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ABSTRACT: The phonon, infrared and Raman spectroscopic properties of zirconium tungsten phosphate, Zr2(W04)(PO4)2 (space
group Pbcn, IT No. 60; Z = 4), have been extensively investigated using density functional perturbation theory (DFPT) calculations
with the Perdew, Burke and Ernzerhof exchange-correlation functional revised for solids (PBEsol), and validated by experimental
characterization of Zr2(W04)(PO4)2 prepared by hydrothermal synthesis. Using DFPT-simulated infrared, Raman, and phonon den-
sity-of-state spectra combined with FT-IR and Raman measurements, new comprehensive and extensive assignments have been made
for the spectra of Zr2(W04)(PO4)2, resulting in the characterization of its 29 and 34 most intense IR- and Raman-active modes,
respectively. DFPT results also reveal that vi(PO4) symmetric stretching and v3(PO4) antisymmetric stretching bands have been in-
terchanged in previous Raman experimental assignments. Negative thermal expansion (NTE) in Zr2(W04)(PO4)2 appears to have
very limited impact on the spectral properties of this compound. This work shows the high accuracy of the PBEsol exchange-corre-
lation functional for studying the spectroscopic properties of crystalline materials using first-principles methods.

1. INTRODUCTION

Over the last few decades, negative thermal expansion (NTE) has

been observed in several materials in the Zr/W/O, Zr/V/P/O, and
Zr/W/P/O systems.1,2,3,4,5,6,7,8,9,1m1,42,43,14,15,m47,18 Such NTE mate-

rials are crucial as thermal-expansion compensators in composites

designed to have overall zero or adjustable thermal expansion. Rel-

evant technological applications include, for example, high-preci-

sion optical systems, high-performance thermoelectric converters,

nanoscale semiconductor devices, or fuel cells.19,20,21,22,23,24,25,26,27

Among Zr/W/P/O crystalline phases, the NTE compound zirco-
nium tungsten phosphate, with formula Zr2(W04)(PO4)2, has been

the focus of much experimental attention. First synthesized by Mar-

tinek and Humme128 and characterized by Tsvigunov and Si-
rotinkin,29 the crystal structure of Zr2(W04)(PO4)2 was fully solved

by Evans et al.3° using room-temperature powder X-ray diffraction

(XRD) techniques. Its structure adopts the orthorhombic space

group Pbcn (IT No. 60; a = 9.35451(9), b = 12.31831(9), c =

9.16711(8) A; Z = 4) and consists of corner-sharing Zr06 octahe-
dral and W04/PO4 tetrahedral coordination units. Zr2(W04)(PO4)2
was the first reported crystalline phase with coexistence of WO4

and PO4 coordination and is closely related to compounds

A2(M04)3 (A = Al, Sc, Cr, Fe, Y, In, Ho, Er, Tm, Yb, Lu, and M =

Mo; or A = Al, Sc, Fe, In, Y, Gd, Tb, Dy, Ho, Yb, Tm, Yb, Lu, and
M = W). Members of the A2(M04)3-type crystallize either in the

orthorhombic Pbcn/Pnca or P2ila space groups. As in ZrW208-
type systems, NTE behavior in A2(M04)3-type structures originates
from the transverse thermal motion of bridging O atoms in

A—O—M, as shown by Evans et al.31 Previous XRD and dilatometer

investigations at atmospheric pressure revealed that orthorhombic
Zr2(W04)(PO4)2 features NTE behavior from below room-temper-

ature up to 1373 K.31'32'33'34'35'36 In particular, the absence of phase

transition in Zr2(W04)(PO4)2 at ambient pressure is generally re-

garded as highly desirable, compared to other well-known NTE

compounds, such as the low-temperature a-ZrW2O8 (space group

P2i3), which transforms into the fl-ZrW208 phase (space group
Pa3) above 431 K.2,4,11 For this reason, Zr2(W04)(PO4)2 has often

been utilized to stabilize other NTE materials in the design of var-

ious NTE composites, such as Zr2(W04)(PO4)2/ZrW2O8 or

Zr2(W04)(PO4)2/ZrVo.6P 4.407.37'38'39
However, a major hindrance for the wider application of

Zr2(W04)(PO4)2 has remained the synthesis of this material with

consistent NTE properties. Indeed, previous experimental studies

showed that the different porosities and average grain sizes result-

ing from sintering conditions and/or synthesis reac-

tions31,32,33,34,",36 or pressure-induced phase transformations° dur-

ing Zr2(W04)(PO4)2 fabrication can lead to significant variations in

its coefficient of thermal expansion (CTE). For example, mean lin-

ear CTE values of -6 x 10-6 and -3 x 10-6 K were measured in the

temperature range 50-450 K by Evans and coworkers31 using dil-
atometer and XRD measurements, while values of -5 x 10-6 K and

-3.4 x 10-6 K were obtained by Cetinkol and Wilkinson33 from neu-

tron diffraction data between 60-300 K and by Isobe et al.32 in the

range 300-875 K, respectively.

