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Negative thermal expansion and photoluminescence in solid solution
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A solid solution of (HfSc)p g3W2.25P0.8301,_¢ is synthesized by the high-temperature, solid-state reaction and fast-
quenching method. It is shown that it possesses an orthorhombic structure with space group Pmmm (47) and exhibits
negative thermal expansion (NTE) property with low anisotropy in thermal expansion. The coefficients of thermal expan-
sion (CTEs) for a, b, and ¢ axes are —1.41 x 10°° K*I, —2.23x10°° K*I, and —1.87 x 107 K*I, respectively. This
gives rise to volume and linear CTEs of —3.10 x 107% K~! and —1.03 x 107% K™, respectively. Besides, it exhibits also
intense photoluminescence from 360 nm to about 600 nm. The mechanism of NTE and the correlation of the PL with axial

thermal expansion property are discussed.
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1. Introduction

Expansions on heating are general phenomena for gases,
liquids, and solids but there are a few exceptions for liquids
and solids such as water below 277 K and ZrW,0Og below
1050 K. Thermal expansion of gases has widely been used
for energy conversion. Nevertheless, thermal expansions of
solids in most cases have negative effects on devices such as
deterioration in performance, and even failure when tempera-
ture is changed suddenly or greatly. Due to the fact that the
vast majority of materials expand on heating and have dif-
ferent coefficients of thermal expansion (CTEs), thermal ex-
pansion and mismatch in CTES could cause serious problems,
for example, thermal lensing effect or even cracking lenses
used in high power lasers, center wavelength shifting in fiber
Bragg gratings. In order to prevent these problems from be-
ing caused by thermal expansion, precision devices or instru-
ments require a relatively constant temperature environment,
or complex structure design to compensate for thermal ex-
pansion. Enough gap or space between two adjacent parts
is usually obliged to be reserved in engineering. Materials
with negative thermal expansion (NTE) can be used individ-
ually or as compositions to tailor CTEs of materials to zero
or desired values. Due to the scientific curiosity and tech-
nical requirements, the discovery of NTE of ZrW,Og in a
large temperature range aroused much interest in NTE ma-
terials and related physics and chemistry behind the NTE
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phenomena. | Different mechanisms contributing to NTE
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were revealed for different categories of materials: magneto-
volume effects in magnetic metals and alloys such as Invar
and antiperovskite Mn3AX (A = transition metals or semicon-
ducting element; X = C or N);!!'=13] charge-transfer-induced
jonic radius contractions such as in LaCuszFesO;,'*! and
BiNiO3;[!31 ferroelectric ordering-induced volume contrac-
tions such as in PbTiOs;[>101 and translational and librational
vibration-induced contractions in framework structures such
as ZrW,0g,[b>171 7rv,04,118200 A, M504, (A = transition
metal or rare earth, M = W or M),[7:821-241 gcF; [6:25]
cyanides,“m etc.

The advantages of AyM301, family of materials are they
exhibit NTEs in a relatively large temperature range and
chemical flexibility in choosing the new substitutes for ele-
ments. The A3 cation can be substituted by not only triva-
lent ions but also tetravalent and bivalent ones, while the M°%+
can be not only W and/or Mo but also pentavalent cations.
With such substitutions, thermal expansions and other phys-
ical properties can be tailored and even near zero thermal
expansion materials can be designed.**2” Particularly, the
success in the syntheses of ABM301; (A = Zr, Hf; B = Mg,
Mn;, M =W, Mo),[28‘341 and even more recently ABM>XO1;
(A =Zr, Hf; B=Sc; M = W, Mo; X =P, V)[33-38 have en-
riched the members of NTE materials as well as their func-
tions such as high ionic conductivity®**! and intense photolu-
minescence (PL).>738 Most of the A;M302 family of ma-
terials either exhibit monoclinic-to-orthorhombic phase tran-
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sition (with smaller A3T cation) well above room tempera-
ture (RT) or are highly hygroscopic (with larger A3t cation)
and their NTEs are observed only above the phase transition
temperature or after the complete removal of crystal water.
Even in the newly designed materials, HfMgW30,*! and
ZrMnM03012[34] transform from monoclinic structure to or-
thorhombic structure above 400 K and 363 K, respectively, and
ZrMgW;0, 3! is hygroscopic and HfMgMo301, 3?1 shows
low positive thermal expansion (PTE). To develop the NTE,
the materials without phase transition above RT or hygroscop-
icity are desirable.

