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ABSTRACT: Cubic zirconium tungstate (a-ZrW-0Os), a notorious negative thermal expansion (NTE) material, has been investigated
within the framework of density functional perturbation theory (DFPT), combined with experimental characterization to assess and
validate computational results. Using combined FT-IR measurements and DFPT calculations, new and extensive assignments were
made for the far-infrared (<400 cm™) spectrum of o-ZrW,0Og. A systematic comparison of DFPT-simulated infrared, Raman, and
phonon density-of-state spectra with Fourier transform far-/mid-infrared and Raman data collected in this study, as well as with
available inelastic neutron scattering measurements, shows the superior accuracy of the PBEsol exchange-correlation functional over

standard PBE calculations for studying the spectroscopic properties of materials with anomalous thermal expansion.

1. INTRODUCTION

While most materials expand upon heating as a result of anhar-
monic lattice dynamics,* an unusual and fascinating subclass of
materials exhibit negative thermal expansion (NTE).234567:89.10
Mechanisms underlying NTE range from structural or magnetic
phase transitions to anomalous vibrational modes, such as trans-
verse vibrational modes or rigid unit modes (RUM).*%8° NTE has
been a subject of active experimental and theoretical research for
several decades, with well-documented NTE in materials such as,
e.g., Si and Ge, elemental U, g-quartz, elastomers, some zeolites
and ceramics with framework structures.?4567:9

Typical NTE materials exhibit anisotropic expansion, i.e., con-
traction in one or two directions coupled with positive thermal ex-
pansion in other directions, over a very limited temperature
range.*%® Owing to this anisotropic expansion, microcracks affect-
ing mechanical strength can develop in such NTE materials, lead-
ing to significant hysteresis effect in heating/cooling cycles. Alt-
hough microcracking can be used advantageously for the develop-
ment of materials designed to withstand thermal shocks, isotropic
NTE materials are usually preferred for most relevant technologi-
cal applications.>®® Indeed, isotropic NTE materials can be used as
thermal-expansion compensators in composites designed to have
overall zero or adjustable thermal expansion.® Controlling thermal
expansion of materials is of crucial importance, for example, in the
production and operation of nanoscale semiconductor devices,
high-precision optical systems, or high-performance thermoelec-
tric converters and fuel cells.>8°

A very few materials, all either cubic or amorphous, feature iso-
tropic NTE over a broad temperature range that includes room tem-
perature. For example, amorphous SiO2, CuO2 and Si possess low-
temperature isotropic NTE, and cubic AV207 (A = Zr, Hf) and

AP207 (A = Th, U) exhibit isotropic NTE above room tempera-
ture.® Originally synthesized and characterized in the 1960’s,1:12
zirconium tungstate, ZrW-0Os, with a relatively large and nearly lin-
ear NTE of ca. —9x10~° K-! ranging from absolute zero up to its
decomposition temperature of ~1050 K, has attracted the most ex-
perimental attention among NTE materials only over the last two
decades.13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29 The cubic structure of
ZrW-0s was solved in the mid 1990°s*3* and was initially consid-
ered to be unstable due to its tedious synthesis. The structure of the
low-temperature acentric a-Zr\W20g phase (space group P2:3) is
closely related to Zr\V>07 (space group Pa3), with ZrOg octahedra
occupying the unit-cell origin and face centers and two crystallo-
graphically distinct WO4? tetrahedral units substituting V.07*
groups.t®4 Upon heating to ~431 K, a-ZrW-0s transforms into the
centric cubic S-ZrW20s high-temperature phase (space group
Pag)_le,ls,zz

Contrasting with this wealth of experimental information avail-
able on a-ZrW-Qsg, very few computational studies have been ded-
icated to this notorious NTE material, as recently noted by Dove
and Fang.’® Lattice dynamics simulations using classical force
fields were conducted by Mittal and Chaplot in 2000, and by San-
son in 2014.3* To the best of our knowledge, the only first-princi-
ples investigations of a-ZrW2Osg were reported in the past few years
by Ramzan et al.,> Gava et al.,® and Gupta et al.3* Ramzan and co-
workers®? used density functional theory (DFT), with the Perdew,
Burke and Ernzerhof (PBE)® exchange-correlation (XC) func-
tional, to study the high-pressure, mechanical and optical proper-
ties of a-ZrW>0s. Gava et al.*® focused on predicting the mode
Griineisen parameters and NTE behavior of a-ZrW20s using DFT
with the hybrid Becke three-parameter Lee-Yang-Parr (B3LYP)
XC functional, according to the Debye-Einstein model of the qua-
siharmonic approximation (QHA). Finally, Gupta and coworkers3*



