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Negative thermal expansion in functional materials:
Controllable thermal expansion by chemical
modifications

Jun Chen, Lei Hu, Jinxia Deng and Xianran Xing*

Negative thermal expansion (NTE) is an intriguing physical property of solids, and exhibits a complex
interplay among lattice, phonon, and electron. Interestingly, a large number of NTE materials have been
found in various types of functional materials. In the last two decades good progress has been achieved
to discover new phenomena and mechanisms of NTE. In the present review article, NTE is reviewed in
functional materials of ferroelectrics, magnetics, multiferroics, superconductors, temperature-induced
electron configuration change and so on. Zero thermal expansion (ZTE) of functional materials is
emphasized due to the importance for practical applications. The NTE functional materials present a
general physical picture to reveal a strong coupling role between physical properties and NTE. There is a
general nature of NTE for both ferroelectrics and magnetics, in which NTE is determined by either
ferroelectric order or magnetic one. In NTE functional materials, a multi-way to control thermal
expansion can be established through the coupling roles of ferroelectricity-NTE, magnetism-NTE,
change of electron configuration-NTE, open-framework-NTE, and so on. Chemical modification has
been proved to be an effective method to control thermal expansion. Finally, challenges and questions
are discussed for the development of NTE materials. There remains a challenge to discover a “perfect”
NTE material for each specific application for chemists. The future studies on NTE functional materials

will definitely promote the development of NTE materials.

1. Background

1.1 Basic knowledge of thermal expansion in solids

Thermal expansion is an important issue for solid state
chemistry. It generally correlates with crystal structure,
electronic structure, microstructure, defects and so on. The
thermal expansion of solid materials shows a strong
dependence on chemical composition. The problem caused
from thermal expansion exists in many fields varying from
large structural components such as road, railroad tracks,
container of liquefied natural gas and bridges, to precision
instruments and electronic devices such as telescopes, standard
rulers, solid-oxide fuel cells (SOFCs), actuators, core wires of
long-distance power cables, catalyst support and thin films.'"'°
The modern applications require functional materials to display
not only good physical properties, but also controllable thermal
expansion. Controllable thermal expansion undoubtedly
enhances the reliability of devices and prolongs lifetime.

Before we review progress in NTE of functional materials,
some basic knowledge of thermal expansion should be
introduced in order. It is well known that most materials expand
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upon heating, such as a-ALO; (ay = 2.6x107° K, 293-1773
K)," TiO, (anatase, oy = 2.2x10”° K, 300-575 K),'? and
StTiO; (ay = 3.4x107° K, 300-1173 K)."* Thermal expansion
can be explained by the simplest model of the asymmetric
shape of the potential energy well of a simple diatomic
molecule. As molecules are warmed, higher vibrational levels
are excited, e.g., from ry at Ty to rs at Ty, resulting in the
thermal expansion in distance of molecules (Fig. 1). Thermal
expansion of solids is formally explained by the Griineisen
relationship between phonon and thermal expansion.'*

ay =105 &
where ay is the coefficient of thermal expansion (CTE), Cj
specific heat at constant volume, K isothermal compressibility
(K =—-(/v)(8V/aP)), V volume, ythe Griineisen parameter
( y=—=d(nv)/d(InV )). Normal solids have a nearly
temperature-independent K, and y which is in range of 1 to 3.
Therefore, «j is normally correlated to C; which can be
basically estimated by Cpepye:
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Fig. 1 Schematic diagram of potential energy well of pair atoms.

We can adopt the Debye-Griineisen equation 3 to theoretically
estimate thermal expansion of solids from phononic
contribution. With given K and y; unit cell volume can be fitted
from experimental data with a refinement of parameter 6. The
details of equation 3 can be referred to the literature.'> The
Debye-Griineisen equation 3 is quoted here in order for the
understanding the NTE mechanism in functional solids. After
deduction of component contributed from anharmonic phonon
vibration, the contribution to NTE or anomalous thermal
expansion can be directly and quantitatively estimated from
physical properties such as ferroelectric or magnetic order.
According to equations 1 and 3, it is well known that thermal
expansion is expected to be low in low temperature, and
reaches zero at absolute zero Kelvin. And it approaches to a
constant value above the Debye temperature. In a real structure
of material, different vibrational modes have different energy
and depend on temperature. The actual population of modes
should be considered. The average Griineisen parameter is
estimated by y,, = X ¢;vi/ci, where ¢; weights the contribution
of a mode to the overall Cy. In the present review, if thermal
expansion of one material deviates from the theoretical thermal
expansion estimated from the Debye-Griineisen equation 3, we
generally state this material displays anomalous thermal
expansion. In such case, thermal expansion could be more
positive, lower, or negative.

The CTE can be defined by either of the following equations:

(-l _di

= -1y O M T 1 xar (4)
=) _av

v = Vox@-14) TV T Yoxar (5)

where ¢; and ay are linear and volume CTE, respectively. NTE
material means it exhibits negative ¢y in a certain temperature
range. Positive thermal expansion (PTE) means the value of «;
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is positive. For a cubic material, there is an equation of ¢; =
1/3-ap. However, for materials with anisotropic crystal
structure thermal expansion is different along different axis.
The relationship between ¢; and ap is complex. Simply, we
could also use the equation of ;= 1/3-ay to basically estimate
the relationship between average ¢; and «;. It needs to note that
because CTE is sometimes dependent to temperature range,
especially for those materials with nonlinear thermal expansion,
the temperature range should be quoted for any value CTE. In
the present review, the CTE value is default to be volume one
which is derived from unit cell volume, unless there are specific
notes for CTE data.

