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ARTICLE INFO ABSTRACT

Keywords: Negative thermal expansion (NTE) is an intriguing physical phenomenon, which is of great significance for the

Negative thermal expansion high precision application. In this work, we have realized to broaden the NTE temperature zone in MgyP207-

Pyrophosphate based bulk material by doping Cu atom on the Mg site. A joint study of Raman scattering and X-ray diffraction

;];::ntransmon (XRD) indicates that there are double phases in the NTE temperature zone, and the NTE of Mg; 9Cug.1P207 bulk
material comes from the phase transition of a- and pg-phase. The present work provides a way to optimize
negative thermal expansion property in phase transition typed materials.

Introduction Recently, several members of ApM207 family compounds [37] have

Negative thermal expansion (NTE) has been one of the hot topics in
physics, chemistry and materials science since the NTE of ZrW,Og in the
temperature range from 0.3 to 1050 K was discovered [1-6]. The NTE
phenomenon has been found in many compounds, which are driven by
various mechanisms, such as low-frequency optical or acoustic phonons
in framework oxides [7-15], fluorides [16,17], cyanides [18], and
Prussian blue analogues [19-22]; magnetovolume effect in Mn3sAN and
magnetic alloys [23-26]; spontaneous volume ferroelectrostriction in
PbTiOs-based compounds [27] and intermetallic charge transfer in
BiNiO3 [28]. In addition, giant thermal shrinkage was also reported in
Mott phase transition compound CasRuO4 with oxygen vacancies
[29-32].

Due to the drastic electronic structure change of the first-order
phase-transition-type NTE materials, they always exhibit a sharp lat-
tice shrinkage near the phase transition, while the temperature region is
very narrow [33,34]. What’s more, most of phase-transition-type NTE
materials must be prepared under special process conditions, some of
which are extremely difficult. For example, anti-perovskite manganese
nitrides have to be sintered in a sealed quartz tube at high temperature
(about 1253 K) [35], LaCugFe4012 is prepared at high pressure (15 GPa)
and high temperature (1473 K) [36], and PbTiO3 has apparent toxicity.
Hence, it is important to explore new phase-transition-type NTE mate-
rials with a low-cost and easy preparation process.

* Corresponding authors.

been found to display NTE phenomenon in a relatively wide temperature
range, such as a- and p-CuyVy07 [38,39], ZnyVy 7Pp307 [40], and
a-CuyP207 [41]. Transverse vibrations of bridging oxygen atoms
coupled with distortions of the polyhedrons seem to be responsible for
the thermal contraction in these compounds. In this paper, we have
studied the thermal expansion property of magnesium pyrophosphate
(MgoP207). It is found that MgyP,0; has quite different thermal
expansion behaviors from above pyrophosphates though they have
similar structure and phase transition properties. Mg2P207 and its cop-
per counterpart adopt a monoclinic structure at low temperature, and
transform to high-temperature g-phase around 340 K and 350 K,
respectively. MgoP207 displays a normal thermal expansion property in
both a- and g-phase and exhibits a giant volume contraction (—1.73 x
1074 Kil) during the phase transition (337-351 K). It is demonstrated
that the NTE window can be well shifted and broadened to cover room
temperature by replacing Mg with Cu, which is conducive to a variety of
applications. In contrast to the thermal shrinkage in other pyrophos-
phates, the giant NTE in pristine and Cu-substituted Mg;P20; com-
pounds originates from the temperature-activated phase transition
instead of transverse vibrations of bridging oxygen atoms coupled with
polyhedral torsional rotations. Quantitative temperature-dependent X-
ray diffraction and Raman spectroscopic analyses demonstrate that the
NTE in Mgy ,Cu,P207; compounds results from the mass fractional
changes of the a- and f- phase during phase transition.
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Fig. 1. (a) The temperature dependence of linear thermal expansion of Mg,P,05. (b) The powder XRD patterns for a-Mg,P,07 at room temperature and -Mg,P,0; at
473 K. (c) Crystal structure of a-Mg,P>0 (space group B2;/c). (d) Crystal structure of f-Mg,P>0; (space group Co/m).