reinvestigated in greater detail the specific roles of anharmonic
phonons responsible for the large NTE of a-ZrW:0s using
DFT/PBE. All aforementioned DFT studies used finite displace-
ment methods to determine the interatomic forces and phonon fre-
quencies of a-ZrW20s. Very limited assignment exists below 400
cmt for the far-infrared and Raman spectra of a-ZrW2Os.

In this work, the infrared (IR), Raman, and phonon density-of-
state (PDOS) spectra and vibrational properties of a-Zr\W20s have
been extensively investigated within the framework of density
functional perturbation theory (DFPT), and systematically com-
pared with results from experimental characterization carried out
in this study and previous investigations in order to assess and val-
idate DFPT results. DFPT linear response calculations were con-
ducted using the PBE XC functional, utilized in two of the previous
DFT studies of a-ZrW-0s, as well as the revised version of PBE
XC for solids (PBEsol).3 Compared to simple finite-displacement
methods typically used with DFT to determine the vibrational prop-
erties of many-particle systems, DFPT-based computational ap-
proaches can be regarded as considerably more effective, since ad-
ditional physical properties (e.g., IR and Raman absorbance) can
be derived from the total energy with respect to perturbations.3
The accuracy of DFPT methods was extensively tested in previous
lattice dynamics studies.38:39:40:41.42.43

Details of our computational and experimental approaches are
provided in the next section, followed by a detailed analysis and
discussion of our results. A summary of our findings and conclu-
sions is presented in the last section of the manuscript.

2. METHODS

Computational Methods. First-principles calculations were
carried out using DFT, as implemented in the Vienna ab initio sim-
ulation package (VASP).#* The XC energy was calculated using the
generalized gradient approximation (GGA), with the PBE? param-
eterization and its PBEsol*¢ revised version for solids. Both func-
tionals were found in previous studies to correctly describe the ge-
ometric parameters and properties of a variety of Zr compounds
and OXidES.38'39'4O'45'46

The interaction between valence electrons and ionic cores was
described by the projector augmented wave (PAW) method.*"48
The Zr(4p®5s2,4d?), W(6s2,5d%) and O(2s%2p*) electrons were
treated explicitly as valence electrons in the Kohn-Sham (KS)
equations and the remaining core electrons together with the nuclei
were represented by PAW pseudopotentials. The KS equation was
solved using the blocked Davidson*® iterative matrix diagonaliza-
tion scheme. The plane-wave cutoff energy for the electronic wave-
functions was set to a value of 500 eV, ensuring the total energy of
the system to be converged to within 1 meV/atom. A periodic unit-
cell approach was used in the total-energy relaxation calculations,
with the a-ZrW20s crystal structure (space group P213, IT No. 198;
Z = 4) reported by Evans et al.!s utilized as the initial guess. The
Brillouin zone was sampled using the Monkhorst-Pack k-point
scheme,® with a k-point mesh of 5x5x5. No symmetry constraints
were imposed in unit-cell optimization calculations. Relaxation
calculations were first carried out until the Hellmann-Feynman
forces acting on atoms were converged within 0.01 eV/A.

Structures resulting from total-energy minimization with
GGA/PBE and GGA/PBEsol were further relaxed with respect to
Hellmann-Feynman forces until a convergence tolerance of 0.001
eV/A was reached. Density functional perturbation theory (DFPT)
linear response calculations were then carried out at these levels of

theory with VASP to determine the vibrational frequencies and as-
sociated intensities. The latter were computed based on the Born
effective charges (BEC) tensor, which corresponds to the change
in atoms polarizabilities with respect to an external electric field.
This DFPT approach was utilized in previous computational stud-
ies to successfully predict the properties of various Zr-containing
compounds and crystalline materials.38:39:40:41:45,51,52,53,54