Most of the aforementioned experimental studies of

Zr2(W04)(PO4)2 focused on its NTE behavior, with only extremely
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limited data available on its spectroscopic and vibrational proper-

ties. The recent Raman spectra collected by Yuan et al.41 on sam-

ples pre-sintered at 1573 K revealed vibrational modes at ca. 407,

425, 830, 868, 1019 and 1097 cm-1, although the actual material

characterized was a mixture of Zr2(W04)(PO4)2 and W03. Moreo-

ver, as mentioned in the recent review by Dove and Fang,27 few

computational studies have been devoted to NTE materials. To the

best of our knowledge, the first computational investigation of the

orthorhombic phase of Zr2(W04)(PO4)2 was conducted by Weck et

al.42, and focused on predicting the structural, mechanical and ther-

modynamic properties of this material within the framework of

density functional perturbation theory (DFPT) using the exchange-

correlation (XC) functional parameterized by Perdew, Burke and

Ernzerhof for solids (PBEsol).43

In this work, the vibrational properties and phonon density-of-

state (PDOS), infrared (IR), Raman spectra of Zr2(W04)(PO4)2

have been systematically investigated with DFPT. To assess the

validity and accuracy of the present DFPT results, an extensively

comparison was carried out with Fourier transform infrared (FT-

IR) and Raman data generated in this study and the previous Raman

measurements reported by Yuan et al.41 The DFPT linear-response

methodology, using the PBEsol XC functional, adopted in previous

first-principles studies42,44,45 of NTE Zr2(W04)(PO4)2 and a-

ZrW208 was utilized in this investigation. DFPT methods are re-

garded as more effective than standard DFT finite-displacements

approaches utilized to determine the vibrational properties of

many-particle systems, since additional physical properties (e.g.,

IR and Raman absorbance) can be derived from the total energy

with respect to perturbations.46 Numerous lattice dynamics studies

previously tested the accuracy of such DFPT meth-
ods.42,44,45,47,48,49,50,51,52

Details of our computational and experimental methods are

given in the Section 2, followed by the analysis and discussion of

our results in Section 3, and a summary of our findings and conclu-

sions in Section 4.

2. METHODS

Computational Methods. First-principles calculations were

conducted using DFT/DFPT implemented in the Vienna ab initio

simulation package (VASP).53 The exchange-correlation energy

was calculated using the generalized gradient approximation

(GGA), with the PBEso143 parameterization. In previous computa-

tional studies of the NTE compound a-ZrW208,42A4,45 the PBEsol

XC functional showed superior accuracy over standard functionals.

The present DFT/DFPT computational approach was extensively

tested in previous lattice dynamics studies.47,48,49,5(01,52

The interaction between valence electrons and ionic cores was

described by the projector augmented wave (PAW) method.54,55

The Zr(4p6,5s2,4d2), W(6s2,5d4), O(2s2,2p4) and P(3s2,3p3) elec-

trons were treated as valence electrons in the Kohn-Sham (KS)

equations and the remaining core electrons together with the nuclei

were represented by PAW pseudopotentials. The blocked Da-

vidson56 iterative matrix diagonalization scheme was utilized to

solve the KS equations. The plane-wave cutoff energy was set to

500 eV for the electronic wavefunctions, ensuring the total energy

of the system to be converged to within 1 meV/atom.

The orthorhombic Zr2(W04)(PO4)2 unit cell crystallizing in the

space group Pbcn (IT No. 60, setting No. 3 Pnca (c, a, b); Z = 4,

68 atoms; Vo = 1056.34 A3) characterized by Evans et al.3° was

used in initial structure relaxation calculations. A k-point mesh of

5 x5 x5 was utilized to sample the Brillouin zone using the Monk-

horst-Pack k-point scheme57. Full relaxation calculations of the unit

cell, without symmetry constraints imposed, were initially carried

out until the Hellmann-Feynman forces acting on atoms were con-

verged within 0.01 eV/A. The equilibrium structure obtained from

total-energy minimization was further optimized with respect to

Hellmann-Feynman forces, with a convergence tolerance set to

0.001 eV/A, and DFPT linear response calculations were carried

out with VASP to determine the phonon frequencies and associated

intensities. The latter were computed from the Born effective

charges (BEC) tensor, which corresponds to the change in atoms

polarizabilities with respect to an external electric field. IR and Ra-

man spectra predicted with this method in previous computational

studies of the NTE compound a-ZrW208 showed very good agree-

ment with experimental spectroscopic data.45 This DFPT approach

was also utilized and tested in numerous previous investigations to

successfully predict the properties of various Zr-containing com-

pounds and crystalline materials.47,48,49,50,58,59,60,61,62,63,64

Experimental Methods. All reagents were used as received and

were tested via thermogravimetric analysis to determine actual mo-

lar amounts of Zr, P, and W respectively. Based on the procedure

reported by Shi et al.36, the molar ratio Zr/P/W was held to 2:1:2

throughout the synthesis.

0.9021 g ammonium paratungstate (NH4)Io(H2W12042)*xH20

(Aldrich) was mixed with 30 mL DI H20. 1 g of ammonium phos-

phate monobasic (Aldrich), NH4H2PO4, was mixed with 20 mL

H20. These solutions were combined, covered, and stirred for a

minimum of 60 min and up to 24 hours.

2.5271 g zirconyl oxychloride octahydrate (Aldrich) was mixed

with 5mL DI H20 and stirred until dissolved. This Zr solution was

then slowly added dropwise to the phospho-tungsten solution while

stirring. After an additional 90 minutes of stirring, the pH was

measured using pH paper to be highly acidic (pH <1).

The solution was placed in a Teflon lined Parr vessel and placed

in an oven at 130° C for 48 hours. Upon removal from the Parr

vessel, the fine white precipitate was filtered and washed with DI

water. After drying in an oven at 80 °C overnight, the precipitate

was fired in a 900°C furnace for 4 hours, removed, and allow to

cool to room temperature.

