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We experimentally investigate effects of Wo+ occupying the sites of Sc3t in the unit cell of ScyW3013 (ScgW12043)
on the structure, vibration and thermal expansion. The composition and structure of the doped sample (ScgW2)W 20454 5
(with two WO occupying two sites of Sc>* in the unit cell of ScgW12043) are analyzed and identified by combining the
x-ray photoelectron spectroscopy and the synchronous x-ray diffraction with first-principles calculations based on density
functional theory. Results show that the crystal with even W8 occupying even Sc3t in the unit cell is stable and maintains
the orthorhombic structure at room temperature. The structure of the doped sample is similar to that of ScoW301;, and
with even W occupying even positions of Sc in the unit cell and constituting the WOg octahedra. Raman analyses show
that the doped sample possesses stronger W—O bonds and wider Raman linewidths than those of Sc;W30;;. The sample
doped with W also exhibits intrinsic negative thermal expansion in the measured range of 150 K-650 K.

Keywords: structure, negative thermal expansion, Raman spectroscopy

PACS: 65.40.De, 61.66.—f, 71.30.+h

1. Introduction

Materials with negative thermal expansion (NTE) prop-
erty have potential applications in many fields such as pre-
cision optics, optoelectronic devices, and aerospace materi-
als. Usually, NTE materials can be compounded with pos-
itive thermal expansion materials or tailored chemically to
attain near zero or controllable thermal expansion materials.
Such materials are especially suitable for use in heat cycles
due to the low mismatch or less thermal stress. AW,0gH!
and AV,0; (A=Zr, HH>3 are two types of well-known
framework NTE oxides which possess isotropic NTE prop-
erty and wide temperature ranges of NTE. A number of stud-
ies have shown that AW,Og is metastable at high tempera-
ture, while AV,07 undergoes a structure phase transition at
about 427 K. Materials with general formula of AoM3O1»
(A =43 ions; M=Mo, W) also exhibit NTE properties in a
wide temperature range but NTE is anisotropic. Except for
ScaW3015,1%1 all the members of A;M302 family show ei-
ther structure phase transition (e.g., Fe;Mo03013, CroMo301,
AlbM0301,[%1 Al W3015 and InoW3012)[7! or hydroscopic-
ity (e.g., Yb2M03O12,[8] Y2M03O]2[9] and Y2W3012).[10] A
great deal of research has been carried out to control the phase
transition or hydroscopicity of A;M301; by substituting A*+
or M®* with other ions.[''~1°! In addition, PbTiO3 based fer-
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roelectric transition materials, [20-221 Mn3;AN based materials
with magnet volume effect!>>~>>! and TaVO5!*®! also exhibit
NTE properties.

Recent years, tetra-molybdates with NTE properties in a
narrow region have been reported, e.g., LnpMo4O;5 (Ln=Y,
Dy, Ho, Tm),?”! Cer(M00,)2(M0,07),281 and RyMo405
(R=La, Nd, Sm)."?°! It is worth noting that all of these ma-
terials adopt monoclinic structure, of which, two Mo(2)O4
tetrahedra are connected by a bridge O atom to form a pyro-
molybdate Mo(2),07 group that is similar to V,07 group in
ZrV,07. One Mo(2),07 polyhedron is weakly joined with
two Mo(1)Oy4 tetrahedra by sharing O atoms to form an entire
Mo40O15 group. Each +3 metal atom is coordinated with seven
oxygen atoms to constitute a single capped trigonal prism.

Meanwhile, Cu,P,0O7; has been found to exhibit the
strongest NTE among the oxides (&, ~ —27.69 x 107 K1,
5 K-375 K).[30 The NTE behaviors of Prussian blue ana-
logues, e.g., FeFe(CN)e, B! MIMMY(CN)s (M! = Ni, Co,
Fe, and Mn; MY = Mo and W),32 ScCo(CN)*3 and
YFe(CN)634! were also reported in recent years.