Inspired by the above developments in AyM301, fam-
ily of materials, we aim to design a novel NTE mate-
rial with the formula of HfScW3PO;s in this paper. The
x-ray diffraction (XRD) and elemental analyses suggest
that the synthesized material crystallizes in a pure single
phase with elemental compositions as designed but it pos-

37 instead of

sesses a structure similar to HfScW,POq,,
La;Mo40;5.149 Combining the structural information and the
result of elemental analysis, it is more reasonable to write its
chemical formula as (HfSc)pg3W2.25P08301,_s rather than
HfScW3PO5. Further studies show that the solid solution
of (HfSc).83W2.25P0.8301,_s exhibits NTEs in all three axes,
leading to a very low anisotropy in thermal expansion. Be-
sides, it exhibits also intense PL in the visible region. These
properties make it possible to be used in optical devices such
as light emitting diodes. This work might pave the way
for developing NTE materials with low thermal expansion

anisotropies, which favor thermal shock resistances. [41]

2. Experiment

Analytical reagents HfO,, Sc,03, WO3, and NH4H,PO4
with a molar ratio of 1.0:0.5:3.15:1.0 were used as starting
materials. They were mixed and ground in an agate mortar for
2 h and pressed into pellets by cold pressing. The pellets were
sintered in a furnace at 1473 K for 2 h and then at 1573 K for
2.5 h with intermediate grinding. After sintering at 1573 K,
the samples were taken out from the furnace and put into cold
water quickly and then dried in an oven. Some of the pellets
were ground into powder for x-ray diffraction (XRD) and x-
ray photoelectron spectroscopy (XPS) analyses.

The surface morphology was observed with a Quanta
250 scanning electron micrograph (SEM, USA FEI). The
temperature-dependent XRD data were collected on a Rigaku
(SmartLab 3KW) diffractometer with Cu Ko radiation from
94 K to 573 K. The compositions of the sample were ana-
lyzed by XPS (Axis Ultra, Kratos, U.K.). A HORIBA Jobin-
Yvon Lab RAM HR Evolution Raman spectrometer with 633-
nm laser wavelength excitation was used for Raman spectral
analysis. The absorption spectrum was measured with a SHI-
MADZU UV3600 UV-Vis-IR spectrophotometer. PL spectra

from RT to 10 K were recorded by a Fluoromax-4 spectroflu-
orometer (HORIBA Jobin Yvon) with a Lake Shore 325 tem-
perature controller. The linear CTEs for the low and high tem-
perature ranges were measured with LINSEIS L75 and LIN-
SEIS DIL L76 dilatometers, respectively.

3. Results and discussion
3.1. Structure analysis

Figure 1(a) shows the XRD pattern of powdered sam-
There
are no diffraction peaks corresponding to secondary phases

ple at room temperature (RT) (solid black curve).

nor starting materials, indicating a single phase formation
of the solid solution. Pawley analysis of the XRD pattern
with the academic software of TOPAS 4.0 (indicated by the
red symbols x) shows that the best R-factors could be ob-
tained using space group Pmmm (No. 47). The obtained R-
factors are Rp = 5.11%, Ryp = 6.86%, Rexp = 4.64%, and
x> = (Rwp /Re,(p)2 = 2.19, respectively. Each of the diffrac-
tion peaks can well be indexed as shown in Fig. 1(b) (only the
results for 10° to 45° are presented for clarity). The lattice
constants for the a, b, and ¢ axes at RT are calculated to be
9.2939 A, 9.4040 A, and 12.9011 A, respectively.
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Fig. 1. (color online) Structure analysis of the sample: (a) XRD patterns of
the powder sample at room temperature and the results of the Pawley anal-
ysis using space group Pmmm (No. 47) (R, = 5.11%, Ryp = 6.86%, and
Rexp = 4.64%). The solid black line represents the observed profile. The
“x” signs represent the calculated profile. Vertical bars indicate the position
of Bragg peaks for this phase; the blue curve in the middle is the difference
between the observed and calculated patterns. (b) Indexes of the RT XRD
pattern of the solid solution with the space group Pmmm (No. 47) from 10° to
45°.
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Fig. 2. (color online) (a) Survey scan XPS spectrum of the sample. (b)—(f) XPS spectra corresponding to the Hf 4f, W 4f, Sc 2p, O 1s,