Experiment

Mgs ,Cu,P20; (x = 0, 0.05, 0.1, 0.2) were synthesized by high
temperature solid-state reactions. MgO (analytical pure, 99.99%,
Aladdin), CuO (99%, Aladdin), and NH4H,PO,4 (99%, Aladdin) were
weighed and mixed evenly. The mixtures were pressed into pellets in a
769YP-15A tablet press under 2 MPa for 3 min. The cylindrical samples
were sintered in a box-type furnace, and heated at a rate of 5 K/min. Pre-
sintering was held at 1423 K for 1 h and then cooled to room temper-
ature. Subsequently, the powders were again pressed and sintered for 5
h at 1423 K, followed by nature cooling to room temperature.

X-ray diffractometer (SmartLab, Japan, Cu, Ka) was used to collect
the diffraction patterns of samples from 80 to 573 K. The crystal struc-
tures were obtained by the refinement of XRD patterns via the Rietveld
analysis. The macroscopic linear thermal expansion of samples were
measured by the LINSEIS DIL L76 thermal dilatometer (LINSEIS, Ger-
many) with a rising and cooling rate of 5 K/min. A Raman spectrometer
(HORIBA, France, 532 nm) was used to collect the Raman spectra of
samples from 100 to 473 K.

Results and discussion
Giant NTE accompanied by the structure transition in MgzP20,

The linear thermal expansion curve of MgsP20O; measured by the
thermal dilatometer is shown in Fig. 1a. The relative length of bulk
Mg,P207 increases with the increase of temperature below 313 K and
above 351 K, but it shrinks abruptly from 337 to 351 K (o = -1.73 x
10~* K™1). The sudden change in volume indicates a first-order phase
transition in this region. The XRD patterns of Mg;P20; measured at
room temperature and 473 K confirm the phase transition from low-
temperature a-MgsP207 to high-temperature p-MgoP,0; (Fig. 1b).

Although colossal volume shrinkage has also been reported in BiNiOg
[28] and LaCusFe4O15 [42] during phase transition by temperature-
induced intermetallic charge transfer, Mg,P207 has an obvious advan-
tage in atmospheric pressure preparation.

The crystal structures of a- and -Mg,P,07 are shown in Fig. 1(c, d).
In a-phase (space group B21/c, a =13.198 A, b=8.295 ;\, ¢c=9.072 }0\, p
= 104.9°, Z = 8), there are two kinds of atom positions of Mg and P
atoms and seven for O atoms. Each MgOs/MgOg polyhedron (blue) is
connected by double O atoms. The two POy, tetrahedrons are connected
to form a P,0; group, which is alternately associated with the center of
symmetry or the double helix axis. The P-O-P bond angle is bent to 144°.
The cationic polyhedron and the P,O; anion group are connected by O
atoms. Once the sample transforms into the g-phase (space group Co/m,
a=6.494A,b=8.28A, c=4.522 A, = 103.8°, Z = 2), the central bond
angle will become linear [43]. Each MgOg irregular octahedron is con-
nected by double O atoms. There is one O atom at the corner, and the
central O atom in the POy group oscillates laterally to convert the P-O-P
bond angle to 180°. These groups form a sheet that is parallel to the ab
plane, in which the ions are located approximately double-thirds of the
way through the octahedral pores of the closely spaced oxygen atoms.
Each O atom in these sheets is bound to double cations. Linear P-O-P
groups are located between these lamellae opposite the empty octahe-
dral positions. The symmetry of Mg>P20y7 in the f-phase is significantly
higher and all the three equivalent axes are smaller than in the a-phase,
particularly, the a-axis and c-axis contract sharply after the phase
transition, contributing to the giant NTE on a macroscopic scale.

Tuning the phase transition temperature and the NTE window

The volume contraction of Mg,P207 is huge but only occurs within a
rather narrow temperature window, similar to the cases induced by the
magnetovolume effect and charge transfer. Tuning the phase transition
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Fig. 2. (a) The room temperature XRD patterns for Mg, ,Cu,P207 (x = 0.05, 0.1, and 0.2) and $-Mg,;P>07. (b) The temperature dependence of linear thermal

expansion of Mg,.,Cu,P>07 (x = 0, 0.05, 0.1, 0.2).