In this paper, a new tungstate (Sce W2 )W 12045+ s with the
structure similar to the orthorhombic structure of Sc, W30,
is studied by two W occupying two sites of Sc* in the unit
cell of ScoW301,. The structure, vibration and thermal ex-
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pansion properties of the doped sample are investigated exper-
imentally. The results of Rietveld refinement of synchronous
x-ray diffraction (SXRD) data indicate that the structure of the
doped sample is similar to that of orthorhombic Sc,W3015.
Blue shifts of peak positions and increasement of FWHMs
are found in the spectrum of the doped sample by comparing
the Raman spectrum with that of Sc;W301;. The distortion
of polyhedra and stress introduced by W% occupying Sc3+
in the unit cell are attributed to those changes. In order to
demonstrate this structure of the doped sample, the effects of
odd/even W occupying the odd/even sites of Sc>* in the unit
cell on the stability of crystal are studied by first-principles cal-
culations based on DFT. It is shown that the structure by odd
WO occupying odd Sc** in the unit cell is unstable because of
the severe distortion of the unit cell, while it is stable by even
WO occupying even Sc** in the unit cell. Simultaneously,
according to the changes of cell parameters with temperature,
an intrinsic NTE property is discovered in the doped sample.

2. Experimental procedure and computational
details

The sample of (SceW2)W1204515 was synthesized by
a solid-state reaction method. Commercial chemicals Sc,O3
and WO3 (99.9% purity) were used as the starting materials.
The materials were weight according to the stoichiometric ra-
tios, then mixed and ground in a mortar for 2 h. The ob-
tained uniform powders were transferred to a corundum ark
and heated in a tube furnace of 1753 K for 5 min, then rapidly
quenched in deionized water and placed in of about 400 K for
0.5 h. Repeat the above procedure, the sample was sintered
for a second time at 1753 K for 1 h. To ensure the purity, the
sample was sintered for a third time at 1753 K for 30 min and
then cooled out. The sintered powders were reground, pressed
into pellets then sintered again at 1173 K for 30 min.

X-ray photoelectron spectrometer (XPS) (Axis Ultra,
Kratos, UK) was used to analyze the composition of the doped
sample and the valence of the elements. The casaXPS (version
2.3.16) software was used to process the data. Crystal struc-
ture and CTEs of the sample were determined by synchrotron
x-ray diffraction (SXRD). Temperature-dependent SXRD data
were collected by an instrument 11-ID-C at the Advanced Pho-
ton Source with a wavelength of 0.11730 A. The structure to-
gether with lattice constants was refined using an orthorhom-
bic structural model (space group: Pbcn). All the calcula-
tions of structure and lattice constants were performed on Full-
prof software (version 1.10). Raman spectra were recorded
by a LabRAM HR Evolution Raman spectrometer (France
HORIBA Jobin Yvon S.A.S.) with the excitation wavelength
of 532 nm.

To predict the stable structure of the doped system, the
first-principles calculations based on DFT were performed
as implemented in the Vienna ab initio simulation pack-
age (VASP).[®] The ion—electron interaction is depicted by
projector augmented wave (PAW) method,*®! and the ex-
change and correlation effects are described by the GGA-PBE
functional.3”! The wave functions are expanded by the plane
waves up to an energy cutoff of 380 eV. Due to the large unit
cell (~10 A x 10 A x 13 A), integrals over the first BZ are ap-
proximated by a Monkhorst-Pack K-point mesh of 1 x 1 x 1.
The total energy was calculated with high precision, converged
to 1077 eV/atom, and the structural relaxation was stopped
when the residual forces become less than 1073 eV/A.

The substitutional energy of Sc replaced by W is calcu-
lated by

Egp = Edoped + nESc(atom) - (Eundoped+nEW(atom)) )

where Egyp, is substitutional energy, Egoped and Eyndoped are the
total energy of W doped and undoped systems, respectively;
ESc(atom) and Ewy(aom) are energy of per Sc or W atom; n is the
number of substitutional W.