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 fitted with a Ni-

colet Smart DuraSamplIR (single bounce diamond crystal) and

used air as the background and blank. The powder was placed onto

the diamond crystal and pressure was applied before spectra were

collected. Scans were done on the sample at a resolution of 1 cm-1

over an absorbance range of 4000.12 to 525.02 cm-1, using a KBr

beamsplitter and a DTGS (deuterated triglycine sulfate) KBr detec-

tor with atmospheric and ATR corrections applied.

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

Lab-Spec 5 software. A Coherent 190-5 Argon-ion laser (514.532

nm laser line set at 250 mW at the head) was used for excitation.

The instrument was calibrated by analyzing a piece of silicon wafer

(520.7 cm-1). The Zr2(W204)(PO4)2 spectrum shown was captured

using 20 accumulations of 60 seconds. An Olympus BH2 (BHSM)
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microscope with a BH2-UMA fitted with a ULWD MS Plan 80

objective (NA= 0.75) was used for sampling the material. Data col-

lection was done in the single mode between 99 to 1300 cm-1.

3. RESULTS AND DISCUSSION

Crystal Structure. Figure 1 shows a ball-and-stick representa-

tion of the orthorhombic Zr2(W04)(PO4)2 crystal unit-cell structure

(space group Pbcn, IT No. 60, setting No. 3 Pnca (c, a, b); Z = 4)

optimized at the GGA/PBEsol level of theory at T = 0 K. As de-

scribed in the study of Evans et al.,3° Zr2(W04)(PO4)2 consists of

corner-sharing Zr06 octahedral units, each connected to two WO4

and four PO4 tetrahedral coordination units. 8d Wyckoff sites (1

symmetry) are occupied by Zr, P and O atoms, while W atoms are

positioned at 4c Wyckoff sites (.2. symmetry).

Figure 1. Crystal unit cell of Zr2(W04)(PO4)2 (space group Pbcn, IT No.
60, setting No. 3 Pnca (c, a, b); Z= 4), with corner-sharing Zr06 octahedral
(blue) and W04 (grey) and PO4 (green) tetrahedral coordination units, opti-
mized at the GGA/PBEsol level of theory. Color legend: O, red; P, green;
W, grey; Zr, blue.

Figure 1 shows a ball-and-stick representation of the orthorhom-

bic Zr2(W04)(PO4)2 crystal unit-cell structure (space group Pbcn,

IT No. 60, setting No. 3 Pnca (c, a, b); Z = 4) optimized at the

GGA/PBEsol level of theory at T = 0 K. As described in the study

of Evans et al.,3° Zr2(W04)(PO4)2 consists of corner-sharing Zr06

octahedral units, each connected to two WO4 and four PO4 tetrahe-

dral coordination units. 8d Wyckoff sites (1 symmetry) are occu-

pied by Zr, P and O atoms, while W atoms are positioned at 4c

Wyckoff sites (.2. symmetry).

Table 1. Structural Parameters of the Zr2(W04)(PO4)2 Unit Cell (space
group Pbcn, IT No. 60; Z = 4) Calculated With DFT at the GGA/PBEsol
Level and Measured From Neutron and Powder X-Ray Diffraction
Data.

Method T(K) a(Å) b (A) C(H) 03)

DFT° 0 9.432 12.432 9.250 1084.59
Expt.b 60 9.3640(3) 12.3243(4) 9.1793(3) 1059.34(4)
Expe 296 9.3462(3) 12.3313(4) 9.1606(3) 1055.77(4)
Expt.' 300 9.35451(9) 12.31831(9) 9.16711(8) 1056.34

°This study. bCethikol and Wilkinson; ref 33; Neutron diffraction. °Evans et
al.; ref 30; powder XRD.

The computed and measured unit-cell lattice parameters of

Zr2(W04)(PO4)2 are summarized in Table 1. The parameters of a=

9.432 A, b = 12.432 A and c = 9.250 A (b/a =1.318, c/a = 0.981, V
= 1084.59 A3) predicted at the GGA/PBEsol level are in close

agreement with the low-temperature (T = 60 K) neutron diffraction

estimates of a = 9.3640(3) A, b = 12.3243(4) A and c = 9.1793(3)
A (b/a = 1.3161, c/a = 0.9803, V = 1059.34(4) A3) reported by
Cetinkol and Wilkinson.33 These DFT results are also consistent

with the room-temperature powder XRD values of a = 9.35451(9)

A, b = 12.31831(9) A and c = 9.16711(8) A (b/a = 1.3168, c/a =
0.9800, V = 1056.34 A3) obtained by Evans and coworkers.3°
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Figure 2. (a) Experimental room-temperature powder X-ray diffraction pat-
tern of Zr2(W04)(PO4)2 (Cu Ka radiation, A, = 1.5406 ik) (ref 30) and (b)
simulated XRD pattern for the crystal unit-cell optimized with DFT at the
GGA/PBEsol level of theory. Observed reflections are indexed in the hkl
representation.

The simulated XRD pattern (Cu Ka radiation, 2t, = 1.5406 A) for

the crystal structure optimized in this study at the GGA/PBEsol

level of theory, without relaxation of the experimental crystal lat-

tice3°, is displayed in Figure 2. Excellent overall agreement is ob-

tained with the room-temperature powder XRD pattern of the or-

thorhombic Zr2(W04)(PO4)2 structure reported by Evans et al.3°

All the observed reflections, indexed in the hkl representation in

Figure 2, are well reproduced, with very limited peak shift of 20

values.