Experimental Methods. All reagents were used as received for
the synthesis of a-ZrW:0s samples. Accurate metal concentrations
in the reagents were determined via thermogravimetric analysis:
heating under USP grade air to 900 °C. Following the procedure
from Closmann et al.,>> a 1M aqueous solution of tungsten with a
volume of 50 mL and a 0.5M aqueous solution of zirconium with
a volume of 50 mL were made separately from ammonium meta-
tungstate (Aldrich) and zirconium oxychloride hydrate (Aldrich).
Simultaneously, each solution was added dropwise to a stirred flask
containing 25 mL deionized (DI) water. After addition, the flask
was stirred for an additional 10 hours. Then, 125 mL of 6M HCI
was added to the solution and mixed. The solution was placed in a
Parr reactor and heated to 200 °C under autogenous pressure for 4
hours. The resulting solution was filtered and rinsed with DI water
to obtain ZrW»07(OH)2(H20)2, a cubic hydrated precursor to o-
ZrW20s (see Supporting Information). The precursor was then
heated to 600 °C for 10 hours, and allowed to cool to ambient tem-
perature.

X-ray Diffraction (XRD) analysis was performed at room tem-
perature using a Bruker D2 Phaser diffractometer. This system was
equipped with a sealed-tube X-ray source (Cu K, radiation, A =
1.5406 A) operated at 30 kV and 10 mA. A Ni-filter was employed
on the diffracted-beam side of the instrument for suppression of Kg
radiation. A Lynxeye™ silicon strip detector was employed to col-
lect the diffraction pattern with a scan rate of 15° 26 per minute.
Samples were analyzed as-received without any additional modifi-
cation. XRD analysis was performed using the program JADE 9.0
(Materials Data, Inc. Livermore, CA).

Infrared spectra were collected at room temperature using a
Thermo Scientific Nicolet 6700 Fourier transform infrared (FT-IR)
spectrometer and OMNIC 8.3 software suite, with a Spectra Tech
Collector II-DRIFTS (diffuse reflectance) and an aluminum mirror
as background and blank; powder was placed in a holder and spec-
tra were collected. Scans were done on the sample at a resolution
of 1 cm™!, over an absorbance range of 4000.12 to 649.89 cm™!,
using a KBr beamsplitter and a MCT/A detector. Scans were also
carried out with a solid substrate beamsplitter and a DTGS-
polyethylene detector using similar resolution in the range
600.23-50.14 cm™!, and converted to 4.0 cm™! resolution using the
software.

Raman spectra were collected at room temperature using a
Horiba T64000 Raman Spectrometer fitted with 1800 grooves/mm
gratings and a Symphony CCD detector and controlled with the
LabSpec 5 software. A Coherent Verdi V10 green laser (532 nm
laser at 50 mW before entering the instrument) was used for exci-
tation. The instrument was calibrated by analyzing a piece of sili-
con wafer (520.7 cm™'). The a-ZrW20g spectrum shown was cap-
tured using 11 accumulations of 60 seconds from 50 to 1150 cm™!.
An Olympus BH2 (BHSM) microscope with a BH2-UMA fitted
with a ULWD MS Plan 80 objective (NA= 0.75) was used for sam-
pling the material. Data collection was in the single mode looking
between 50 and 1150 cm™.

3. RESULTS AND DISCUSSION



Crystal Structure. Scanning electron microscope (SEM) char-
acterization of the ZrW207(OH)2(H20)2 precursor and a-ZrW20Os
showed similar crystal habits, with elongated thin crystalline plates
or filiform pointed needles (see Figure 1 below and Figures S1 and
S3 in Supporting Information).
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Figure 1. Scanning electron microscope (SEM) image of a-ZrW,0Os.