3. Results and discussion

Figure 1(a) shows the XPS total spectrum of the doped
sample. It can be seen that the spectrum contains the elements
of C, Sc, W and O. The C element is derived from the exper-
imental oil pump. Figures 1(b)-1(d) give the XPS spectra of
Sc 2p, W 4f and O 1s. The integrated areas of the XPS peaks
were calculated to determine the atomic ratio of the sample.
Lorenz fittings of the peaks were used to determine the bind-
ing energies of Sc 2p, W 4f and O 1s and then the valence of
element. The spin-orbit splitting of Sc 2p into 2p3/, and 2p; »
were found in the Sc 2p spectrum. The corresponding binding
energies are 402.67 eV and 407.26 eV, respectively. The W
4f spectrum (Fig. 1(c)) can be fitted by two Lorenz peaks with
the binding energies of 35.37 eV and 37.63 eV for W 4f; ),
and W 4f5 5, respectively. It indicates that the tungsten ions in
the sample are in +6 valence. By fitting the spectrum of O 1s
(Fig. 1(d)), the binding energies were found to be 530.53 eV
and 531.82 eV. Table 1 gives the semi-quantitative results of
the XPS spectra. It can be seen that the atomic ratio of the
sample is Sc: W: O~ 1:2.50:9.68, which is very close to
the design ratio of 6 : 14 : 48 + 6.

Table 1. The integration results of the XPS peaks and the atomic ratio of Sc
2p, W 4f and O 1s.

Element RSF Area Area/RSF Atomic ratio (%)
Sc2p 6.38 8100.6 1269.7 7.59
W 4f 9.80 31051.5 3168.5 18.95
O ls 2.93 35998.9 12286.2 73.46
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Fig. 1. XPS spectra of the doped sample: (a) total XPS spectrum; (b)—(d) XPS spectra corresponding to the Sc 2p, W 4f, and O Is.

Figure 2(a) gives the Rietveld refined results of the XRD
spectrum at 300 K for the doped sample (the black curve as
the measured intensity; the red symbol as the calculated inten-
sity). The results show that the sample adopts an orthorhombic
structure at room temperature with space group Pbcn (No. 60).
The lattice constants obtained by the refinement are as follows:
a=13.2461(6) A, b =9.52801(5) A, c = 9.6208(5) A,V =
1214.2(1) A3. The reliability factors for the refinement are as
follows: Ry, = 11.4, Ryp = 13.9 and Rexp = 1.61. The cell pa-
rameters of the basic material Sc,W301; at room temperature
(300 K) reported previously?®! are as below: a = 9.6720 A,
b=13318 A, c=9.5795 A, V = 1234.0 A3. Comparing the
two sets of data, it is not difficult to find that the cell param-
eters of the doped sample are slightly smaller than those of
ScyW3015. Figure 2(b) shows a partial enlargement of the
XRD pattern of the sample at 300 K. Each peak in the figure
can be well indexed. Table 2 provides the metal coordinates
and atomic occupancies of the doped sample and Sc;W3015.
As can be seen from the table, it contains three unequivalent
positions of W in the unit cell of the doped sample, where
~ 16% of the Sc positions are occupied by W. Figure 2(c)
presents the structure schematic diagram of the doped sam-
ple by the Rietveld refinement. The framework of the crystal
consists of corner-shared WOy tetrahedra and ScOg/WOg¢ oc-
tahedra. There are four W(1)Oy4 tetrahedra and eight W(2)Oy4

tetrahedra occupying the normal lattice positions similar to
ScoyW301;. The additional W(3) occupies the positions of
Sc and forms WQOg octahedra. Each ScOg/WQOg octahedron
shares its six oxygen atoms with the adjacent WO, tetrahe-
dra, and each WOy tetrahedron shares all of its oxygen atoms
with the adjacent ScOg octahedra. Therefore, the structure
can be regarded as quasi-rigid unit modules (QRUMs). It
can be concluded that the synthesized sample crystallizes into
an orthorhombic structure similar to that of ScoW30;,, and
with two WO occupying two sites of Sc** in the unit cell of
SC2W3012.

Figure 2(d) gives the temperature-dependent SXRD pat-
terns of the doped sample. As temperature increasing, no sig-
nificant change was observed in the patterns, indicating that
no phase transition occurs within 150-650 K. Also, there are
no impurity peaks in the patterns other than the XRD peaks
of the orthorhombic structure, indicating that the sample is a
pure single-phase material.