To further validate the accuracy of the Zr2(W04)(PO4)2 structure

optimized with GGA/PBEsol, an extensive comparison was made

between computed and experimental interatomic structural param-

eters. Table 2 summarizes calculated and measured3° bond dis-

tances and angles. Average bond distances are predicted to be 1.783
A for W-0, 2.085 A for Zr-0, and 1.537 A for P-O, very close to
the values of 1.799 A, 2.087 A and 1.500 A measured by Evans and
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coworkers30. Tetrahedral 0-W-0 and O-P-O angles and octahe-

dral O-Zr-O angles are near their ideal values of 109.5° and 90.0°,

respectively, thus indicating limited distortion from perfect poly-
hedral coordination units (see Figure 1). The optimized Zr06 octa-

hedral units and WO4 and PO4 tetrahedral units have volumes of

11.979 A3, 2.909 A3 and 1.863 A3, which compare well with the

measured values of 11.995 A3, 2.820 A3 and 1.731 A3, respectively.

Let us note that these interatomic structural parameters for

Zr2(W04)(PO4) are also in line with our previous calculations for

a-ZrW208 using GGA/PBEsol." In the optimized structure of a-

ZrW208, made of corner-sharing Zr06 octahedral coordination

units and WO4 tetrahedral units with distinct W1 and W2 metal

centers, the average Zr-O, W1-O, and W2-O bond distances are

2.084 A, 1.799 A, and 1.787 A, respectively. The predicted vol-
umes for the Zr06 octahedral units and the W104 and W204 tetra-

hedral units are 12.115 A3, 2.872 A3, and 2.925 A3.44

Table 2. Bond Distances (A) and Angles (°) of Zr2(W04)(PO4)2 (Space Group Pbcn, IT No. 60; Z = 4) Calculated with DFT at the GGA/PBEsol Level
and Measured Using Room Temperature Powder X-Ray Diffraction.

01 02 03 04 05 06
W1° 1.784 1.784 1.783 1.783
W1h 1.728(13) 1.728(13) 1.806(12) 1.806(12)
Zrl° 2.141 2.038 2.063 2.051 2.167 2.049
Zrlh 2.186(13) 2.039(12) 2.045(12) 2.042(10) 2.149(13) 2.060(16)
Pl° 1.537 1.531 1.537 1.543
Plh 1.491(12) 1.541(12) 1.514(12) 1.456(16)
0-W-0° 109.1 110.4 109.0
o-vv-ob 110.8(9) 111.8(6) 105.7(5)
W-O-Zr° 169.8
W-0-Z6 164.6(7)
Zr-O-P° 155.9 175.0
Zr-O-Ph 155.7(8) 175.6(7)
0-P-0° 110.4 108.9 108.7 109.2 109.6 109.9
0-13-0h 109.3(7) 109.9(8) 109.9(7) 107.8(7) 107.2(7) 112.5(8)
°This study. hEvans et al.; ref. 30; powder XRD. The same atom naming convention as in Ref. 30

is used in this study.

Table 3. Character Table for Zrz(W04)(PO4)2 (Space Group Pbcn, IT No. 60, with 8d and 4c Wyckoff Sites Occupied).

Irrepsa Multiplicity° E 2z 2y 2z I mz my mx Functions IR Active b Raman Active b
Ag 25 1 1 1 1 1 1 1 1 x2,y2,z2 no yes
B 1g 26 1 1 -1 -1 1 1 -1 -1 xy,Jz no yes
B2g 25 1 -1 1 -1 1 -1 1 -1 xz,J), no yes
B3g 26 1 -1 -1 1 1 -1 -1 1 yz,Jx no yes
Au 25 1 1 1 1 -1 -1 -1 -1 no no
B i. 26 1 1 -1 -1 -1 -1 1 1 z yes no
B2u 25 1 -1 1 -1 -1 1 -1 1 y yes no
B3u 26 1 -1 -1 1 -1 1 1 -1 x yes no

°Vibrational modes belonging to all the irreducible representations (irreps) are non-degenerate. hyibrational modes belonging to the Ag, Big,
B2g and B 3g irreps are Raman active (quadratic functions), while modes from the B1., B2. and B3° irreps are IR active (linear functions), and

modes from the Au irrep are IR and Raman inactive.
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Phonon, Infrared, and Raman Spectra. Forces exerted on all at-

oms of the equilibrium bulk structure of Zr2(W04)(PO4)2 were cal-

culated using DFPT at the GGA/PBEsol level and phonon frequen-

cies were derived at the center of the Brillouin zone (F-point) for

IR and Raman calculations. The resulting phonon density-of-states

(PDOS) spectrum of Zr2(W04)(PO4)2 calculated at T = 0 K is dis-

played in Figure 3, with a smearing width of a = 1 0 cm-1 utilized to

simulate the temperature effect in the PDOS. Since the PDOS of

Zr2(W04)(PO4)2 has yet to be measured, to the best of our
knowledge, the PDOS of the a-ZrW208 compound previously cal-

culated45 with DFPT/GGA/PBEsol is also shown for comparison.