Figure 2 depicts the observed X-ray diffraction pattern of a-
ZrW>0g (Cu Ka radiation, A = 1.5406 A) and simulated patterns
from crystal geometries optimized with DFT at the GGA/PBE and
GGA/PBEsol levels of theory, with and without relaxation of the
experimental crystal lattice. The fully-relaxed structure of cubic -
ZrW20s (space group P213, IT No. 198; Z = 4) features crystal unit
cell parameters of a = 9.241 A (V = 789.10 A3) for GGA/PBEsol
and a = 9.310 A (V = 806.87 A3) for GGA/PBE at T = 0 K. These
lattice parameter values in the athermal limit are ~1.0% and ~1.8%
larger than the present XRD estimate of 9.1493(2) A at T = 298 K,
due to NTE in the range 0—298 K and to the fact that GGA-type
functionals tend to slightly overestimate bond distances. The pre-
dicted PBEsol and PBE lattice parameters reproduce within ~0.6%
and ~1.4%, respectively, the value of 9.1846(7) A refined by Evans
et al. at T = 0.3 K using a rigid unit model. As shown in Table 1,
comparable agreement is obtained with previous DFT and experi-
mental results. Let us note the superior accuracy of the lattice pa-
rameter calculated using the PBEsol XC functional over results ob-
tained using the standard PBE functional and the hybrid B3LYP
functional (see Figure 2 and Table 1). Relaxation of the unit cell
lattice has only a limited impact on the simulated patterns, resulting
in a small peak shift towards smaller 26 values.

A ball-and-stick representation of the a-ZrW-Os crystal unit cell
is shown in Figure 3(a). As discussed in previous studies, the struc-
ture consists of corner-sharing ZrOs octahedral and two crystallo-
graphically distinct WO4 tetrahedral coordination units (with metal
centers labeled hereafter as W1 and W2). All atoms are positioned
on 4a Wyckoff sites (.3. symmetry), with the exception of O1 and
02 atoms on 12b Wyckoff sites (1 symmetry). The bond distances
calculated in this study with PBEsol and PBE, along with previous
PBE and B3LYP results and XRD and neutron diffraction data are
summarized in Table 1. The W1 centers possess a tetrahedral local
environment with three W1-0O1 bonds of 1.823 and 1.832 A and
one shorter W1-04 bond of 1.729 and 1.732 A with PBEsol and
PBE, respectively [see Figure 3(b)]. Similarly, the local environ-
ment of the W2 centers consists of three W2—02 bonds of 1.798
and 1.810 A and one shorter W2—03 bond of 1.752 and 1.755 A

with PBEsol and PBE. Octahedrally-coordinated Zr centers exibit
two types of bonds, namely three Zr—O1 bonds of 2.059 and 2.077
A and three longer Zr—02 bonds of 2.117 and 2.130 A predicted
with PBEsol and PBE, respectively [see Figure 3(c)].
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Figure 2. Observed X-ray diffraction pattern of a-ZrW,0Os (Cu Ka radia-
tion, A = 1.5406 A) and simulated patterns from crystal geometries opti-
mized with DFT at the (a) GGA/PBE and (b) GGA/PBEsol levels of theory,
with and without relaxation of the experimental crystal lattice.

y 01
Figure 3. (a) Crystal unit cell of a-ZrW,Os (space group P2,3, IT No. 198;
Z = 4), with corner-sharing ZrOg octahedral (blue) and WO, tetrahedral
(grey) coordination units; (b) Relative arrangement of the two crystallo-
graphically distinct WO, tetrahedra along the threefold symmetry axis
(dashed line); (c) ZrOg coordination octahedron.

As shown in Table 1, the best agreement between DFT results
and the low-temperature (T = 0.3 K) bond distances measured by
Evans et al. is obtained using the PBEsol functional, followed by
PBE and B3LYP functionals.

The PBE bond distances computed in this study are in line with
those reported by Gupta et al.* at the same level of theory. The
bond distances refined from XRD analysis at T = 298 K in this
study are overall consistent with previous combined XRD/neutron
diffraction structural models by Mary et al.!3 and Evans et al.'> at
T=293K



Table 1. Crystal Structure Properties (in A) of a-ZrW,0s (Space Group P2,3, IT No. 198; Z = 4) Calculated with Density Functional Theory and

Measured Using X-Ray and Neutron Diffraction.

T(K) a Zr-01 Zr—-02
PBEsol2 0 9.241 2.059 2.117
PBE® 0 9.310 2.077 2.130
PBE® 0 9.320 2.077 2.137
B3LYP® 0O 9.352 2.065 2.147
Expt 293 9.15993(5) 2.0420 2.1085
Expts 293 9.1575(2) 2.0397 2.1169
Expt. 03  9.1846(7) 2.0393 2.1131

Wi-01 W1-04 W2-02 W2-03
1.823 1.729 1.798 1.752
1.832 1.732 1.810 1.755
1.835 1.732 1.810 1.756
1.846 1.749 1.813 1.779
1.7975 1.7071 1.7819 1.7325
1.8011 1.7241 1.7713 1.6940
1.8276 1.739 1.7793 1.714

aThis study. *Gupta et al., 2013; ref 34. “Gava et al., 2012; ref 33. “Mary et al., 1996; ref 13 . °Evans et al., 1996; ref 15.