The data of CTE are generally determined by two methods.
One is diffraction techniques, such as x-ray and neutron
diffraction, to determine lattice parameters as function of
temperature. The correspondingly calculated CTE presents the
intrinsic thermal expansion property. The other is apparent
measurement of length of bulk samples as a function of
temperature by means of dilatometry. The calculated result
represents the apparent linear CTE. It is important to note that
there is normally a difference between intrinsic and apparent
values of CTE, especially for those materials with high
anisotropy. For the apparent measurement, the result of thermal
expansion is unavoidably affected by extrinsic factors of
microcracks, pores, and grain boundaries. In anisotropic
materials, microcracks can be produced by the local stress of
neighbouring grains in bulk ceramics due to anisotropic thermal
expansion. The occurrence and healing of microcracks can
introduce an additional contribution to thermal
expansion.* The study of thermal expansion by apparent
measurement should be paid much attention on the quality of
sintered ceramics and drawing a conclusion. For example,
NaZr,(POy); (NZP) was reported to have an apparent thermal
expansion as negative as o = -4.0x107 K' (298~1273 K),'¢
however, its intrinsic one is positive (¢ = 4.5x10° K,
298~1273 K).'7 The other examples could be observed in
anisotropic materials of Scy(WO,);. 218

lower

1.2 NTE materials

The studies on NTE became one of the hot topics in solid state
chemistry after the discovery of isotropic NTE in ZrW,0g (ay =
-2.73x10° K™, 0~300 K) in 1996 by Sleight er al.' The first
observation concerning the phenomenon of NTE can be traced
back several hundred years ago to the discovery of the “density
anomaly of water”. Water has the highest density at 277 K. The
nature of Invar effect in Feg4sNig3s alloys discovered by
Guillaume in 1897 was actually related to NTE.*'" Thermal
shrinkage of a solid was first documented by Scheel in 1907 for
quartz and vitreous silica at low temperatures.?’**' The low
thermal expansion was found in lithium aluminium silicates in
1948,%% and the NZP family in 1979. ' During this period,
these compounds were usually referred to “low thermal
expansion” or “anomalous thermal expansion” instead of
“negative thermal expansion” material. The term of “negative
thermal expansion” was used only sporadically before the
1990s. After the discovery of isotropic NTE in ZrW,0Ogz in
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1996, the studies on NTE have been paid much attention, and
are growing rapidly.'

The majority of crystal structures of NTE materials have a
common feature of two-coordinate M;-O-M, linkage for cation
polyhedra which build 3D lattice. These linkages are typical for
those NTE materials with open-framework structure feature.
The transverse vibration about M;-O-M, linkage is the key
factor for the occurrence of NTE with open-framework
structure, sine the transverse vibrations are much energy
favourable than longitudinal ones. For a strong bond of M;-O-
M, linkage, the length of M;-M, contracts by the transverse
vibrations of oxygens, while expands by longitudinal one. It
was first pointed out in the 1950°s that low energy transverse
modes may have negative Griineisen parameter and contribute
to NTE.?* It is also true for the coupled rotation of polyhedra in
those open-framework NTE materials. The rocking of these
two-coordinated linked polyhedra results from the transverse
vibration mode of M;-O-M, linkages. A concept of rigid unit
modes (RUMs) is generally adopted to describe the NTE
phenomenon in flexible framework materials.>>*® There are a
number of classes of materials with open-framework structure,
such as NZP family,'® Zrw,0s," AM,0; (A = Ti, Zr, Hf, M =
P, V),>? Scy(WO,)3,'® zeolites,?” Fe[Co(CN)4],*® metal-organic
frameworks, % ~*! Zry4Sny¢M0,0g,** and ScF;.**"*° The best
example of NTE is that of liquid water and ice. Liquid water
exhibits an increased density between 273 to 277 K, and solid
ice itself exhibits NTE below 75 K, which is correlated to the
low energy transverse vibrational modes (<50 cm™).***' The
NTE materials with open-framework structure are only briefly
introduced in the present review, since the main task of the
present topic focuses on the NTE in functional materials.
Readers who interest in those NTE materials with open-
referred to the excellent

framework structure can be

reviews. >’

The discovery of NTE provides a good opportunity to
simultaneously control both physical properties and thermal
expansion of functional materials. Actually, NTE distributes in
various type of materials such as metals, alloys, oxides,
nitrides, sulfides, and fluorides. NTE has been found in various
functional materials such as magnetics, ferroelectrics,
semiconductors, Mott-insulators, and superconductors. One
method is to form composite by adding NTE materials. Many
effective studies have been carried out in various composites
such as metals or oxides with ZrW,04.*** The other method is
to control thermal expansion in single-phase compounds. The
progress on the NTE functional materials has shown a general
physical picture that NTE can be correlated with physical
properties, such as ferroelectricity, magnetism, charge-transfer,
and superconductivity. Thermal expansion of functional
materials could be tailored through modulating their NTE-

related physical properties.

1.3 Applications for controllable thermal expansion

For applications of those functional materials which undergo
large temperature fluctuation, thermal expansion should be as
low as possible. In such case, ZTE is desirable. For example,

This journal is © The Royal Society of Chemistry 2012
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high performance of catalyst carrier needs to be refractory to
survive hot corrosive exhaust and good thermal shock
resistance in order for the requirements of greener vehicles with
lower emission. A principal advantage of ceramic catalyst
supports has to be low thermal expansion with a linear CTE
located between ;= +2.0x10° K!, because thermal stress ¢ of
a material is dominated by CTE according to the equation: ¢ =
EaAT/(1-v), where E is Young’s modulus, vis Poisson’s ratio,
and AT is temperature difference.* Low or zero thermal
expansion is critical for the application of precise instruments.
For the application of electrostrictive materials, relaxor
ferroelectrics like Pb(Mg;,3Nb,;3)O3-based ceramics exhibit
large electrostrictive effect, which is benefited from the
advantage of ZTE. Due to the feature of ZTE (¢; = 1x10° K, -
173~373 K), the strain induced by thermal fluctuation is far
smaller than the electrostrictive strain, which is an advantage
for the micropositioner applications.*’