Table 1

The NTE behaviors of Mg, ,Cu,P207 (x = 0, 0.05, 0.1, and 0.2).
Mg2.5Cu P20, a; (107°K™) T (K) Ty (K) AT (K)
x=0 —57.6 337 351 14
x =0.05 —27.2 243 333 90
x=0.1 —28.4 160 260 100
x=0.2 —0.57 173 300 127

temperature and broadening the NTE window are of significance for a
variety of applications. Taking the factor of ionic radius and electro-
negativity, we adopt the Cu atom to replace the Mg atom. We also noted
that CuyP207 has a much larger NTE temperature zone [41]. Fig. 2a
shows the XRD patterns of Mg, ,Cu,P207 (x = 0.05, 0.1, and 0.2) at
room temperature. It can be seen that the diffraction pattern of
Mg .95Cug.05P207 can not only be indexed by the 5-MgoP207, but also
contain a characteristic peak of a-MgyP207, which is marked by the
purple diamond. However, the Mgj 9Cug1P207; and Mg; gCug 2P207
convert completely into the g-phase. The Fig. 2b shows the linear ther-
mal expansion of Mgy, Cu,P207 (x =0, 0.05, 0.1, and 0.2) samples. With
the continuous increase of the doping Cu atom, the NTE temperature
region of the Mgy ,Cu,P20; sample gradually moves to the low-
temperature region (Table 1). MgoP207 shows NTE with a temperature
region of 14 K around the phase transition point. When the substitution
amount of Cu is 0.05, the linear coefficient of thermal expansion (CTE) is
—27.2 x 10"® K1 between 243 and 333 K. With the substitution of Cu
up to 0.1, the linear CTE is —28.4 X 1079 K~ ! between 160 and 260 K,
whose NTE temperature window increase to 100 K. Intriguingly, a zero
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thermal expansion (ZTE) has been obtained between 173 and 300 K in
Mg gCug.2P207. The NTE temperature region of the series samples all
occur near the phase transition point. The addition of Cu reduces the
phase transition temperature point of MgsP207 and mitigates the phase
transition process.

The V element is also used to regulate the thermal expansion of
MgoP>,V,O7 (x = 0, 0.05, and 0.1). As shown in Fig. 3a, the
Mg2P1.95V0.0507 has a similar diffraction pattern as the a-MgyP207,
while a-MgsP20O; cannot be observed in MgoPy 9V 107. Unlike
Mg2 ,Cu,P207, the addition of the V atom only regulated the phase
transition points, but the broadening effect on the NTE temperature
region is not obvious (Fig. 3b and Table 2). Therefore, the
Mg 9Cug.1P207, due to the larger NTE temperature window and suitable
NTE magnitude, has been selected to further study the NTE mechanism.

Phase analysis by temperature-dependent XRD

In order to reveal the NTE mechanism of Mg; 9Cug ;P207, we need to

extract detailed structural information from the temperature
Table 2
The NTE behaviors of Mg,P5,V,07 (x = 0, 0.05, and 0.1).
Mg,P,,V,0; o (1076 K™ T, (K) Tr (K) AT (K)
x=0 -57.6 337 351 14
x = 0.05 ~78.9 315 343 28
x=0.1 -127.5 282 313 31

01 Mg,P,.V,0;

273 373 473 573
Temperature (K)

Fig. 3. (a) The room temperature powder XRD patterns for Mg,P5,V,O; (x = 0, 0.05, and 0.1). (b) The temperature dependence of linear thermal expansions of

Mg2P2. V07 (x = 0, 0.05, and 0.1).
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Fig. 4. (a) Temperature-dependent XRD patterns of Mg; 9Cug 1P207. (b) Amplification of low-angle diffraction patterns.
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Fig. 5. Full-profile refinement of XRD patterns of Mg, 9Cug.1P207 at 80 K by (a) single-phase and (b) double-phase model. (c¢) Full-profile refinement of XRD patterns

of Mgy 9Cup 1P207 at 300 K by single-phase model.

dependence of XRD data. Fig. 4a shows the temperature-dependent XRD
patterns of Mgj 9Cug 1P207 between 80 and 573 K and the low-angle
patterns are shown in Fig. 4b to clearly observe the phase change. It
can be seen that the intensity of (001) diffraction peak decreases as the
temperature rises. The intensity of the a-phase (121) characteristic
diffraction peak weakens slightly between 80 and 160 K, but decreases
significantly above 160 K until it disappeared completely at 270 K. It
indicated that the rate of transition from a- to f-phase is accelerated
above 160 K until the phase transition is completed at 270 K, that is, the
sample is fully converted to f-phase above 270 K. Hence, the XRD pat-
terns above 270 K can be well refined with the space group Cy/m, while
the patterns between 160 and 270 K should be refined by double-phase
structure model.