The lattice parameters at deferent temperatures were
calculated by the method of LeBail fit. Figure 3 shows the
changes of the lattice constants of the doped sample as a func-
tion of temperature. As can be seen from the figure, the a-axis
expands while the b-axis and the c-axis continuously contract
as temperature increasing, which eventually cause a continu-
ous contraction of the volume. The linear CTEs of the a, b
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Fig. 2. (a) Results of the Rietveld refinement of the SXRD pattern at 300 K. (b) The partially enlarged SXRD pattern at 300 K with Peaks
indexed. (c) Schematic diagram of the doped sample with orthorhombic symmetry depending on our experiments. O atoms are shown in red
balls, ScOg/WOg octahedra in purple and WOy tetrahedra in gray. (d) SXRD patterns of the doped sample measured from 150 K to 650 K.

Table 2. Metal atomic coordinates of the doped sample and Scy(WO4)s3.

Atom Sc (8d) W1 (4c) W2 (8d) W3 (8d)

x 0.12318 x 0 0.14124 0.12318

(SceW2)W 1204545 y 0.25644 y 0.52873 y 0.10708 y 0.25644

z 0.46894 z 0.250 b4 0.11705 z 0.46894

Occupancy 0.83746 1 1 0.16254
0.46643 X 0.250 X 0.11657
Sc2(WOy4)3 0.38133 y 0 y 0.35594
0.25010 z 0.473 z 0.39454
Occupancy 1 1 1

and ¢ axes in 150650 K are calculated to be 5.64 x 1070 K~ !,
—3.80x 107K~ and —6.33 x 107° K~!, respectively, which
results in a volumetric CTE of —4.52 x 1076 K~! and a linear
CTE of —1.51 x 107 K~!. An intrinsic NTE in the doped ma-
terial is determined. This absolute value of linear CTE is a lit-
tle smaller than that of the reported value —2.2 x 10~° K~! for
ScaW3015 at 10-450 K.38 The little changes of cell parame-
ters between the doped and undoped materials can be used to
explain the little change of linear CTE.

Figure 4(a) shows the Raman spectra of the doped and
undoped samples at room temperature. All the Raman modes
can be identified by referring to the literature on spectroscopy
studies.[>15%1 Usually, the symmetric modes of tungstate

crystal are located in the areas of the higher frequencies. Here,
a strong mode centered at 1024.3 cm~!, a shoulder mode near
1008.4 cm~! and a weak mode near 974.1 cm~! all can be as-
signed to the W—O symmetric stretching vibrations (v1) of the
WOy, tetrahedra. A weaker mode centered at 959.1 cm™ !, two
shoulder modes near 850.3 cm ™' and 842.5 cm™!, and a strong
mode near 828.1 cm ™! all can be identified as the W-O asym-
metric stretching vibrations (v3) of the WOy tetrahedra. The
mode centered at 354.9 cm ™! is recognized as the antisymmet-
ric bending vibration (vs4) of the WO, tetrahedron. The modes
near 327.5 cm~! and 287.7 cm~! are assigned to the sym-
metric bending vibration (v;) of the WOy tetrahedron and the
rotation (T/(Sc3*)) of the Sc3*, respectively. The mode near
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258.2 cm™~! is considered as the rotation (T'(Sc3T)) of Sc3*.
The mode below 200 cm ™! is deemed as the translational and
liberations (T'(WOQy,), L(WQy)) of the WOy tetrahedra.
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Fig. 3. The changes of the lattice constants with temperature.

Lorentz peak fitting was used to find the subtle differences
between the Raman spectra of the doped and undoped sam-
ples as shown in Figs. 4(a)—4(d). Most stretching and bend-
ing modes of the doped sample are located in the positions
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of higher wave numbers (blueshifts) than that of Sc; W30,
indicating that the W—O bonds of the doped sample are some-
what stronger (harder) than those of Sc;W301;. This is due
to the stress introduced by W(3)®* occupying the positions of
Sc* and the distortion of the crystal. The electronegativity of
Sc3t (1.36) differs greatly from that of W (2.36), which re-
sults in the significant difference of distributions of negative
charges between the doped and undoped samples, and dis-
tinct changes of bond strength between the metal atom and
the oxygen atom and the introduction of stress. In addition,
the apparent difference of ionic radius between WO (0.41 A)
and Sc3* (0.73 A) also inevitably causes distortions of poly-
hedra, thus stresses are introduced. Combining it with the
shrink of the unit cell volume, we can infer the stress to be
compressive stress. Since the changes of bond strength and
introduced stress usually cause blueshift or redshift in Raman
mode frequency, the mode frequency ®; of the doped sample
can be expressed by the sum of the natural frequency ®;o(T)
of Sc; W30, and the change of frequency Aw; introduced by
W(3)%* occupying Sc3* sites, that is, &; = @y (T) + Aw;.
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Fig. 4. (a) Raman spectra of the doped sample and Sc;W30j, at room temperature; (b)—(c) Lorentz fits of the spectra; (d) FWHMs of the
Raman peaks of the spectra, squares and circles represent the data of the doped sample and Sc; W30, respectively.