Phonon, Infrared, and Raman Spectroscopic Properties.
DFPT was used at the GGA/PBE and GGA/PBEsol levels of theory
to calculate the forces exerted on atoms of the equilibrium structure
of bulk a-ZrW20g and phonon frequencies were computed at the
center of the Brillouin zone (T'-point) for IR and Raman calcula-
tions and along the T'(0, 0, 0)—X(0, 1/2, 0)—M(1/2, 1/2, 0)—
R(1/2, 1/2, 1/2)— q=(0, 0, 1/4) — I —q=(1/4, 1/4, 1/4) —T lines
in the reciprocal space for the PDOS calculation. Figure 4 shows
the resulting phonon density-of-states spectra simulated at T = 0 K,
along with generalized PDOS spectrum from inelastic neutron scat-
tering data collected at T = 300 K using time-of-flight (TOF) and
filter-analyser (FA) spectroscopy to probe the low and high pho-
non-energy range, respectively.'® Overall, good agreement is ob-
tained between DFPT predictions and experiments, with the nota-
ble exception of phonon signatures observed in the vicinity of w =
600 cm*, which are not reproduced by calculations. Phonon fre-
quencies calculated with PBEsol appear systematically blueshifted
compared to PBE results, with larger differences occurring above
w =350cm™.
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Figure 4. Phonon density-of-states (PDOS) spectra of a-ZrW,0s simulated
at 7 = 0 K using density functional perturbation theory (DFPT) at the
GGA/PBE (black line) and GGA/PBEsol (blue line) levels. The generalized
PDOS spectrum from inelastic neutron scattering data collected at 7= 300
K using time-of-flight (TOF; green circles) and filter-analyser (FA; red
squares) spectroscopy [Ref. (18)] is shown for comparison. A smearing
width of 6 = 10 cm™! was used to generate PDOS spectra.

With four formula units per unit cell (i.e., N = 44 atoms), a-
ZrW20s possesses 3N = 132 degrees of freedom, which are distrib-
uted among 55 phonons, namely, 54 optical phonons (Typ¢icq;) and
one acoustic phonon (Tycoustic)- The latter corresponds to triply-

degenerate modes of translation at the I'-point, i.e., one longitudi-
nal acoustic mode and two transverse acoustic modes with zero-
frequency, and is associated with the T irreducible representation
[irrep; Tucoustic(3) = T] of the cubic point group®® for a-Zrw-0g
(cf. Table 2). The remaining 129 optical modes can be represented
as Toptica(129) = 11A + 11E + 32T, where vibrational modes
belonging to the T, E and A irreps are triply-, doubly- and non-de-
generate, respectively. Optical phonons can be further separated
into  subgroups as follows:  Topticqi(129) = Dgerice (9) +
Tirans(24) + Tyipr (24) + T (72), where Tigerice(9) = A+ E +
2T are lattice modes associated with the motion of Zr atoms,
Tirans(24) = 2A + 2E + 6T and [y;,,-(24) = 2A + 2E + 6T cor-
respond to WO4 modes of translation and libration (i.e., hindered
rotation), and TI},,;(72) = 64 + 6E + 18T are distorted WO4 unit
internal modes of vibration. Using a correlation diagram, a direct
correspondence can be established between the internal modes of
WOg4 units in the a-ZrW-0Os crystal and a free tungstate ion, which
features symmetric (v1) and antisymmetric (v3) stretching modes,
as well as symmetric (v2) and antisymmetric (v4) bending
modes.>”*® The 72 internal modes of WO units can be subdivided
into the following four categories: v; = 24 + 2T, v, = 2E + 4T,
vz = 2A + 2E + 6T, and v, = 24 + 2E + 6T. A full assignment
of the 55 phonons calculated with DFPT at the PBE and PBEsol
levels is reported in Table 3. PBEsol (PBE) calculations predict
symmetric vi stretching modes in the range 1013-1032 cm
(993-1012 cm'Y), antisymmetric v3 stretching modes in the range
739-992 cm! (717-975 cm'Y), antisymmetric v4 and symmetric vz
bending modes in the range 277-381 cm™ (276374 cm!), and a
combination of libration, lattice and translation modes below 256
cmt (253 cmt). Large gaps of 358 cm* and 343 cm* computed
with PBEsol and PBE, respectively, separate the high-frequency
stretching modes from the low-frequency bending modes. These
findings are consistent with the 318 cm wide gap between 416 and
734 cm* recently calculated by Gava et al.** using DFT with the
B3LYP hybrid functional, although spectral signatures were ob-
served in this range in the generalized PDOS spectrum from ine-
lastic neutron scattering data collected at T = 300 K.'8