The applications of functional devices generally need good
matched CTE between different components. For example, the
design for all-ceramic device of SOFC should pay much
attention on the maintenance of structural integrity and
compatibility during high temperature fabrication and
repeatedly operating procedures in the range 673~1273 K,
which is highly correlated to the difference in the CTE of
different components. In addition to good electrochemical
performance, the finding of new candidates of fuel electrode
should take care of compatible thermal expansion with the
electrolyte.”*® High temperature piezoelectric materials, which
are desired for applications of structural health monitoring,
non-destructive evaluation of the next generation turbines, more
and so on,

efficient jet engines can function at high

temperatures without failure. High temperature operation
condition requires controlled thermal expansion property in
different component during the package of piezoelectric sensors
in order to ensure mechanical reliability during thermal
cycling.*” In electronic packaging systems, the match of CTE
among various materials is a key issue for the development of
the next generation of electronic packaging with high system
reliability. The undesirable mismatched CTE leads to thermal-
stress accumulation at interfaces which deteriorates
performance.” The applications of many thin structural
components such as beams, plates and shells require stable
shape against temperature fluctuation. The thermal expansion
of different components should be well controlled. Otherwise,
thermal deformation occurs, such as in-plane expansion or out-
of-plane bending. ** In the electronic industry, multilayer
ceramic capacitors (MLCCs) are widely applied and an
inseparable part of integrated circuits such as automotive
industry, laptops,
Because MLCCs consist of interleaved layers of ceramic

instrumentation, medical, and telecom.
dielectric and metal electrodes, MLCCs are sensitive to thermal
shock during device construction. The mismatched CTE in
MLCCs and the surrounding material is one of major problems
for cracking and deterioration of devices, when the heat
generated by the silicon chip will heat up surrounding

components and thermal cycling. The thermal shock as the
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cause of cracks is responsible for about 20 to 25% of MLCCs
failure.*’

For thin film devices, the control of biaxial elastic strain in
epitaxial film, which is induced by mismatched lattice
parameter or CTE between thin film and substrate is an
important approach in order to enhance physical properties such
as mobility of transistors, catalytic activity, superconducting,

ferromagnetic, and ferroelectric, 50-%2

or to produce new
phenomena. >~ Strain engineering in film is a very useful
method and commonly used to improve physical properties and
get new phenomena by means of control of CTE mismatch
between film and substrate. For example, BiFeO; is one of a
which

ferroelectric and magnetic order above room temperature. In its

small number of materials, show simultaneously
unstrained state, BiFeO; has rhombohedral symmetry (R3c).
after the

compressive strain, BiFeO; is transformed to monoclinic or

However, introduction of an in-plane biaxial
tetragonal state, resulting in much improved multiferroic
property.>® The engineering of control of CTE has succeeded in
enhancement of superconducting transition temperature 7¢c. The
biaxial tensile strain MgB, films show enhanced 7¢ (41.8 K)
with 2 K higher than the bulk value (39.8 K), based on the well
control of CTE between MgB, film and substrates.’! T of
La; 9Sry;CuO, superconductor was doubled to 49.1 K using
epitaxial strain by controlling lattice mismatch and CTE
between substrate and thin film. As a comparison, the bulk state
of La, ¢Srg ;CuO4 superconductor has a T¢ = 25 K.*

In this review, we will focus on the topic of NTE in functional
materials. NTE has been found in many functional materials
with various types of physical properties. The main four types
of NTE functional materials will be reviewed: NTE functional
materials with ferroelectricity, magnetism, multiferroicity, and
change of electron configuration. In the section for each NTE
functional material, the contents including NTE phenomena,
control of thermal expansion, and mechanism will be reviewed
and discussed. After the review of these four types of NTE
functional materials, one section is emphasized for the
progresses of ZTE functional materials, since ZTE is an
important topic for both fundamental study and practical
applications. Finally, a summary and outlook will be given. The
general mechanism and questions for NTE in functional
be discussed. The development of NTE
functional materials will be suggested, such as discovery of

materials will
new materials and mechanism.

2. NTE in ferroelectrics

2.1 NTE phenomena in ferroelectric solids

Ferroelectricity is one of important properties of functional
materials. Ferroelectricity is defined as the existence of
spontaneous polarization (Pg) which is electrically switchable.
Ferroelectricity was first discovered in single-crystal Rochelle
salt in 1921.% The story of the discovery of ferroelectric
materials became fascinating in the early 1940s. Since that

time, some important types of ferroelectrics were found, such
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as the perovskite (4B03) group, the tungsten-bronze group, the
bismuth layer-structure group, and the pyrochlore group.
Ferroelectric functional materials are widely applied in the
fields of high
transducers,  positive
ferroelectric thin-film memories and so on. Among these

electric constant capacitors, piezoelectric

temperature  coefficient devices,
ferroelectrics, the perovskite-based ferroelectricity is particular
important one, such as PbTiO; (PT), BaTiOj;, BiFeOs;,
(K,Na)NbO;, Pb(Mg;sNb,/3)Os5, and (Bi;,,Na,,,)TiO3.”’

It is interesting to observe that many ferroelectrics have been
found to exhibit NTE or anomalous thermal expansion below
Tc, such as PT, *® PT-based ferroelectrics, '> % - 7
Pb(Mg,sNb,,3)O; ferroelectric relaxors,”*” tungsten bronze, ’%
8 and other ferroelectrics.®* The NTE data are tabulated in
Table 1. Among all these ferroelectrics, PT-based ferroelectrics
exhibit an interestingly controllable NTE, which have been
extensively studied in the past decade by the Xing group. The
studies on crystal structure and phase transition of PT can be
traced back to early 1950s. The temperature dependence of
lattice parameters was measured in the temperature range of
room temperature (RT) to 808 K by x-ray diffractometer in
1951.% Several other groups determined the crystal structure of
PT as function of temperature in the following half century.®
Even though the phenomenon of unit cell volume contraction
with increasing temperature could be observed, NTE of PT was
not paid attention.