As discussed in previous studies4,13,45, a correlation can be estab-

lished between the internal modes of vibrations of the WO4 tetra-

hedral units in crystalline a-ZrW208 and an ideal, free tungstate

ion, exhibiting high-frequency symmetric (vi) and antisymmetric

(v3) stretching modes, and lower-frequency symmetric (v2) and an-

tisymmetric (v4) bending modes. Similar correspondences exist be-

tween WO4 and PO4 tetrahedral units composing Zr2(W04)(PO4)2

and isolated tungstate and phosphate ions. Since both a-ZrW208

and Zr2(W04)(PO4)2 compounds possess WO4 and Zr06 units, ad-

ditional features in the PDOS of Zr2(W04)(PO4)2 can be mainly

ascribed to PO4 modes of vibration. Previous experimental studies

of (AMO4)2 (A = Zr, Hf; M = W, Mo) compounds suggested that

the v1 and v3 stretching modes and v4 and v2 bending modes of WO4
units typically lie within the ranges —95 0-1032 cm-1, —75 0-95 0

cm-1, —320-400 cm-1 and —280-320 cm-1, respectively. 13,41,65 In

their recent Raman study of Zr2(W04)(PO4)2, Yuan et al. tenta-
tively assigned the corresponding PO4 modes of vi symmetric

stretching, v3 antisymmetric stretching and v4+v2 bending vibra-

tions within the ranges —1030-1200 cm-1, —1000-1030 cm-1, and

—400-650 cm-1, respectively.41 However, as shown by previous ex-

perimental band assignments for zirconium phosphate ceramics,

such as Nal-x(Cs1.33Sr)2r2P3012 (x = 0.1-1.0) or Ca1-22r4 Mo2R6-
2.024 (x = 0.1-0.5), vi, v3, v4, and v2 PO4 bands are typically in the
ranges —900-990 cm-1, —1 030-1260 cm-1, —5 1 0-640 cm-1 and

—400-500 Cm-1.66 Vibrational spectroscopy characterization of

phosphate minerals also indicate higher frequency for v3(PO4)

bands compared to vi(PO4) bands.67 Therefore, it appears that

vi(PO4) and v3(PO4) bands might have been interchanged in the as-
signment made by Yuan et al.41
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Figure 3. Phonon density-of-states (PDOS) spectra of Zr2(W04)(PO4)2
(blue solid line) and a-ZrW208 (green dashed line) simulated using density
functional perturbation theory (DFPT) at the GGA/PBEsol level. A smear-
ing width of ci = 10 cm-1 was used to generate PDOS spectra.

As depicted in Figure 3, DFPT/PBEsol calculations for a-

ZrW208 predicted vi and v3 stretching modes of WO4 units in the

ranges 1 01 3-1032 cm-1 and 739-992 cm-1, respectively, with v4+v2

bending modes within 277-38 1 cm-1, with libration, lattice and

translation modes below w = 2 56 cm-1.45 In contrast to the large

--3 60 cm-1 gap separating WO4 stretching and bending modes in the

PDOS of a-ZrW208, strong phonon signatures for the v4 antisym-

metric bending modes of PO4 units in Zr2(W04)(PO4)2 are pre-

dicted in this study within —570-635 cm-1. The calculated v2(PO4)
symmetric bending modes are in the range —365-425 cm-1, with

PO4 rocking modes predicted at lower wavenumbers within

—1 82-200 cm-1. The computed v3 and vi stretching modes of PO4

units are within the ranges —992-1 1 8 1 cm-1 and —1065-1 084 cm-1.

In Zr2(W04)(PO4)2, the computed modes of vibration for WO4

units are —990-1 040 cm-1 for vi, —830-1000 cm-1 for v3, and bend-
ing modes within 245-400 cm-1. While vibrations from WO4 and

PO4 units are predominant in the PDOS, a finer phonon mode anal-

ysis reveals that Zr06 vibrations also contribute to the PDOS:

v1(Zr06) symmetric stretching modes appear combined with

v3(PO4) and v1(PO4) in the range —1 084-1 1 8 1 cm-1, Zr06 bending

occurs within —239-326 cm-1 and Zr06 rocking around --1 88 cm-1.

Noticeable P-0 bond stretching also appears ca. —1034-103 8 cm-

1 in combination with v1(W04) symmetric stretching modes. Below
—227 cm-1, lattice modes are dominant, either pure or combined

with PO4 or Zr06 rocking.

With N = 68 atoms (Z = 4 formula units per unit cell),

Zr2(W04)(PO4)2 exhibits 3N= 204 degrees of freedom, distributed
among 201 non-degenerate optical phonons (ropticat) and three
acoustic phonons (racoustic) • Acoustic phonons correspond to
modes of translation at the F-point, namely one longitudinal acous-

tic mode and two transverse acoustic modes with zero-frequency,

which are associated with the irreducible representations (irreps)

B1u, B1u, and Blu according to the decomposition racoustic (3) =
Blu + B2u + B3u of the orthorhombic Pbcn space group for

Zr2(W04)(PO4)2 (see character table in Table 3 for space group

Pbcn with 8d and 4c Wyckoff sites occupied). The 201 optical

modes can be represented as roptical (2 01) = 2 5,49 + 2 6/319 +- 
2 5829 + 2 6839 + 2 5Au + 2 5/31u + 2 482u + 2 5B3u. Among

these optical modes, vibrational modes belonging to the Blu, B2u,

and B3u irreps are only IR-active modes (linear functions), i.e.,

rol pRtical(7 4) = 2 5/31u + 2 4B2u + 2 5/33u, while vibrational modes

of the A9, B19, 829 and B39 irreps are only Raman-active modes

(quadratic functions), i.e., I= (10 2) = 2 5A9 + 2 6819 +

2 5829 + 2 6839, and the remaining 25 vibrational modes belong-

ing to the Au irrep are both IR- and Raman-inactive modes.

