. Strikingly, the different
electronic configurations of Sc** (3d°) and Ti** (3d') for
insulating ScF; and metallic TiF; lead to the absence and
presence of itinerant electrons, respectively. One may expect
that the existence of itinerant electrons could mediate soft
phonons and thus be a fundamental aspect driving such
disparate thermal expansions in cubic ScF; and TiF;. However,
there is neither experimental observation nor theoretical
prediction concerning the impact of itinerant electrons on
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soft phonons for tuning thermal expansions in framework
structure solids.

Herein, we have performed a joint study of experimental and
theoretical lattice dynamics on isostructural trifluorides, the
cubic ScF; and TiF;, to unveil the interaction between itinerant
electrons and soft phonons, a phenomenon that has never been
reported in framework structure fluorides. Synchrotron X-ray
techniques confirm the NTE and flexible Sc---F atomic pairs in
cubic ScF;, in sharp contrast to the PTE and stiff Ti---F atomic
pair in cubic TiF;, respectively. Electronic band structure
investigation shows the partially occupied antibonding states in
metallic TiF;, confirming the existence of itinerant electrons.
Meanwhile, ScF; is a wide band gap insulator with empty
antibonding states. Phonon dispersion shows soft optical
phonons become hardened, and their negative y are
substantially suppressed in TiF; compared to a remarkably
large magnitude of negative y in ScF;. Furthermore, the
identical changes in soft phonons (phonon hardening and
negative y suppressing) are also reemergent by doping
electrons in the host matrix of ScF;. This work reports the
impact of itinerant electrons on soft phonons in framework
structure fluorides. This unusual impact could be utilized to
adjust NTE to achieve remarkable MTE in high-end electronic
devices, which could retain high charge mobilities by avoiding
the scattering induced by structure distortions.

2. RESULTS AND DISCUSSION

ScF; demonstrates a cubic structure (space group, Pm3m) over
a broad temperature range (Figure Sla). According to
synchrotron X-ray diffraction (SXRD) results, TiF; also reveals
the same cubic structure above 373 K, below which it
undergoes a phase transition into rhombohedral symmetry
(Supporting Information, Figure S1b,c), also in line with the
previous study.””** Regarding the cubic structure, Sc or Ti
occupies the Wyckoff site 1a (0,0,0), and F locates at the site
of 1b (0.5, 0, 0). Sc or Ti octahedrally coordinates to six
equivalent fluorine atoms to form a corner-sharing framework
structure, as illustrated by the inset of Figure la.

Figure 1la shows the disparate thermal expansions observed
in the two isostructural metal trifluorides, which are extracted
from the structure refinement on SXRD and X-ray pair
distribution function (XPDF) data shown in Figures S2 and
S3. As the temperature gradually increases from 373 to 723 K,
the relative lattice constant Aa of ScF; (in the red filled and
olive crossed circles) decreases gradually with increasing
temperature, confirming the strong NTE with the coefficient
of thermal expansion (CTE) of —3.30 X 107°/K (obtained
from XPDF data). In sharp contrast, the Aa of cubic TiF; (in
purple filled and black crossed hexagons) exhibits a smooth
increase, with a positive CTE of +2.87 X 107%/K from 373 to
723 K (obtained from XPDF data). Atomic displacement
parameters of fluorine atoms parallel (F_U,;) and perpendic-
ular (F_Us;) to the M—F (M = Sc or Ti) bonds are extracted
and compared in Figure 1b. The F_Us; of ScF; (olive crossed
circle) increases considerably with increasing temperature,
suggesting a strong thermal vibration perpendicular to the Sc—
F bond. In contrast, both the F_U}; and F_Uj; (half-filled blue
hexagon and circle) of TiF; are insensitive to temperature.
These results demonstrate a strong transverse thermal
vibration of fluorine atoms in ScF; in line with previous
work,”® whereas only a weak transverse thermal vibration is
observed in TiF;. This can be schematically illustrated by the
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Figure 1. Temperature dependence of (a) relative lattice constant Aa
in ScF; and TiF,. (b) Atomic displace parameters of fluorine atoms,
parallel (F_U;) and perpendicular (F_Us;) to M—F bond (M = Sc
or Ti). (c) Schematic illustration of fluorine thermal ellipsoids.

large anisotropic and near-isotropic thermal ellipsoids of
fluorine atoms in Figure lc.