and P 2p orbitals.

Figure 2 shows the survey scan XPS spectrum and the
XPS spectra corresponding to the Hf 4f, Sc 2p, W 4f, P 2p,
and O 1s orbitals. Detailed analyses of the spectra (Figs. 2(b)-
2(f)) show that the atomic ratio of Hf:Sc:W:P:O is about
4.73:4.31:14.27:5.32:71.38. Though the composition ratio is
very close to the originally designed one for HfScW3POjs,
considering its XRD pattern which suggests that the solid
solution has a similar structure to HfScW,PO;2,37! it is
preferred to write the formula of the solid solution as
(HfSc).83W2.25P0.83015_s5. The excess W may occupy the

position of (HfSc) in the unit cell.

3.2. Thermal expansion property

Figure 3 shows temperature-dependent XRD patterns of
the solid solution from 94 K to 573 K. It is obvious that
the diffraction peaks shift obviously toward larger 26 values
above 223 K, indicating a reduction in interplanar spacing.

Lattice parameters at each temperature are calculated using the
least-square method with the Powder X software. The changes
of a, b, and c axes and cell volume with increasing tempera-
ture are illustrated in Figs. 4(a)-4(d), respectively. The results
show that the b axis contracts continuously with increasing
temperature in the whole temperature range measured while
the a axis illustrates little change below 223 K and then con-
tracts evidently above that temperature. Nevertheless, the ¢
axis exhibits linear thermal expansion below 240 K and then
deviates obviously from the linearity and finally becomes NTE
with further increasing temperature. As a result, the cell vol-
ume behaves as a PTE below 255 K and an NTE above 255 K.
The CTE:s for the a, b, and ¢ axes and volume in the NTE range
are calculated to be —1.4 x 107% K~!, —2.23 x 107¢ K1,
—1.87x 1077 K~!, and —3.10 x 107 K~!, respectively. The
linear CTE is oy = o, /3 = —1.03 x 107K, confirming that
(HfSc)9.83W2.25P0.8301,_¢ is intrinsically a low NTE mate-
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Fig. 3. (color online) Temperature-dependent XRD patterns from 94 K

to 573 K. The measurement of 20 is in a range of 10°-80° and only
small range is shown for clarity.

Figures 5(a) and 5(b) show the relative length changes
of a pellet of the solid solution with temperature increasing

from 135 K to 673 K and from 293 K to 873 K and then
cooled from 873 K to 322 K, respectively. It is obvious that
its length increases as temperature rises from 135 K to about
273 K and then shrinks with further increase temperature, con-
firming the NTE property of this material. There is little ther-
mal hysteresis between the heating and cooling process. From
the relative length changes with temperature, the linear CTEs
are calculated to be —1.21 x 107 K~! (277 K-673 K), and
—1.84 x 1076 K~ (294 K-790 K), respectively, which are in
accordance with the XRD measurements. The difference of
the CTEs measured by dilatometer from XRD could be due
to the effect of the microstructures such as pores and cracks
that are inevitable in the bulk material used for the dilatomet-
ric measurement. Figure 5(c) shows the SEM image of as-
sintered sample. It consists of micron-sized particles with ir-
regular sizes and shapes. The particles are closely packed but
at the interfaces there appear a large number of pores formed
probably during fast quenching.
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Fig. 5. (color online) Relative length changes of the synthesized cylinder with increasing temperature (a) from 135 K to 673 K and (b)
from 293 K to 873 K and then cooled from 873 K to 322 K; (c) SEM image of the sintered sample.
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Fig. 6. (color online) Schematics of (HfSc)y g3W2.25P08301,_s structure
viewed from (a) the a and (b) the ¢ axes directions.