Here, we have adopted two structural models of the single-phase
(space group B2;/c) and double-phase to fit the diffraction patterns
below 270 K. Fig. 5(a, b) display the results of single-phase (space group
B21/c) and double-phase refinement at 80 K, respectively. The reliability
factors obtained by single-phase refinement are as follows: R, = 11.7,
Rexp = 6.84, and Xz = 2.68. By contrast, the results obtained by double-
phase refinement are more reliable (R, = 10.7, Rexp = 6.68, and Xz =
2.41). Therefore, the Mgj 9Cug 1P207 is mainly a-phase and also con-
tains a small amount of f-phase below 270 K. Fig. 6¢ shows the XRD
patterns at 300 K, which can be well refined by the space group Ca/m
(Rp = 10.3, Rexp = 6.42, X2 = 2.55). It should be noted that the NTE
phenomenon in Mg; 9Cug 1P207 is caused by the coexistence of the
double phase and this phenomenon is not isolated, since recent studies
have observed the same phenomenon in Zn; Mg 4P207 [44], but also in
some magnetic materials such as Mn3ZnN [45]and Hfj ¢Tig 4Fey [46].

In order to investigate the relationship of NTE and phase transition,

the phase proportion of Mg; 9Cug 1P207 as a function of temperature has
been extracted. Fig. 6a shows the unit cell volumes of Mg; 9Cug 1P207 as
a function of temperature (the double-phase model for 80-255 K and the
single-phase model for 270-573 K). The results indicated that the unit
cell volumes of the a-phase is much larger than that of g-phase, and both
the a- and p-phase displays positive thermal expansion (PTE) behavior.
However, the macroscopic linear thermal expansion of Mg; 9Cug 1P207
decreased with increasing temperature (160-260 K). To explain this
abnormal phenomenon, we have extracted the temperature dependent
mass fraction of a- and p-phase from the structure refinement (Fig. 6b).
Below 270 K, the mass fraction of the a-phase decreased with the in-
crease of temperature, while the mass fraction of the -phase is opposite.
It should be noted that the phase transition rate of the sample below 160
K is much slower than that between 160 K and 255 K, which clearly
indicates that the NTE has a direct relationship with the phase transition
rate. The concept of the average unit cell volumes has been used to
analyze this effect, which is based on unit cell volumes and phase pro-
portion of the double phase (Fig. 6¢). Here, the Vgyerqee = 1/4VoH, +
VjHjp, where the Vgyerqge represents the average unit cell volume, V, and
Vj stand for the unit cell volumes of a- and p-phase, respectively, H, and
Hj are the mass fraction of the correlative phase, the constant 1/4 means
that the volume of a-phase is four times that of g-phase. It is interesting
to find that the average unit cell volumes show NTE phenomenon in the
temperature range of 160-255 K, and the CTE is ay = — 26.06 x 107°
K™L. One could observe that most of the samples switch from the large
volume a-phase to the small volume g-phase between 160 and 255 K,
resulting in a drastic contraction of the sample volume, which exhibits
NTE behavior. Thus, Mgj ¢Cug 1P207 exhibits NTE property only be-
tween 160 and 255 K. Not coincidentally, the same NTE properties were
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Cyclic measurements of Mg; 9Cug 1P207 by the thermal dilatometer.
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Fig. 7. Raman spectra of Mg; 9Cug 1P207 at different temperatures.