In 2003, Xing et al. studied the thermal expansion property of
PT in the temperature range of 123~1223 K. The temperature
dependence of unit cell volume of PT is shown in Fig. 2. PT
exhibits an interesting thermal expansion property from low-
temperature ferroelectric phase to high-temperature paraelectric
one (Fig. 3), in which slightly PTE is observed from 123 to 298
K, NTE from 298 K to 7¢ (763 K), and then again PTE above
Tc.>® The CTE of PT in the paraelectric phase is similar to most
perovskites of A""B>*0;, A’ B*' 05, or A*B*"0O; which have a
CTE order of ~3.0x10”° K™'.* However, the thermal expansion
in the ferroelectric phase below its 7¢ is unusual. In the
temperature range of 298~763 K, the ¢ axis continually
decreases while a(b) axes slightly increase with increasing
temperature. Unit cell volume contracts and reaches a minimum
at 7¢ (Fig. 2). The average volume CTE is negative (o = -
1.99x107° K!, 298~763 K).* Such strong NTE in PT is unusual
when compared with most oxides behaving PTE, such as o-
ALOs3,'"" TiO, (anatase),'? and SrTiO;."* It also needs to be
mentioned that even though thermal expansion of PT is positive
below 298 K, the CTE is very small and close to zero. For
example, the CTE is 7.1x10° K! at 123 K.*® The crossover
to negative thermal expansion at

from positive room

temperature is unconventional, since there is no phase
transition. Such crossover results from the balance between two
competitive factors of anharmonic phonon vibration and
ferroelectric order which contribute to positive and negative
thermal expansion, respectively. The mechanism of NTE will

be reviewed in the section 2.4 in detail.

This journal is © The Royal Society of Chemistry 2012
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Table 1 Negative thermal expansion properties in ferroelectrics

Chemical Society Reviews

Materials Composition ay Temp. range Method’ Ref.
0* Ky X)
PbTiO; -1.99 298~763 XRD 58,59
3.72 763~1173
(Pb;.,Cd)TiO3 x=0.03 -2.16 298~743 XRD 60
x=0.06 -2.40 298~743
(Pb;..La,)TiO; x=0.05 -1.02 298~653 XRD 59
x=0.1 -0.77 298~563
x=0.15 -0.50 298~493
x=02 -0.11 298~403
(Pb,..Sr,)TiO;3 x=0.15 -1.11 298~673 XRD 13
x=02 -0.52 298~623
(PbosBays)TiO3 1.15 298~603 XRD 61
(Pb,.Bi,)TiO; x=0.05 -1.25 298~773 XRD 62
x=0.1 -0.56 298~823
(1-x)PT-x(La,2K;2)TiOs x=0.1 -1.0 298~683 XRD 63
x=02 -0.71 298~573
(Pby+Cay3)TiO;s -1.11 343~570 XRD 63
Pb(Ti,..Fe,)O; x=0.05 -1.49 298~548 XRD 65
x=0.10 -1.13 298~738
Pb(Ti.Zr,)Os x=025 -0.11 (a) RT~728 Dilto. 86
x=0.5 0.23 (o) RT~651
Pb(Ti;.Hf)Os x=02 -0.51 300~705 NPD 87,88
x=0.8 -1.0 410~515
0.8PT-0.2Pb(Fe;2Nb;2)O3 -0.29 (o) 300~453 XRD 89
0.1PT-0.9Pb(Mg;sNb;3)Os3 0.1 () 173~373 Dilto. 45,90
(1-x)PT-xBiFeO; x=03 -2.38 298~823 XRD 66
x=0.6 -3.92 298~948
0.7PT-0.3BiFeO; -0.92 (160 nm) 303~813 SPD 66
-0.46 (140 nm) 303~793
0.96 (110 nm) 303~773
(1-x)PT-xBiScO; x=0.1 -1.23 298~798 XRD 68
x=02 -0.624 298~773
0.5PT-0.5(Bi;..La,)FeOs x=0.0 -4.06 300~873 XRD 73
x=0.1 -3.55 300~773
x=02 -0.71 300~673
0.7PT-0.3Bi(Zn,,Ti1»)0; -0.6 298~773 XRD 69
0.6PT-0.3 Bi(Zn;Ti;2)05-0.1 BiFeO; -0.31 298~773 XRD 69
(1-x)PT-xBi(Niy1Tii)O3 x=0.1 -0.881 298~798 XRD 70
x=02 0.121 298~798
x=03 0.846 298~723
(1-x)PT-xBi(Mg2Ti12)Os x=02 -0.494 298~823 XRD 70
x=04 0.083 298~798
x=0.6 1.2 298~773
(1-x-y)PT-xBi(Ni;2Ti12)O3-yBiFeOs x=0.20,y=0.10 0.029 () 298~773 Dilto. 72
x=025,y=0.15 0.27 (o) 298~763
x=025,y=0.20 0.308 (1) 298~753
x=0.30,y=0.25 0.641 (a) 298~723
Pb(Mg;5Tay3)0;3 0.088 (1) <180 NPD 91
Pb(Zn,;3Nby3)0; -0.3 340~384 NPD 74
0.54 4.2~340
Pb(MgisNb23)0s 0.036 70~240 NPD 75
Pb(Fe12Nb;2)0;3 0.6 300~393 XRD 89
Pb(Fe,3W113)03 0.45 <300 NPD 92
(NH4)2SO4 -15 170~223 XRD 81
SnyP,S6 -18.8 306~332 Dilto. 82

“The default value of CTE is ay, and the linear CTE is noted with ¢.