Eigenfrequencies of the most intense infrared- and Raman-ac-
tive vibrational modes of Zr2(W04)(PO4)2 calculated from DFPT

at the GGA/PBEsol level have been assigned using group theory

and are summarized in Table 4. An extensive and systematic com-

parison has been made with the IR- and Raman-active bands ob-

served in this study (see Figure 4 and Figure 5), along with the re-

cent Raman bands reported by Yuan et al.41 on samples pre-sintered

at 1 573 K, which consist of a mixture of Zr2(W04)(PO4)2 and W03.
Let us note that bands characteristic of WO3 at w 7 11 and 808

cm-1 are not observed in the Raman spectrum of Zr2(W04)(PO4)2
collected in this study (see Figure 5), therefore confirming the high

purity of the samples characterized experimentally.
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Table 4. Eigenfrequencies of the Most Intense Infrared- and Raman-Active Vibrational Modes of Zr2(W04)(PO4)2 (Space Group Pbcn, IT No. 60)
Calculated from Density Functional Perturbation Theory (DFPT) at the GGA/PBEsol Level. Observed IR- and Raman-Active Bands Are Reported
for Comparison.

Irrep.a
IR (cm-I) Raman (cm-I) Mode Description'

DFPTb Expt.b DFPTb Expt.b Expt.'
Big 1181 1197w v3(PO4)+vi(Zr06)
B2u 1167 1178w v3(PO4)+vi(Zr06)
Big 1163 1174w v3(PO4)+vi(Zr06)
Ag 1084 1096w 1097w vi(PO4)+vi(Zr06)

1065 1080m vi(PO4)

Big 1038 vi(W04)+P-0 stretching
Ag 1034 1039s vi(,VO4)+P-0 stretching
Bi„ 1027 vi(W04)+v3(PO4)
B3g 1022 1022s 1019s v3(PO4)
Ag 1022 v3(PO4)+vi(W04)
B2g 1020 v3(PO4)
Bi„ 1007 v3(PO4)+vi(W04)
B2u 1007 1004s v3(Piai)
Big 1004 v3(PO4)
B,„ 1002 v1(PO4)
Ag 1002 1011s v3(PO4)+vi(W04)

999 v1(PO4)+v1(W04)
B2u 995 v3(PO4)
B3„ 994 v3(PO4)
Ag 992 v3(PO4)+vi(W04)

B3. 881 v3(W04)

B25 878 v3(W04)
B3g 874 870m 868m v3(W04)
B2u 874 v3(W04)
Big 872 872s v3(W04)
Bi, 837 v3(W04)
B3u 837 843s v3(W04)
Ag 835 v3(W04)
B2g 831 826s 830s v3(W04)
B2g 634 v4(PO4)
B2u 630 640w A/4(PN
A, 625 630w v4(PO4)
A, 595 607w v4(PO4)

Ag 571 582w v4(PO4)
B3u 570 583w v4(PO4)

422 v2(PO4)
Ag 412 426w 425w v2(PO4)
B2, 400 v2(PO4)+v2(W04)
A, 396 408w 407w v2(PO4)+v2M04)
Big 394 v2(PO4)+v2(W04)
B3u 366 v2(PO4)+v2(W04)
A, 349 356w v2(W04)
B3. 349 v2(W04)
Big 346 v2(W04)
B2g 342 346w v2(W04)
Ag 336 v2(W04)
B3u 326 Bending(Zr06)
Big 324 Bending(Zr06)+v2(W04)
A, 322 316w Bending(Zr06)+v2(W04)
Big 306 303w Bending(Zr06)+v2(W04)
B2, 298 Bending(Zr06)+v2(W04)
Ag 278 272w v2(W04)
B3u 277 Bending(Zr06)
Big 273 Bending(Zr06)+v2(W04)
B3. 267 v2(W04)
Ag 246 250w Bending(Zr06)+v2(W04)
Biu 239 Bending(Zr06)
B3u 227 Lattice
B2g 200 199w Rocking(PO4)+Lattice
B3u 188 Rocking(Zr06)+Lattice
Ag 182 188w Rocking(PO4)+Lattice
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A, 162 155w Lattice
Ag 125 128w Lattice

'Vibrational modes belonging to the Ag, Blg, B2g and B3g irreps are Raman active (quadratic func-
tions), while modes from the B1g, B2g and B3g irreps are IR active (linear functions). 'This study;
band intensity: s = strong m = medium, w = weak. 'Yuan et al., 2017; ref. 41. 'Free tungstate and
phosphate ions vibration modes: symmetric (v1) and antisymmetric (v3) stretching modes, sym-
metric (v2) and antisymmetric (v4) bending modes; Zr06 octahedral units vibration modes: sym-
metric (vi) and antisymmetric (v2 and v3) stretching modes; bending and rocking modes are re-

ferred to above as bending(Zr06) and rocking(Zr06).
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As shown in Table 4 and Figure 4, the most intense FT-IR bands

observed in this study are centered at 1197 cm-1 (w: weak), 1178

cm-1 (w), 1080 cm-1 (m: medium), 1004 cm-1 (s: strong), 872 cm-1

(s), 843 cm-I (s), 640 cm-1 (w), and 583 cm-1 (w). These bands are

well reproduced by the IR spectrum simulated using PBEsol, with

corresponding bands predicted at 1181 cm-1 (w) [Biu;
v3(PO4)+vi(Zr06)], 1167 cm-I (w) [B2u; v3(PO4)+v,(Zr06)], 1065

cm-I (m) [B2u; vi(PO4)], 1007 cm-I (s) [B2u; v3(PO4)], 872 cm-1 (s)
[Biu; v3(W04)], 837 cm-1 (s) [B3u; v3(W04)], 630 cm-1 (w) [B2u;
va(PO4)], and 570 cm-1 (w) [B3u; va(PO4)], respectively. The strong