Figure 4(d) gives the comparison of full width at half
maximum (FWHM) of Raman peaks of the two spectra. Ob-
viously, the FWHMs of the doped sample are larger than that
of Sc;W3015, indicating the wider linewidths of Raman peaks
in the doped sample, due to the distortion of polyhedra and
stress introduced. Thus the Raman linewidth, I, of the doped
sample can be expressed by the sum of the natural linewidth,

I(T), of Sc; W30y, and the variation of linewidth AI" caused
by W(3)®* occupying Sc3* site, namely, I' = Ij(T) + AT
Structure stability of different Sc>* occupied by WO+ in
the unit cell of Sc; W301, was analyzed by first-principles cal-
culations based on DFT. Results show that with one W% oc-
cupying the site of Sc3*, the polyhedron distorted severely

and the structure of crystal is unstable (substitutional energy
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1.19 eV/W, the positive value implies that the substitution is
endothermal). The unit cell parameters of the crystal are as fol-
lows: a=1322A,b=9.61A,c=9.96 A. It no longer main-
tains the orthorhombic structure (& = 91°, B = 93°, y = 89°).
With two WO occupying the sites of Sc>*, the structure of
crystal is more stable than the former case (substitutional en-
ergy 0.85 eV/W). The unit cell parameters of the crystal are as
follows: a =13.56 A, b =9.66 A, c =9.79 A. The orthorhom-

bic structure is still maintained. Compared to the unit cell pa-
rameters of the undoped sample (a = 13.66 A, b = 9.72 A,
¢ =9.83 A), the volume of the doped crystal shrinks lightly.
Figures 5(a)-5(c) give the schematic diagrams of Sco, W30,
crystal and the crystals with different Sc3* occupied by W,

These calculation results further demonstrate the reliability of

the structure of the doped sample.

Fig. 5. (a) Schematic diagram of the Sc; W30, crystal. (b) Schematic diagram with one W occupying Sc site in the unit cell of Sc;W3015.
(c) Schematic diagram with two W occupying Sc sites in the unit cell of Sc; W301;. O atoms are shown in red balls, ScOg octahedra in purple,

WOg octahedrain in brown and WOy tetrahedra in gray.
4. Conclusions

In summary, we have investigated the effects of W+ oc-
cupying the sites of Sc3* in the unit cell of Sc; W30y, by
employing experiment and first-principles calculations. The
structure of the doped sample (ScgW2)W 2045415 is similar
to that of orthorhombic Sco,W30j, but with three unequiv-
alent W in the sites of the crystal lattice, two of which oc-
cupy the positions similar to Sc;W3012, and the other one oc-
cupies the remaining positions of Sc and thus formed WOg
octahedra. It also exhibits an intrinsic NTE property (linear
CTE, —1.51 x 107® K~!) within the measured temperature
range (150 K-650 K). Compared to the Raman spectrum of
ScyW301,, the stretching modes and bending modes of the
doped samples shift toward the higher wave numbers, indicat-
ing that the W—O bonds in the doped sample become harder
(stronger). In addition, the increase of the FWHMs means the
broadening of Raman linewidths in the spectrum of the doped
sample. The distortion of crystal and stress in crystal, induced
by W occupying Sc3*, are account for these changes. Re-
sults of first-principles calculations show that the crystal with
even WO occupying even Sc*™ in the unit cell is stable while
the structure with odd W occupying odd Sc3* in the unit cell
is unstable due to the unit cell is severely distorted. It further
proves the reliability of the structure of the doped sample.
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