found in Zn, ,Mg,P>07 in a recent work of Takenaka and co-workers
[44]. The volume thermal expansion of Zn; Mg 4P207 was analyzed
by synchrotron x-ray diffraction in the temperature 100-500 K, and it
was found a huge volume contraction at 280-350 K. The crystallo-
graphic analysis revealed that the low-temperature a-phase and the
high-temperature g-phase coexist in the NTE temperature region, and
the fraction of larger volume a-phase decreases gradually with the

temperature increases [44]. These findings are consistent with our re-
sults. Fig. 6d shows a cycle thermal expansion curve of Mg; ¢Cug 1P207,
which suggests that the macroscopic NTE of the sample is repeatable. It
should also be noted that the change trend of average unit cell volume
obtained by the refinement of the temperature-dependent XRD is
consistent with the macroscopic NTE characteristic measured with the
thermal dilatometer.

Raman spectrum

The phase transition process of the sample can also be confirmed by
the Raman spectroscopy (Fig. 7). The Raman peaks of different wave-
numbers represent different vibration modes: the Raman peaks between
300 and 500 cm ! represent the bending vibration mode of the bridge P-
O-P; the Raman peaks between 500 and 600 cm™! correspond to the
bending vibration mode of [P04]3_ element [47]. Symmetric stretching
of the [P,0,]*" bridge P-O-P can be observed around approximately
680-800 cm’l, and antisymmetric stretching vibration of the [P207]4’
bridge P-O-P can be observed at 930-970 cm™!; the strong vibration
modes of 1000-1200 cm ! are contributed by the stretching vibration of
PO,3". In addition, there are deformation and torsion modes of PO,
polyhedron and bridge P-O-P in 200-430 cm ™' [48]. Temperature
dependence of Raman spectra could clearly show the phase transition
process of the samples. It can be seen that the intensity of the peak at
1080 cm ™! decreases with increasing temperature between 100 and 260
K, and disappears completely above 260 K. It means that the phase
transition has been completed and the sample is completely transformed
into p-phase above 260 K [49], which is consistent with the results
measured by temperature-dependent XRD.

It has been reported that Mg,P207 exists the coexistence of a-phase
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and p-phase in the phase transition process [43]. However, the phase
transition process of MgyP507 is relatively quick and the NTE temper-
ature region is really narrow, so it is not easy to observe the coexistence
of the double phases. Once copper atoms are doped, the phase transition
process slows down, and the NTE temperature region is broadened. The
transformation from a- to g-phase can be characterized by the defor-
mation of several Raman peaks on the Raman spectrum. As shown in
Fig. 8a, the red fitted lines represent the peak at 348 cm™! and the green
fitted lines represent the peak at 372 cm ™', The peak intensity of 348
cm ™! decreases with increasing temperature, while the peak intensity of
372 em™! is getting stronger, corresponding to the mass fraction of
double-phase transition. We have performed Lorentz fitting for the peak
intensity of 348 cm ™! and 372 cm ™, using the peak of 553 cm ™! as the
internal standard. The function of the intensity ratio of the double peaks
with the change of temperature have been obtained, and the relative
mass fractions of a-phase and p-phase in the phase transformation pro-
cess have been obtained from the quantitative analysis of the Raman
spectrum. As shown in Fig. 8b, the content of the a-phase decreases with
the increase of temperature, while the content of the g-phase is on the
contrary. The transition rate from a- to f-phase is relatively moderate
between 100 and 160 K, and significantly accelerates between 160 and
260 K, until the sample completely converts to f-phase above 260 K.
This result is consistent with the change function of double-phase pro-
portion obtained by XRD.

Conclusion

In summary, we have successfully broadened NTE temperature zone
in MgyP207-based materials through the doping of Cu. The NTE tem-
perature zone of Mgy ,Cu,P207 can be broadened from 14 K (Mg,P207)
to 100 K (Mgj.9Cug.1P207). The results of temperature-dependent XRD
indicates that the NTE of Mgj 9Cug.1P207 is caused by the change of
proportion of a- and p-phase. The role of the Cu atom mitigates the
transition rate from a- to f-phase and prolongs the temperature range of
two-phase coexistence, which broadens the NTE temperature zones.
Such phenomenon has been also observed by temperature-dependent
Raman scattering, which is confirmed by the fitting results of the
characteristic peaks. This work provides some insights to optimize the
NTE property in most phase transition materials.
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