Table 2. Character Table for a-ZrW,0s (Space Group P23, IT No.
198; Cubic Point Group T(23); See ref. 56).

Irrep.2  Multi- E  3C, 4C;  4(Cj)? Functions/Rotations
plicity
T 33 3 -1 0 0 (x,y,2) (xy,yz,xz) (R,,Ry,R;)
E 11 2 2 -1 -1 (x>-y?, 37%- r?)
A 11 1 1 1 1 X2+y?+72

2Vibrational modes belonging to the T, E and A irreducible representations
(irrep.) are triply-, doubly- and non-degenerate, respectively.




Table 3. Vibrational Eigenfrequencies for a-ZrW,0s (space group P2,3,IT No. 198) Calculated from Density Functional Perturbation Theory (DFPT)
at the GGA/PBE and GGA/PBEsol Levels. Observed IR- and Raman-Active Bands Are Reported for Comparison.

Irrep. DFPT (cm?) IR (cm?) Raman (cm™?) Mode Description®

PBEP PBEsol® Expt.p Expt. Expt.? Expt. Expt.d

A 1012 1032 1030 1028, 1034 1

T 1004 1021 1020 1021

A 1003 1019 vi(WO,)

T 993 1013 987 !

T 975 992 998 999,, 969 966,, 970 1

A 915 919 931 929, 933

T 888 900 908 907m 903 901, 907

T 850 861 873 871, 887w 890

A 843 855 859, 863 v3(WO,)

T 771 798 799 800, 807

E 769 796 792 789 794

T 732 756 760 760, 747

E 721 744 737 733nm 737

T 717 739 734 739 725

T 374 381 399

E 369 377 383 382, 382

T 367 375 393

T 347 352 368 350

A 342 346

T 325 325

E 320 323 332 331y 331

T 320 321 332

T 307 307 321 vi(WO,)

E 299 300 309 308, 307 +

T 297 299 v2(WO,)

T 291 295 305 298

T 290 292

A 283 286

T 283 284 292

E 276 277 271 270 1

T 253 256 262 243 1

E 234 238 235 234, 236

T 234 237 240

A 233 236

T 225 228 222

A 201 197 205

T 187 190 193 181 181

T 176 177 185

T 172 172 174

E 169 171 170

T 157 152 161

E 142 140 143 144, 143

T 128 128 132

A 125 123 Libration + Lattice +

T 100 97 97 Translation

E 94 93 104 103w 113

T 82 91 86 77 84, 91

A 74 73 66 65m 69

T 68 72 78

T 60 64 71

T 60 59

A 51 48 50

E 42 37 40m 41

T 39 36 !

T 0 0 Acoustic

“Vibrational modes belonging to the 7, £ and 4 representations are Raman active (quadratic functions), while only 7 modes
are IR active (linear functions). *This study. “Evans et al., 1996; ref 15; Band intensity: S = strong m = medium, W = weak.
“Ravindran et al., 2001; ref 24. ¢ Free tungstate ion vibration modes: symmetric (v;) and antisymmetric (vs) stretching
modes, symmetric (v,) and antisymmetric (v4) bending modes.




Eigenfrequencies predicted with DFPT have also been system-
atically compared to IR and Raman bands observed in this study
and in previous experiments by Evans et al.!* and Ravindran et al.?*
(cf. Table 3). As shown in Table 2, all the optical modes belonging
to the T, E and A irreps are Raman active (quadratic functions),
while only optical modes from the T irrep are IR active (linear func-
tions).
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Figure 5. (a) Fourier transform infrared (FT-IR) spectrum of a-ZrW,Os
measured in this study at 7=298 K (red line) and observed IR band centers
reported by Evans et al. [Ref. (15)] (green peaks), along with infrared spec-
tra simulated from density functional perturbation theory (DFPT) at the (b)
GGA/PBE (black line/peaks) and (c) GGA/PBEsol (blue line/peaks) levels.
Natural line broadening was simulated from DFPT eigenfrequencies using
a Lorentzian lineshape function with a full width at half maximum
(FWHM) of 4 cm™.