»XRD: x-ray diffraction; SPD: synchrotron powder diffraction; NPD: neutron powder diffraction; and Dilto.: dilatometry.

By taking advantage of the NTE of PT, we are able to explore
many ferroelectrics to obtain controllable NTE, i.e., adjustable
CTE and NTE temperature range, by means of chemical
modifications to form solid solutions with the end member of
PT. For example, the NTE can be tailored in the A-site
chemically substituted systems like (Pb,,La,)TiO3,>° (Pb,.

This journal is © The Royal Society of Chemistry 2012

SroTiOs,"”  (Pb,,Bi,)TiO5,% (Pb,.,Cd)TiO;,*" and (Pb,.
(La; 2K »),)TiO3,% the B-site chemically substituted systems
like  Pb(Ti;,Fe)0s,%  Pb(TiZr)0:% and  Pb(Ti,.
(Feq sNbg 5),)05,%° and the A/B sites co-substituted systems like
(1-x)PT-xBiFe0;,%% * -+ % (1-x)PT-xBiSc0;,*®  (1-x)PT-
XBi(an/zTi1/2)03,69 (1-X)PT-XBi(Nil/zTi1/2)03,70 and (I-X)PT-

J. Name., 2012, 00, 1-3 | 5



Chemical Society Reviews

xBi(Mgl/zTi1/2)03.71 The control of NTE for PT-based
compounds will be discussed in the section 2.3 in detail.

64.0 g - . . : ] 8
8351 ) VM T 17
':2 63.0 - -'..-....A.-.'.'.--A.'-'.'.'.'I-I-.~l-l-l'\l 16
g 625 /\ e
9 620f - ls =
; i Vnm(T)’ - ” g\/w
8 615 AT 1z =
E g “ji“-z;_,,q
S 61.0F *S0e, 1o
60.5 | 14
60.0 L ! . s Nz g
200 300 400 500 600 700 800 900

Temperature (K)

Fig. 2 Temperature dependence of unit cell volume (Vey(T)) and nominal volume
(Vam(T)), and spontaneous volume ferroelectrostriction (SVFS, @) for PbTiOs. The
data were determined from high-energy synchrotron x-ray diffraction. FE and PE
mean ferroelectric and paraelectric, respectively.

a, (10°K")

0 200 400 600 800 1000 1200 1400
Temperature (K)

Fig. 3 Volume coefficient of thermal expansion, ay, of PbTiOs. (Reprinted with
permission from ref. 58. Copyright 2003, The Nonferrous Metals Society of
China.)

Apart from the NTE in PT-based ferroelectrics, NTE or
anomalous thermal expansion has been observed in other
ferroelectrics, antiferroelectrics, and relaxor ferroelectrics. For
example, Sn,P,S¢ shows NTE below its 7¢ along three
directions of crystal axes (o, = -1.88x10™* K', 306~332 K).*
In BaTiO; ferroelectric a slight contraction occurs at the
transition temperatures of orthorhombic-to-tetragonal (289 K),
and tetragonal-to-cubic (7¢, 393 K).QS’% In Pb(Zn,3Nb,3)03 a
NTE occurs in a small temperature range (o = -3.0x10° K,
340~384 K) just below the phase transition of rhombohedral
(R3m) to cubic (Pm3m).”* NTE was observed in ferroelectric
ammonium sulfate, (NH;),SO,4, which undergoes a first-order
ferroelectric phase transition from Pnma to Pna2; at ~223 K.*!
With increasing temperature the a axis of (NH,4),SO, contracts,
while the other two axes expand normally. In the ferroelectric
phase, with increasing temperature unit cell volume first
gradually expands, to the maximum value, and then begins to
contract until reaching its 7¢ (223 K). Above T¢ it is normally
PTE. Note that NTE of (NH,4),SO,4 does not occur in the whole

6 | J. Name., 2012, 00, 1-3

ferroelectric phase but only in a narrow temperature range near
Tc. There is a crossover of PTE-to-NTE at ~160 K. The CTE of
(NH,),SO0, is ay=2.7x10° K™, -1.5x10* K™!, and 1.08x10* K"
L for the temperature ranges of 4.2-160 K, 170~223 K, and
above 223 K, respec‘[ively.81 (NH,),SOy ferroelectric shows a
similar thermal expansion trend to PT. The progress in the
nature of NTE for PT could be helpful for the understanding
that of (NH,4),SO,4. The NTE of (NH4),SO, should be correlated
to its ferroelectricity, which can be supported by the
experimental fact that the NTE disappears by substituting non-
ferroelectric activity alkali ion of Rb.°” In the family of
tungsten bronzes, NTE occurs along the polar direction, such as
(Ba,_,Sr,)Nb,O¢:(Na;.,K,)NbO; solid solutions (c axis),’®
RbsNb;OF5 (¢ axis),” (Ba,Sr)Nb,Og (¢ axis),”>” and
Pb,KNbsO,5 (b axis).®

NTE has been observed in phase transitions between
antiferroelectric (AFE), ferroelectric (FE), and paraelectric (PE)

in antiferroelectrics. For example, Pb(Zr,Sn,Ti)O;
antiferroelectrics have various distorted perovskite-type
structures including antiferroelectric orthorhombic AFE,

antiferroelectric tetragonal AFE, low-temperature ferroelectric
rhombohedral FE;, high-temperature rhombohedral FEy, and
paraelectric phase PE. The thermal expansion is complex
during phase transitions between these structures. Strong PTE
for the phase transitions of AFEqo—AFE;, FE;—>FEy,
AFE—FE, and AFE—PE, while NTE for phase transitions of
FE—AFE, and FE—»PE (Fig. 4).”®® For example, a strong
linear contraction appears at the phase transition of FE; >AFE
(Fig. 4b)."° In (Pb,Ba)ZrO; and Pb(Ti,Zr,)O;, PTE and NTE
were also observed at phase transitions of AFE-to-FE and FE-

to-PE, respectively ®%100-101
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duiL, 3 118
41 ceccssscens (dL/Lo)/dT s -
—~ 3f o
T 105 %
= ~
X .
o | ST L k]
P o 100 =
= ~
~ =
® 4l 3
1-05 =~
0 1-1.0