IR band observed at 1004 cm-1 actually appears to be a combination

of three bands predicted at 1007 cm-1 [B1.; v3(PO4)+vi(W04)],
1007 cm-1 [B2.; v3(PO4)], and 1004 cm-1 [Biu; v3(PO4)], which are

not resolved experimentally. Similarly, the intense band observed

at 872 cm-1 originates from bands at 872 cm-1 [Biu; v3(W04)] and

874 cm-1 [B2u; v3(W04)]. Graphical representations of the vibration

vectors superimposed on the structure of Zr2(W04)(PO4)2 for the
four strong- and medium-intensity IR bands discussed above are

provided in Supporting Information. In addition to these intense

bands, eighteen new bands have been predicted using DFPT, most
of them in the far-IR range (i.e., below -400 cm-I), at 1027, 995,

994, 881, 400, 394, 366, 349, 346, 326, 324, 298, 277, 273, 267,

239, 227 and 188 cm-I (see Table 4). It is also worth noting that,

although Zr2(W04)(PO4)2 is a NTE material and a frequency shift

might be expected between DFPT results obtained at 0 K and IR
experiments at room temperature, excellent agreement is achieved
between theory and experiment. Therefore, NTE in

Zr2(W04)(PO4)2 appears to have limited impact on the spectral

properties of this compound. A similar conclusion was previously

reached for the isotropic NTE material a-ZrW208.45
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0.8 - Expt.

0.6 -

0.4 -

0.2 -

0.1 -
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Figure 4. Fourier transform infrared (FT-IR) spectrum of Zr2(W04)(PO4)2
observed at room temperature (red line), along with the infrared spectrum
simulated from density functional perturbation theory (DFPT) at the
GGA/PBEsol level (blue line). Natural line broadening was simulated from
DFPT eigenfrequencies (vertical blue bars) using a Lorentzian lineshape
function with a full width at half maximum (FWHM) of 4 cm-I.

The Raman spectrum of Zr2(W04)(PO4)2 simulated with

DFPT/PBEsol is displayed in Figure 5, along with the Raman data

collected in this study at room temperature. Similar to IR results,

excellent overall agreement is obtained between DFPT predictions

and observation. The computed vibrational eigenfrequencies for

the most intense Raman-active modes are summarized in Table 4,

together with Raman band centers measured in this study and in the

investigation of Yuan et al.41 In the latter, major Raman bands were

centered at 1097 cm-I (w), 1019 cm-1 (s), 868 cm-1 (m), 830 cm-I

(s), 425 cm-1 (w), and 407 cm-1 (w), with additional bands located

at co = 711 and 808 cm-1 stemming from the presence of WO3 in

Zr2(W04)(PO4)2 samples characterized.41 As shown in Figure 5 and

Table 4, these Zr2(W04)(PO4)2 bands have also been observed in

this study at 1096 cm-1 (w), 1022 cm-1 (s), 870 cm-1 (m), 826 cm-I

(s), 426 cm-1 (w), and 408 cm-1 (w). In addition, two new strong

Raman bands of Zr2(W04)(PO4)2 have been identified at 1039 and

1011 cm-1, along with fourteen new weak bands located at 1174,

630, 607, 582, 356, 346, 316, 303, 272, 250, 199, 188, 155 and 128

cm-1. No spectral signatures of WO3 at 711 and 808 cm-1 were ob-

served in the spectrum collected, thus confirming the high-purity

of the sample synthesized in this study.

z
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Figure 5. Raman spectrum of Zrz(W04)(PO4)2 observed at room tempera-
ture (red line), along with the Raman spectrum simulated from density func-
tional perturbation theory (DFPT) at the GGA/PBEsol level (blue line).
Natural line broadening was simulated from DFPT eigenfrequencies (verti-
cal blue bars) using a Lorentzian lineshape function with a full width at half
maximun (FWHM) of 4 cmi.

As depicted in Figure 5 and Table 4, excellent agreement between

the Raman spectrum simulated from DFPT/PBEsol calculations

and Raman data. Major strong- and medium-intensity Raman

bands were predicted to be at 1034 cm-1 (s) [Ag; vI(W04)+P-0

stretching], 1022 cm-1 (s) [B 3g; v3(PO4)], 1002 cm-I (s) [Ag;

v3(PO4)+v,(W04)], 874 cm-1 (m) [B3g; v3(W04)], and 831 cm-I (s)

[B2g; v3(W04)]. Graphical representations of the vibration vectors

superimposed on the structure of Zr2(W04)(PO4)2 for these strong-

and medium-intensity Raman bands are given in Supporting Infor-

mation. Based on DFPT calculations (see Table 4), some of the

bands observed in this study appear to result from combinations of

bands, i.e., the bands collected at 1039 cm-1 (s), 1022 cm-I (s), 1011

cm-1 (s), 870 cm-1 (m), 826 cm-1 (s), 426 cm-1 (w), and 346 cm-1 (w)

are actually combinations of bands at 1038 cm-1 (Big) + 1034 cm-I

(A g), 1022 cm-1 (B 3 g) + 1022 cm-I (A g) + 1020 cm-I (B 2 g), 1002 cm-

1 (B 2g) + 1002 cm-1 (A g) + 999 cm-I (B 3g), 878 cm-1 (B 2g) + 874 cm-

1 (B 3g), 835 cm-1 (Ag) + 831 cm-1 (B 2g), 422 cm-I (B 3g) + 412 cm-I

(A g), and 342 cm-1 (B 2 g) + 336 cm-1 (A g), respectively. The fourteen

new weak bands observed above have been successfully confirmed

and assigned using DFPT calculations, with band centers predicted

at 1163, 625, 595, 571, 349, 342, 322, 306, 278, 246, 200, 182, 162

and 125 cm-1. A detailed assignment (irreps and modes description)
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of these new bands based in DFTP calculations is reported in Table

4.