To understand the contrasting thermal expansions from a
perspective of local vibration dynamics, XPDF analysis was
performed. Figure 2a,b shows the temperature dependence of
the radial distribution function, R(r), for different r ranges. The
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Figure 2. (ab) Temperature dependence of the XPDF radial
distribution function R(r), in which M—F, M—M, and M:--F atomic
pairs are indicated (M = Sc and Ti atoms in yellow color, F atoms in
red color). (c) Square of peak width ¢*(T) and force constant f of
Sc:+F and Ti-F atomic pairs. (d) Strong and weak vibration models
for ScF4 and TiF4 octahedra, respectively. The distances of M---F
atomic pairs are marked by two-ended arrows and denoted by [; and I/
(i=1and?2).
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nearest-neighboring (NN) Ti—F and Sc—F peaks are located
at 1.96 and 2.02 A as shown in Figure 2a. The second NN Ti---
Ti and Sc—Sc peaks are at 3.91 and 4.02 A, marked by black
arrows in Figure 2b. Close to 4.40 and 4.51 A are the third NN
Ti-+-F and Sc--F peaks. TiF; has a smaller total bond distance
of M—F pairs than ScF; (M = Ti or Sc). It should be noted
that both the Sc—F and Ti—F peaks, in the low r range from
1.70 to 2.25 A, maintain a symmetric peak profile without
additional shoulders emerging with the temperature rising.
This confirms the absence of LSD in TiF;, although TiF,
undergoes a phase transition from a rhombohedral to a cubic
structure around 370 K. Compared to Sc—Sc and Sc--F in
ScF;, the atomic pairs Ti-+-Ti and Ti---F in TiF; shift to a low r
region (shown by the dashed lines) from 3.65 to 5.25 A, in
good agreement with the smaller unit cell in TiF;. More
significantly, the Sc—Sc and Sc---F peaks in ScF; decrease in
peak intensity and broaden in width as temperature increases.
Meanwhile, the change of peak intensity and width for Ti---Ti
and Ti---F peaks in TiF; is minor.

In Figure 2c, the square of Gaussian peak width ¢* for Ti--F
and Sc-+F peaks is presented. The 6> of Sc-F (blue crossed
box) improves significantly than that of Ti-F (olive filled
circle) as the temperature rises. The force constant f of M--F
atomic pairs could be quantitatively determined by utilizing the
correlated Einstein model, indicated by the blue and olive lines.
The fitting details are presented in Section 6 of the Supporting
Information. The corresponding f of Ti--F and Sc--F are 1.68
and 1.09 eV/A? corroborating a stiffer Ti---F and a flexible
Sc---F atomic pair. The weak correlation of Sc---F atomic pairs
allows a stronger dynamic vibration of corner-shared octahedra
ScF¢ in ScF; (Figure 2d), which agrees well with the large
F_Uj;; observed in Figure 1b. This strong vibration gives rise
to temperature-sensitive distance distributions of the Sc---F
atomic pair denoted by a large difference in transient atomic
distances, I, and I," (blue arrows). For the case in TiF;, the
dynamical vibration seems to be impeded and only temper-
ature-insensitive distance distributions of Ti-F atomic pair
could be observed with nearly similar atomic distances I, and
l,’ (yellow arrows) shown in Figure 2d. These strong and weak
vibration models of ScF; and TiF; are also in line with their
different total band distances of M—F pairs. Besides, in this
vibration model, the F—F bonding may also be important in
affecting the dynamic vibration of octahedra. A detailed
understanding of the F—F bonding is reported by a thorough
examination based on a neutron scattering study.”’ Never-
theless, the main difference in vibrational dynamics between
ScF; and TiF; is confirmed by the characteristics of the M—M
and M—F atomic pairs.