In the orthorhombic structure, each HfOg/ScOg octahe-
dron shares its corners with WO4/PQy tetrahedra or vice visa.
According to previous studies on the orthorhombic structure
of HIMgW301,, and HfMgW, sMo; 501, energetically the
most stable configuration is that Hf and Mg are alternately
aligned along the long axis**! while W and Mo are mostly
alternately arranged around each octahedron.[*?! The material
presented here can be regarded as the substitution of Mg by
Sc and partial substitution of W by P in HfMgW30y,. Since
its long axis is along the c-axis direction, we depict schemati-
cally the structure in Fig. 6. The corner-sharing nature of the
polyhedra forms nonlinear Hf/Sc-O-W/P linkages. Transverse
vibrations of the bridging O or the translational or librational
vibrations of Hf/Sc and W/P bring the metal atoms at the two
ends closer to each other. This is considered to be the origin
of NTE in this material. It can be seen from Fig. 6(b) that
most of the linkages are tilted along the a—b plane and hence
transverse vibrations of the bridging O or the translational or
librational vibrations of Hf/Sc and W/P lead to larger NTEs
in the a- and b-axis directions and smaller NTE in the c-axis
direction. Such vibrations correspond to low energy phonons

generally below 300 cm™!.

Intensity/arb. units

0 200 400 600 800 1000 1200
Wavenumber/cm~!

Fig. 7. (color online) Raman spectrum of (HfSc)o.83W2.25P0.83012_s-

Figure 7 shows the Raman spectrum of the material,
which confirms the existence of such vibrations as revealed
by the Raman bands at 53, 62, and 256 cm L.

modes at higher wave numbers resulting from asymmetric and

The Raman

symmetric bending (300 cm™!-450 cm™!), asymmetric and
symmetric stretching (650 cm™'-1100 cm™') modes in the
WO./POy tetrahedra have little contribution to the NTE.[!7]

Thermal expansion anisotropy is defined as the largest
difference in axial thermal expansion coefficients. The solid
solution (HfSc).83W2.25P0.8301,_s has a very low anisotropy
in thermal expansion (2.04), even much lower than the low-
est values of 5.12 (Y2Mo30y),!%! 6.5 (ZrMgMo30y;),?3
and 5.17 (HfScW,PO2)PP7! for AyM301,, AMgM3015, and
ABMXO, family of materials, suggesting a high thermal
shock resistance which is inversely proportional to the abso-
lute value of CTE.*! The very low anisotropy of thermal ex-
pansion in the present material is attributed to simultaneous

contractions and low NTEs in all three axes.

3.3. Absorption and photoluminescence

Figure 8(a) shows the UV-vis absorption spectrum at RT.
There is clearly a shoulder in the absorption spectrum which
is recognized as an Urbach tail corresponding to localized
excitons. Its optical band gap Egp can be determined from
the absorption spectrum by using the Tauc formula o (hv) =
A(hv 4 Eg?)'/2, where a is the absorption coefficient, hv is
the photon energy, and A is a constant. The optical band gap
can be obtained by extrapolating the straight linear region to
a?(hv) = 0. The band gap is estimated to be about 3.26 eV
(corresponding to 381 nm in wavelength) from UV-vis ab-
sorption spectrum (see the insert in Fig. 8(a)).