4. CONCLUSION

DFT/DFPT calculations were carried out at the GGA/PBEsol level

of theory to extensively investigate the relationship between the

crystal structure and vibrational properties of NTE crystalline

Zr2(W04)(PO4)2 and its phonon DOS, IR and Raman spectra. The

accuracy of predictions using DFT/DFPT methods was success-

fully assessed and validated by systematic comparison with exper-

imental FT-IR and Raman data collected in this study and previous

investigations. The excellent agreement achieved between DPFT

calculations at 0 K and spectroscopic measurements at room tem-

perature suggests that negative thermal expansion in

Zr2(W04)(PO4)2 has a very limited impact on the spectral proper-

ties of this compound.

Based on combined first-principles and experimental ap-

proaches, new comprehensive and extensive assignments have

been made for the spectra of Zr2(W04)(PO4)2, resulting in the char-

acterization of its 29 and 34 most intense IR- and Raman-active
modes, respectively. In addition, these DFPT results also showed
that v1(PO4) symmetric stretching and v3(PO4) antisymmetric
stretching bands were interchanged in previous tentative band as-
signments of Raman experiments by Yuan et al. This conclusion is

also supported by existing vibrational spectroscopy characteriza-
tion of zirconium phosphate minerals/ceramics, indicating higher

frequency for v3(PO4) bands compared to vi(PO4) bands.

The IR spectrum simulated using DFPT/PBEsol predicts bands

at 1181 cm-I (w: weak) [Biu; v3(PO4)+vi(Zr06)], 1167 cm-1 (w)

[B2u; v3(PO4)+v1(Zr06)], 1065 cm-1 (m: medium) [B2g; vI(PO4)],
1007 cm-1 (s: strong)[B2.; v3(PO4)], 872 cm-I (s) [Biu; v3(W04)],
837 cm-1 (s) [B3u; v3(W04)], 630 cm-1 (w) [B2u; v4(PO4)], and 570

cm-1 (w) [B3u; va(PO4)], which accurately reproduce the most in-

tense FT-IR bands observed in this study. Calculations also show

that some of the IR bands observed correspond to combination of

multiple bands, which cannot be resolved experimentally.

In addition to these bands, eighteen new IR bands - most of them

in the far-IR range - were predicted using DFPT at 1027, 995, 994,
881, 400, 394, 366, 349, 346, 326, 324, 298, 277, 273, 267, 239,

227 and 188 cm-I.

Strong- and medium-intensity Raman bands were predicted with

DFPT/PBEsol at 1034 cm-I (s) [Ag; vi(W04)+P-O stretching],

1022 cm-I (s) [B3g; v3(PO4)], 1002 cm-1 (s) [Ag; v3(PO4)+v,(W04)],
874 cm-1 (m) [B3g; v3(W04)], and 831 cm-1 (s) [B2g; v3(W04)],
which accurately matched all the band centers observed in present
and past Raman experimental characterizations. In this study, two
new strong Raman bands of Zr2(W04)(PO4)2 were identified at

1039 and 1011 cm-1, along with fourteen new weak bands located

at 1174, 630, 607, 582, 356, 346, 316, 303, 272, 250, 199, 188, 155

and 128 cm-1. No spectral signatures of WO3 at 711 and 808 cm-1
were observed, thus confirming the high-purity of the sample syn-

thesized in this study using hydrothermal methods. DFPT calcula-

tions showed that some of the Raman bands observed at 1039 cm-I

(s), 1022 cm-1 (s), 1011 cm-1 (s), 870 cm-I (m), 826 cm-I (s), 426

cm-1 (w), and 346 cm-I (w) originate from combinations of bands.

DFPT calculations predicted Raman-active bands at 1163, 625,

595, 571, 349, 342, 322, 306, 278, 246, 200, 182, 162 and 125 cm-

1, which coincide with the fourteen new weak Raman bands ob-

served.

A detailed and extensive assignment, including irreps and modes

description, of the most intense IR- and Raman-active bands was

made based on DFTP calculations and the corresponding graphical
representations of the vibration vectors for atomic motion in the

Zr2(W04)(PO4)2 structure were provided for the strongest IR and

Raman bands.

The DFT/DFPT results presented in this investigation demon-

strated the high accuracy of the PBEsol exchange-correlation func-

tional for studying the correlation between vibrational and spectro-

scopic properties of crystalline materials using first-principles

methods, in particular to describe the structure-property relation-

ships for the class of materials exhibiting NTE properties.

ASSOCIATED CONTENT

Su pporti ng I nformation

Graphical representations of the vibration vectors superimposed on
the structure of Zr2(W04)(PO4)2 for the strong- and medium-inten-

sity IR and Raman bands.
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