As shown in Table 3 and Figure 5, the FT-IR bands observed by
Evans et al.'> at 999 cm* (w: weak), 907 cm™ (m: medium), 871
cm (s: strong), 800 cm (s), 760 cm™ (m) and 739 cm! (m) are
well reproduced by the FT-IR spectrum collected in this study. The
IR spectrum simulated using PBEsol is in closer agreement with
experiments over this frequency range than that predicted with
PBE. The IR-active frequency observed by Evans et al.!> at 646 cm
! (w) along with several weak lines in the range 600-400 cm™* (w)
(not shown in Figure 5) were not predicted by DFPT calculations,
nor observed in the present experiments. This discrepancy is simi-
lar to the one mentioned above in the comparison between the gen-
eralized PDOS spectrum from inelastic neutron scattering data and
PDOS simulated with DFPT. Based on previous FT-IR investiga-
tions,>%? it can be inferred these additional IR bands observed by
Evans et al.!'> originate from the formation of ZrO2 and/or WOs,
which are thermodynamically more stable around room tempera-
ture than the a-ZrW-0s compound.®!

Using combined FT-IR measurements and DFPT calculations,
new and extensive assignments were made for the far-infrared

(<400 cm'?) spectrum of a-ZrW-0g. As show in Table 3, seven IR-
active bands corresponding to va(WO4) and v2(WOa) were found in
the FT-IR spectrum observed between 399 and 292 cm, in addi-
tion to twelve IR bands assigned as libration, lattice and translation
modes between 262 and 71 cm™. The lowest-frequency IR-active
mode predicted at 36 and 39 cm™ with PBEsol and PBE, respec-
tively, could not be observed in FT-IR experiments.
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Figure 6. Raman spectrum of a-ZrW,0gs measured in this study at 7= 298
K (red line) and observed Raman band centers reported by Evans et al. [Ref.
(15)] (green peaks), along with Raman spectra simulated from density func-
tional perturbation theory (DFPT) at the (b) GGA/PBE (black line/peaks)
and (c) GGA/PBEsol (blue line/peaks) levels. Natural line broadening was
simulated from DFPT eigenfrequencies using a Lorentzian lineshape func-
tion with a full width at half maximum (FWHM) of 4 cm'.

The Raman spectra simulated with DFPT at the PBEsol and PBE
levels, along with the Raman-active bands observed at room tem-
perature in this study and by Evans et al.!* are shown in Figure 6,
with the corresponding vibrational eigenfrequencies listed in Table
3, which also includes Raman band centers measured by Ravindran
etal.?* at T = 20 K. All three sets of observed Raman bands appear
to be consistent overall, although a larger number of Raman-active
bands was reported by Ravindran et al.>* Instead of the fourteen
Raman bands expected above 600 cm™ from group theory analysis
(cf. Table 3), twenty bands were observed by Ravindran et al.?*
Comparison between their Raman results and PBEsol predictions
show that the band observed at 1021 cm™ (1020 cm! in this study)
is actually a combination of two bands predicted at 1021 cm™ (T
irrep) and 1019 cm (A irrep). In addition, the bands centers ob-
served by Ravindran et al.?* at 855, 841, 779, 718, 685, 645 and
628 cm* do not appear to coincide with any of the a-ZrwW:0s Ra-
man bands predicted with DFPT or measured in this study or by
Evans et al.'> or by Perottoni and da Jornada.?’ As aforementioned,
some of these Raman bands might stem from the presence of stable
ZrO2 or WOs in the sample used by Ravindran et al.?*. Let us note
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that, similar to PDOS and IR DFPT calculations, no Raman active
modes are predicted to occur in the ranges 381-739 cm* and 374-
717 cm* with PBEsol and PBE, respectively.