200 250 300 350 400 450 500 550
Temperature (K)

16 1.0
(b) dLiL,
| ‘seusssisene (dL/L )/dT .:.:
12 o 3 {05
‘N
& o
o 08} <
3 {00 =
o kel
S o4} o
© 1053
0.0} ;
: {-1.0

0.4 1 . 1 L | L
200 250 300 350 400 450 500 550
Temperature (K)

This journal is © The Royal Society of Chemistry 2012

Page 6 of 46



Page 7 of 46

Fig. 4 (a) Thermal expansion of Pb1./2Nb,[(Zr1,Sny) 1, Tiyl1.03
(100x/100y/1002:10/3/2) with the sequence of phase transition
AFEo—AFE;—FE4—PE. (b) Thermal expansion of Pby,/,Nb,[(Zr1,Sn)1,Ti,]1,03
(100x/100y/1002:30/7/2) with the sequence of phase transition FE,—>AFE;—> PE.
Data were collected by dilatometry. (Reprinted with permission from ref. 98.
Copyright 2002, Science China Press.)

For Pb-based perovskite-type relaxors of Pb(B;_,By)0s3, ZTE
is often observed and is thought to a common thermal property
for lead-based relaxor ferroelectrics. Below the so-called Burns
temperature (73), the temperature at which polar nano-regions
(PNRs) appear, its thermal expansion begins to deviate from the
linear thermal expansion of high temperatures, such as
Pb(Mg;sNb,3)O; (Fig. 5). Above the Ty, the

ferroelectrics exhibit normal PTE similar to most perovskites.

relaxor

ZTE occurs normally below 7;, which is the temperature at
which dielectric constant reaches the maximum.'® 1% For
example, the CTE of Pb(Mg;;sNb,;)O; is as low as ap =
3.6x107 K™' (70~240 K), and 3.5x10” K™! above T} (~620 K).”
A similar ZTE is in Pb(Zny;Nb;;3)0; (ay = 5.4x10° K7,
4.2~340 K),” and Pb(Fe;,Nb,,)O; (ar = 6.0x10° K!, 300~393
K).* Furthermore, low or zero thermal expansion can be also
achieved in the ferroelectric relaxors based solid solutions, such as
(1-x)Pb(Mg;3Nb,/3)O3-xPT ceramics (¢ is 1.6, 2.0, 2.4, 3.2
x10° K1 (263~373 K) for x = 0, 0.2, 0.3, and 0.35,
respectively),'® and 0.8Pb(Fe,,Nb,,)05-0.2PT (¢ = -2.9x10°¢
K, 300~453 K).¥ In lead-free relaxor ferroelectrics,' %1619
from linear behaviour in

thermal expansion deviates

Ba(Zr,Ti)O; as temperature decreasing below T~440 K.'%:1%
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Fig. 5 Temperature dependence of lattice parameter and linear CTE a; of
Pb(Mg1/3Nb,/3)Os. (Reprinted with permission from ref. 75. Copyright 1991, Elsevier.)

In ferroelectric materials, domain motion can introduce NTE
phenomena in poled ferroelectrics, which is ascribed to the
process of thermal depoling. Especially for those compositions
near morphotropic phase boundaries (MPB) having large
piezoelectric property, poled ceramics can produce a large NTE
along electric poling direction. For example, for the unpoled
state piezoelectric ceramics of Pb(Tig45Zr(55)O3 exhibits near
ZTE (o = 1.4x10°% K!, RT~650 K), while after electric poling
strong NTE occurs (¢ = -1.1x10”° K!, RT~650 K). The NTE
phenomenon is a result of polar axis shrinkage and thermal
depoling induced domain switching. '® Note that this NTE
phenomenon is irreversible after thermal depoling, and can only

This journal is © The Royal Society of Chemistry 2012
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be recovered by electric re-poling. The NTE property of poled
ferroelectric materials can be utilized to study the thermal
depoling property for piezoelectric materials.

2.2 Crystal structure of PbTiO;-based NTE ferroelectrics

As shown in Fig. 6, PT has a typical tetragonal perovskite
structure in the ferroelectric phase (space group P4mm), which
consists of corner-linked TiOg4 octahedra and Pb atoms fill the
PbO,; polyhedra. The RT tetragonality (c/a), and T are 1.064
and 763 K, respectively. Its ferroelectricity and piezoelectricity
originate from Pgs, which consists of c-axis aligned dipoles at
both A4-site of PbO, and B-site of TiOg polyhedra. At RT the Pg
displacements of &zy; and zp, are 0.299 A and 0.468 A,
respectively. '% PT transforms from tetragonal ferroelectric
phase to cubic paraelectric one at 7c.

Fig. 6 (a) Perovskite structure of PbTiOs, and (b) Ps displacements of &zy; in TiOg
octahedron and 8zp, in PbO;, polyhedron which are aligned the c axis.