Figures 8(b) and 8(c) present the photoluminescence
spectra of (HfSc)o.83W2.25P0.8301,_s from room temperature
to 10 K with 340-nm light excitation. It is obvious that it pos-
sesses the intense broad band PL covering 370 nm—-600 nm
which can be deconvoluted into multiband. When the mate-
rial is illuminated by photons with energy larger than the band
gap, electrons would be excited from the valence band (VB)
to the conduction band (CB) and then relaxed to the bottom
of the CB, from where they transit back to the VB by direct
recombination with the holes in the VB, or through the inter-
The PL band around 380 nm matches well
with the band gap and hence can be attributed to the inter-
band transitions from the bottom of CB to the top of VB. The
rest of the PL bands with lower energies must be correlated to

mediate states.

the energy states residing in the band gap. The Urbach tail in
the UV-vis absorption spectrum suggests strongly that there
exist intermediate states. The possible transitions are from
CB to the acceptor states, from the donor states to the VB,
and from donor—acceptor pairs as indicated in the insert of
Fig. 8(c). In Fig. 8(d) we present the Commission Interna-
tionale de I’Eclairage (CIE) chromaticity coordinates of the
PL at different temperatures. Its CIE chromatic coordinates
vary gradually from (0.17, 0.12) at room temperature to (0.17,
0.19) at 10 K, which is larger than (0.159, 0.083) at room tem-
perature and (0.17, 0.093) at 10 K of HfScW,PO5,.
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Fig. 8. (color online) Optical properties of (HfSc) 83W2.25P08301,_g: (a) UV-vis absorption spectrum; ((b) and (c)) PL spectra at
different temperatures; (d) Commission Internationale de I’Eclairage (CIE) chromaticity coordinates of the PL at different tempera-

tures.

Figure 8(b) shows that the band gap remains unchanged
with temperature decreasing but the other PL bands shift
slightly toward shorter wavelengths and obviously toward
longer wavelengths, respectively. The blue and red shifts must
be correlated with shifts of the intermediate energy states, i.e.
the donor and acceptor states when the temperature is changed.
As mentioned above, the material presented here can be re-
garded as the substitution of Sc** for Mg?* and partial sub-
stitution of P>*for WO+ in HfMgW301,. Such substitutions
lead to a donor and acceptor co-doping effect. The Coulom-
bic and van der Waals interactions between a donor and an
acceptor depend on the donor—acceptor separation, which can
be described as

62 62 a 6
Epa = — (= Jl—],
ErpA S DA

where rpy is the distance between the donor and acceptor, €

(D

is the dielectric constant, a is the effective van der Waals co-
efficient for the interaction between neutral donor and neutral
acceptor. It should be mentioned that the donors and acceptors
are localized in the centers of octahedra and tetrahedra, respec-
tively, and hence the changes of their separations with tem-
perature are dependent on axial CTE. Because of the differ-
ence in CTEs along different directions, the interaction ener-
gies develop with temperature at different rates, for the donor
and acceptor pairs (DAPs) orient along different directions.
The PL energy correlated with the DAP states is determined

fI’Ol’l’l[35’43]

hv = Eg — (Ep +Eax + Epa), ()

where Ep and E, are the donor and acceptor levels measured
from the bottom of CB and from the top of VB, respectively.
For the DAPs oriented along the b axis or a—b plane, obvious
red shifts of the PL with temperature decreasing are expected
due to the NTE nature of the b axis or a—b plane. Nevertheless,
a blue shift is expected for the DAPs oriented along the ¢ axis
due to its PTE nature in the low temperature range.

4. Conclusions

A solid solution of (HfSc)p.g3W2.25P0.8301,_g is synthe-
sized by high temperature solid state reaction and fast quench-
ing method. It possesses an orthorhombic structure with space
group Pmmm (47) at room temperature with lattice constants
a=9.2439 A, b =9.4040 A, and ¢ = 12.9011 A. The CTEs
for the a, b, and ¢ axes and volume are calculated to be
—1.41x 1070 K™, =223 x 1076 K1, —1.87 x 1076 K1,
and —3.10 x 1076 K~, respectively. This gives rise to a linear
CTE of —1.03 x 107® K~!. It displays also much lower ther-
mal expansion anisotropy than the AoM30, family of mate-
rials ever reported. Besides, it has intense photoluminescence
from 360 nm to about 600 nm. The shifts of the PL peaks are
closely correlated with axial thermal expansion property. The
low CTEs with very low anisotropy in thermal expansion and
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intense PL of the solid solution may find applications in opti-

cal devices such as white-light LEDs and in solid-state oxide

fuel cells, etc.
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