4. CONCLUSION

In summary, DFPT calculations were conducted at the GGA/PBE
and GGA/PBEsol levels of theory to systematically investigate the
crystal structure, phonon, IR and Raman spectra, and vibrational
properties of a-ZrW20s. The accuracy of the DFPT methodology
was extensively assessed and validated by performing a compre-
hensive comparison between results from these calculations and
experimental data generated in this study and previous investiga-
tions.

Relaxed crystal unit-cell parameters of a = 9.24 and 9.31 A were
obtained at T = 0 K with PBEsol and PBE, respectively, i.e., ~0.6%
and ~1.4% larger than the value of 9.1823(4) A measured by Evans
etal. at T=0.3 K, and ~1.0% and ~1.8% larger than the present
XRD estimate of 9.1493(2) A at room temperature. The accuracy
of the PBEsol XC functional in reproducing experimental crystal-
lographic parameters is superior compared to the standard PBE and
hybrid B3LYP functionals

In addition, good agreement was obtained between the phonon
density of states spectra simulated with DFPT in the athermal limit
and the generalized PDOS spectrum from inelastic neutron scatter-
ing data collected at T = 300 K using time-of-flight and filter-ana-
lyser spectroscopy to probe the low and high phonon-energy range.
The only notable exception was for phonon signatures observed in
the vicinity of w = 600 cm, which are not reproduced by DFPT
calculations. Phonon frequencies calculated with PBEsol appear
systematically blueshifted compared to PBE results, with larger
differences occurring above w = 350 cmL.

A full assignment of the 55 phonons of a-ZrW-Os was reported
based on PBE/PBEsol DFPT calculations and eigenfrequencies
predicted with DFPT were systematically compared to IR and Ra-
man bands observed in this study and in previous experiments by
Evans et al. and Ravindran et al. From the direct correspondence
between the internal modes of WO4 units in the a-ZrW0Os crystal
and a free tungstate ion, PBEsol (PBE) calculations predicted sym-
metric v1 stretching modes in the range 1013-1032 cm* (9931012
cmh), antisymmetric vs stretching modes in the range 739-992 cm-
L (717975 cm), antisymmetric v4 and symmetric v2 bending

I Kittel, C. Introduction to Solid State Physics, 7" ed., Wiley, New York,
1996.

2 Chu, C. N.; Saka, N.; Suh, N. P. Negative Thermal Expansion Ceramics:
A Review. Mater. Sci. Eng. 1987, 95, 303-308.

3 Roy, R.; Agrawal, D. K.; McKinstry, H. A. Very Low Thermal Expan-
sion Coefficient Materials. Ann. Rev. Matter. Sci. 1989, 19, 59-81.

4 White, G. K. Solids: Thermal Expansion and Contraction. Contemp.
Phys. 1993, 34, 193.

3 Sleight, A. W. Isotropic Negative Thermal Expansion. Ann. Rev. Matter.
Sci. 1998, 28, 29-43.

6 Evans, J. S. O. Negative Thermal Expansion Materials. J. Chem. Soc.
Dalton Trans. 1999, 3317-3326.

" Barrera, G. D.; Bruno, J. A. O.; Barron, T. H. K.; Allan, N. L. Negative
Thermal Expansion. J. Phys.: Condens. Matter 2005, 17, R217.

8 Takenaka, K. Negative Thermal Expansion Materials: Technological
Key for Control of Thermal Expansion. Sci. Technol. Adv. Mater.
2012, 13, 013001.

% Lind, C. Two Decades of Negative Thermal Expansion Research: Where
Do We Stand? Materials 2012, 5, 1125- 1154.

modes in the range 277-381 cm™ (276—374 cm'!), and a combina-
tion of libration, lattice and translation modes below 256 cm™* (253
cml). Large gaps of 358 cm™ and 343 cm™* computed with PBEsol
and PBE, respectively, separate the high-frequency stretching
modes from the low-frequency bending modes, although spectral
signatures were previously observed in this range in the generalized
PDOS spectrum from inelastic neutron scattering.

The present results and finding demonstrate the accuracy of the
DFPT/PBEsol approach for studying the spectroscopic and vibra-
tional properties of stoichiometric materials with anomalous ther-
mal expansion. Further DFPT investigations will focus on the role
of defects and impurities in NTE materials, since a full understand-
ing of the structure-property relationship is currently absent for this
class of systems.
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