The hybridization between the Ti 34 and O 2p states is
important for the origin of ferroelectricity in perovskite-based
titanates such as PT or BaTiO; by first-principles calculation
and Rietveld/maximum entropy method (MEM). ''? - !
Furthermore, the hybridization between Pb 6s with O 2p plays a
critical role for the strong ferroelectricity to maintain large c/a
and high T¢ for PT."'° Most chemical substitutions in PT reduce
both c¢/a and T, such as Pb(Ti; Zr,)O3, and (Pb;_,La,)TiOs.s.
They normally distribute in the region of III as shown in Fig. 7.
However, a recently found new type of Pb/Bi based binary
system, PT-BiMeO; where Me consists of cations with an
average valence of 3+, exhibits unusual crystal structure, NTE,
ferroelectric and piezoelectric properties. For example, (1-x)PT-
xBiScO; exhibits an excellent high temperature piezoelectric
performance with large d;; (460 pC/N) and high 7¢ (723 K) at
the MPB composition (x = 0.36), which is superior to the
conventional piezoelectric of Pb(Ti,.Zr,)Os.'? Interestingly,
there are several PT-BiMeO; (Me = and
ZnysW,4) systems showing much enhanced 7¢ and c/a. 16

Fe, Zn;,Tip,

They lie in the region I of Fig. 7. These systems with high 7¢
provide potential candidates for high temperature applications
of ferroelectric and piezoelectric materials.!'*!'"7"!"8 There are
also several compositions lying in the region II, showing a
normally reduced c/a but an unusually non-monotonic trend of
Tc, such as (1-x)PT-xBiScOs;, (1-x)PT-xBi(Mg;,»Ti;,,)O3, and
(1-x)PT-xBi(Zn, ,Zr/,)O05."1%1%° In these systems, T shows a
parabolic-like curve as function of BiMeOj; content, where T
firstly increases, reaches the maximum value, and then declines
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as function of BiMeO; content. It should be mentioned that
such non-monotonic trend of 7 does not arise from a phase
transition, since all these compositions stay in the tetragonal

phase.
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Fig. 7 The relationship between Tc and c/a in PbTiOs-based tetragonal
compounds.

The unusual crystal structure and ferroelectricity in PT-BiMeO;
have been studied by first-principles calculations and crystal
66.119- 126 Tpa

properties, such as enhanced c/a and 7¢, and non-monotonic

structure investigations. unusual structural
trend of 7¢ originate from the critical behaviour of Pg, which is
stemmed from different hybridization ability. In tetragonal PT-
based perovskites, Ti-O2 bonds along a(b) axes are rather
strong than Ti-O1 bonds along the polar ¢ axis, and there is a
significant energy cost for compressing Ti-O2 bonds. '*’
Generally, ¢ axis can be more easily elongated or shortened
than a(b) axes by chemical substitution. The strongly enhanced
c/a in PT-BiMeO; originates from the strong hybridization
between cations with oxygens, which allows the formation of
short and covalent chemical bonding, and enables favourable
coupling between A-site and B-site displacements of Pg.'** For
example, in (1-x)PT-xBi(Zn;/,Ti;;;)O; the increase in the ¢ axis
is driven by the large Pgs displacements of A4-site Bi and B-site
Zn and their coupling. The Pg displacements of ions are very
the composition of 0.75PT-0.25Bi(Zn;/,;Tiy/;)O3
obtained by density functional theory calculations (Jzp, = 0.49
A, o5 =0.82 A, &%, =0.38 A, and 6zr; = 0.32 A). The unusual
large Pg displacement of Zn is due to the strong hybridization
of Zn (4s,4p) and O 2p orbitals.'?* The investigations of first-

principles calculations on the dependence of c¢/a on local

large in

structure in a variety of ferroelectric perovskites demonstrate
that c/a is strongly coupled to the Pg displacement of B-site
cations and weakly to the A-site ones.'*® It can be understood
that the Pg displacement at B-site cations strongly affect the B-
O bond orders, while the Pg displacement at 4-site cations leads
to a small changes in the 4-O bond length and its bond order.

The abnormal crystal structures of enhanced c/a in Pb/Bi based
perovskites have been studied by structural refinements.
Enhanced Pg and interesting chemical bonding were found in
those systems such as (1-x)PT-xBi(Zn,,Ti;;»)0s,'*>'** (1-x)PT-
xBiFe0;,%%'?® (1-x)PT-xBi(Zn;3,4W1,4)03,"*® (1-x)PT-xBiln0;,'”
PbVO;," and pure Bi-based perovskites of BiMeO; (Me = Co

8 | J. Name., 2012, 00, 1-3

and Zn,,,Tiy). 2132 In principle, there are many possible Pb/Bi
based perovskites. Here we only focus on the structure
information for those tetragonal phases showing usually
enhanced c/a. Furthermore, those compositions of PT-BiMeO;
reviewed here show interesting NTE properties, which will be
reviewed in the following paragraphs. As for those PT-BiMeO,
(Me = Fe,'"® In,'"™ Zn,,Tiypn,'"® and Zns,Wie''%), there is a
common feature that 7¢ and c/a are both enhanced by the
BiMeOs; chemical substitution. For example, compared with PT
(¢/a=1.064 and T¢ = 763 K), 0.4PT-0.6BiFeO; has a large c/a
=1.165 and Tc = 865 K,°*!'* and 0.7PT-0.3Bi(Zn,,,Ti,»)O5 has
a similar larger ¢/a = 1.077 and T = 973 K. ''3'% All the four
compositions were found to have enhanced Pg displacements at
both A-site and B-site. For example, &z, and ozg are,
respectively, 0.726, and 0.538 A, in 0.4PT-0.6BiFe0;,%° 0.498
and 0.384 A in 0.7PT-0.3Bi(Zn;,»Ti;»)0;,'* and 0.566 and
0.362 A in 0.8PT-0.2BiIn0O;,'” 0.492 and 0.325 A in 0.0PT-
0.1Bi(Zn34W;4)05.'*®  The enhancement in the Pg
displacements is coupled in 4-site and B-site ions. Furthermore,
due to the difference in ion size and ferroelectric activity, the B-
site cation splitting was observed by neutron powder diffraction
refinements. For example, Fe has a larger Pg displacement than
that of Ti in 0.7PT-0.3BiFe03,%® and Zn has a larger Pg
displacement than that of Ti in 0.7PT-0.3Bi(Zn,,,Ti;;»)05.'%*