These local vibration dynamics provide an intuitive
understanding of essentially different thermal expansions in
ScF; and TiF; However, the nature leading to the strong
discrepancy in local vibration dynamics is still to be resolved.
Sc** and Ti** in ScF; and TiF;, located at the NN positions in
the periodic table, share similar cation sizes, atomic masses,
and electronegativities. ScF; and TiF; demonstrate the same
cubic structure at high temperatures. Moreover, since the ScF;
and TiF; demonstrate diamagnetism and paramagnetism at
least above 200 K (MT curve in Figure SS, Supporting
Information), it is unlikely that the different thermal expansion
here is affected by these magnetic disorder states.**’ The
obvious distinction between ScF; and TiF; is the electronic
configuration, that is, the absence and presence of itinerant
electrons (will be discussed below). Given that outer-shell

electrons determine the properties of most materials, it is
reasonable to assume that this difference in itinerant electrons
between ScF; and TiF; plays a critical role, resulting in
disparate lattice thermal expansions. We first examine the
difference in chemical binding and chemical pressure of these
two compounds. From the electron density map shown in
Figure S8, it can be confirmed that there is less covalent
binding between either Sc/Ti—F or F—F, which coincides with
the previous consensus that bonding in ScF; is more ionic.
Thus, the strong covalent binding in VB, controlling the
thermal expansion is not significant in our case. Besides, the
chemical pressure of TiF; is calculated to be —0.104 GPa and
that of ScF; is 0.101 GPa, demonstrating the similar magnitude
of chemical pressures of the two metal trifluorides (Supporting
Information).

To investigate the differences in the electronic band
structures and phonon structures of cubic ScF; and TiF;, we
employed the first-principles method. A large band gap is
observed in ScF; as shown in Figure 3ab, confirming its
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Figure 3. (a) Band structure and (b) density of states (DOSs) for
cubic ScF;. (c) Band structure and (d) DOS for cubic TiF;. The
lower-energy CBs in cubic ScF; and TiF; are highlighted in orange
and purple dotted lines, respectively. The Fermi level, E; is denoted
by the red dotted line. (e) Griineisen parameter (y) for phonon
modes along with high symmetry directions and (f) y as a function of
the phonon frequency for ScF;. (g)  for the phonon modes and (h) y
as a function of frequency for TiF;.

insulating feature. The conduction band (CB) is composed of
the hybridized Sc d orbitals and F p orbitals. The Fermi level,
E¢ (red dotted line), is far away from the lower-energy CB
(shown by the orange dotted line), indicating the feature of
empty antibonding states marked by the black arrow. In sharp
contrast, the E; touches the CB minimum of TiF; highlighted
by the purple dotted line, confirming its metallic feature and
the existence of itinerant electrons. As shown in Figure SS,
ScF; and TiF; demonstrate extremely low and high absorbance
for visible and infrared light, consistent with their features of
different electronic structures. In addition, the antibonding
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values and the complete absence of specific soft phonons
below SO cm™' in TiF; demonstrate the considerably
suppressed NTE contribution. This suppressed NTE con-
tribution is easily overwhelmed by the PTE contribution from
high-frequency optical phonons, which ultimately leads to the
global lattice PTE of TiF;. These theoretical results are in good
agreement with the experimental data of local vibration
dynamics shown in Figure 2. In short, compared to the wide
band gap feature of insulating ScF;, the existence of itinerant
electrons in metallic TiF; with partially occupied antibonding
states has a close relationship with the suppressed phonon
anharmonicity.

To further confirm the phonon differences exclusively
originated from itinerant electrons, we directly added electrons
into the host matrix of ScF; with doping concentrations (n.) of
0.25 and 0.50 e/fu. (e, electron; fu., formula unit). Figure S6a
shows the robust phonon dispersion of ScF; at a 0.25 e/fu.
concentration without imaginary frequencies, confirming the
structure stability after electron doping. Soft phonon modes
located at M and R points are highlighted by the orange circle
and olive hexagon. For clarity, the high-frequency phonons are
marked by red circles, assigned to longitudinal vibrations of the
Sc—F atomic pairs, and contribute to PTE. The phonon
dispersion of ScFj; is shown in Figure 4a. Figure 4b shows that
y values of specific phonon modes at M and R points diminish
notably with the enhancement of n. from 0.25 e/fu. (left
panel) to 0.50 e/fu. concentrations (right panel). Figure 4c
shows the frequency dependence of the y values of electron-
doped ScF;. Soft phonons with negative y in ScF; at a 0.5 e/fu
concentration (olive hexagon) are absent in a frequency lower
than 75 cm™ compared to its counterpart at a 0.25 e¢/fu.
concentration (orange circle). Figure 4d shows the frequency
changes of specific soft phonon modes at M and R points in
pristine and electron-doped ScF;. These soft phonons become
hardened with electron doping. Meanwhile, the y values of
these soft phonon modes are substantially repressed with
doping more electrons. As shown in Figure 4e, the y values at
M and R points are repressed substantially from —105.4 and
—119.6 in pristine ScF; to —19.1 and —15.8 in doped ScF; at a
0.25 e/fu. concentration, and continuously decline to around
—7.2 and —6.5 at a 0.50 e/f.u concentration.

Therefore, the gradual electron doping in ScF; can enhance
the electron—phonon coupling and thus drive the hardening of

Phonon Frequency (cm™) n (effu.) n (eff.u.)

Figure 4. (a) Phonon dispersion of electron-doped ScF; at a 0.2 ¢/
fu. concentration. The lowest phonon modes located at high-
symmetry points, M and R, are marked by the orange circle and olive
hexagon. Low- and high-frequency phonons are highlighted in olive
and red. (b) y phonon dispersion of ScF; at 0.25 and 0.5 e¢/fu.
concentrations. (c) y as a function of phonon frequency of ScF; at
0.25 and 0.5 e/f.u. concentrations. (d) Phonon frequency of modes at
M and R points as a function of the electron doping concentration
(n.) in doped ScF;. (e) ¥ of modes at M and R points as a function of
n. in doped ScF;.

specific soft phonons and the concomitant suppression of
phonon anharmonicity, reproducing the results found in TiF;.
The itinerant electrons in TiF; could somehow affect the
thermal vibration of fluorine atoms, resulting in a stifter Ti---F
atomic pair compared to a flexible Sc:--F atomic pair in ScF;.
One possible reason is that the Coulomb repulsion between
itinerant electrons and fluorine anions “blocks” the vibrations
of fluorine atoms. This results in a larger force constant f of
M:--F pairs in TiF; than in ScF; These statements were
supported by the experimental data of local vibration dynamics
and calculation results of the effects of itinerant electrons on
specific phonon modes. As a consequence, itinerant electrons
could be utilized to modulate soft phonons and thus impose a
sufficient impact on thermal expansion, even switching the
NTE of ScF; into the PTE of TiF;. Actually, the interaction
between electrons and phonons could be quantized, which is
strongly band-dependent and acts principally on partially filled
3d states with itinerant electrons compared to other
completely filled or empty 3d states.***

Note that the LSD is a well-developed strategy and plays a
critical role in tuning NTE in framework structure solids.
Especially, it is suitable for considerable size differences
between host and substitutional elements, such as substituting
Sc with Ga, Fe, or Al in the host matrix of ScF3.***" As regards
cutting-edge electronic devices, they require MTE as well as
superior charge mobilities. This requires avoiding charge
scattering to the greatest extent. Actually, the designed LSD
inevitably introduces short-range structure defects, resulting in
charge scattering and thus is disadvantageous to mobilities.
Unlike LSD, the introduction of itinerant electrons does not
result in a considerable structure distortion, which is especially
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critical for the synergistic achievement of MTE and high
mobilities.

3. CONCLUSIONS

In summary, the combined experimental and theoretical
analyses ascertain the impact of itinerant electrons on a soft
phonon in representative framework structures, electron-doped
ScF; and TiF;. ScF; reveals prominent NTE with a
considerably large anisotropic fluorine thermal ellipsoid, strong
ScF¢ octahedron vibration, and soft Sc--F atomic pairs,
corresponding to the large phonon anharmonicity confirmed
by the phonon structure calculation. In contrast, the
isostructural TiF; demonstrates disparate PTE with the
isotropic-like fluorine thermal ellipsoid, weakened TiFg
octahedron vibration, and stiff Ti---F atomic pairs, correspond-
ing to the soft phonon hardening and the suppressed
magnitude of negative y.

Intriguingly, phonon hardening and the suppression in the
magnitude of negative y observed in TiF; are equally identified
in electron-doped ScF;. With the gradual increase in the
electron doping concentrations, soft phonons become more
hardened, and the magnitude of the negative y continues to be
suppressed. These results elucidate the vital impact of itinerant
electrons on soft phonons, updating the mechanism of thermal
expansion switch in framework structure fluorides. This impact
is sufficient to affect the NTE by modulating the electron
concentration, which provides an unconventional perspective
on achieving MTE by mediating itinerant electrons.
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