The abnormally enhanced c¢/a and 7¢ can be well understood
from the studies of electron density distribution on detailed
chemical bonding by Rietveld/MEM technique for a typical
example of 0.4PT-0.6BiFe0;.'*® As shown in Fig. 8, in cubic
phase (1000 K), no charge density is distributed between Pb/Bi-
O bonds, suggesting an ionic bond nature. Ti/Fe-O bonds are
isotropic and weak covalency (minimum electron density, MED
= 0.85 A?). However, in ferroelectric phase (303.4 K)
interesting covalent bonds of Pb/Bi-O2 and Ti/Fe-O take place.
Pb/Bi-O2 bond becomes covalent, while Ti/Fe-O covalent
bonds become extremely anisotropic. The MED of Pb/Bi-O2
(0.61 A”) and Ti/Fe-O1 (2.3 A) is much larger than that of PT

Fig. 8 Electron density distributions on the bc plances of 0.4PT-0.6BiFeO; with
large c¢/a determined by Rietveld/MEM analysis from synchrotron powder
diffraction (a-d), and by first-principles calculations (e-f). Electron density
distributions on (a) Pb/Bi-O plane and (b) Ti/Fe-O plane of cubic phase at 1000 K,
(c) Pb/Bi-02 plane and (d) Ti/Fe-O plane at 303.4 K. Electron density distributions
in (e) Pb/Bi-O plane and (f) Ti/Fe-O plane of Pb,BigTisFegOss through first-

This journal is © The Royal Society of Chemistry 2012
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principles calculations. (Reprinted with permission from ref. 126. Copyright 2011,
American Chemical Society.)

(Pb-02: 0.45 A and Ti-O1: 1.25 A),""" showing experimental
evidence that 0.4PT-0.6BiFeO; has a nature of even stronger
covalent bonding. Further first-principles calculations indicate
that the hybridization between Bi(6s,6p) and O(2p) orbitals is
stronger than that between Pb(6s,6p) and O(2p), which is
responsible for the enhanced ferroelectricity, c/a, and the
increased in T¢ in PT-BiFeO;.'*’Apart from the structural
refinement investigations to determine the Pg in those
compositions of PT-BiMeO;, such large Pg can be successfully
measured in high quality thin films of PT-BiFeO; (P, = 50
puC-cm?), ' and PT-Bi(Zn,»Zr;,)05 (P, = 55 pC-cm™). '**
However, it is well known that the direct measurement of
polarization is very difficult in ceramics by hysteresis loop due
to extremely large c/a. Alternatively, the Pg property can be
easily and rapidly estimated according to the 4,;(1TO) soft
mode by measurement of Raman lattice dynamics,'*® since the
A1(1TO) soft mode represents the opposing vibration between
A-site atoms with BOg octahedra along the Pg direction. As
shown in Fig. 9, it is interesting to find that the 4,(1TO) soft
mode increases linearly with the Pg displacement for those
compounds of PT-BiMeO; (Me = Fe, Zn;,Ti;,, and Zn; ;W ,4).
The Pg could be basically judged from the variation of 4,(1TO)
in the PT-based compounds not only with normally reduced c/a

but also with unusually enhanced c/a.'?®
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Fig. 9 Soft mode A;(1TO) vs. Ps displacement of 6z, in tetragonal PT-BiMeO;
compounds with enhanced c/a. (Reprinted with permission from ref. 128.
Copyright 2007, American Institute of Physics.)

With assistance of solid state reaction under high pressure and
high temperature conditions, several tetragonal polar Pb or Bi
based metastable perovskites with extremely large c/a have
been achieved such as PbVO; (c/a = 1.23),"*° BiCoO; (c/a =
1.27),"*" and Bi(Zn,,Ti;»)0; (c/a = 121).3* All these
tetragonal compounds exhibit extremely large Pg (100 nC-cm™
for PbVO;,"° 130 puC-cm™ for BiCo0;,"" and 158 pC-cm™ for
Bi(Zn;;»Ti;)0;)."”*> Due to their metastable nature, the
compounds decompose at temperatures far below 7.. More
information of structural and physical properties of BiMeO; can

be found in a review literature and references therein.'>

This journal is © The Royal Society of Chemistry 2012
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In ferroelectric perovskite, there is an important concept of
activity the ability to form
displacement of Pg for ions (Table 2). The ferroelectric activity

ferroelectric to describe
can help understand properties in crystal structure, NTE, and
ferroelectric by chemical The ferroelectric
activity of ions can be quantitatively described by the

substitutions.

magnitude of Pg displacement. Higher value means a stronger
ferroelectric activity, smaller one means weaker ferroelectric
activity. For example, B-site ions of Zn (0.25 A) and Ti (0.25
A), and A-site ions of Pb (0.45 A) and Bi (0.80 A) are strongly
ferroelectrically active, while B-site ions of Mg (0.08 A) and Sc
(0.11 A), and A4-site ions of Ba (0.05 A), K (0.05 A) and La
(0.05 A) are weakly ferroelectrically active.'?*'** It means that
ferroelectrics consisting of strongly ferroelectrically active ions
generally have large Pg, high 7, and large c/a, such as PT and
0.7PT-0.3Bi(Zn,,Ti;;;)O3, while those consisting of weakly
ferroelectrically active ions generally have relatively small Psg,
low 7., and small c¢/a, such as BaTiO; and PT-
Bi(Mgl/ZZr1/2)03.120 Despite similar ionic size (0.72 A for Mg
and 0.74 A for Zn) and the same valence, Zn-containing
perovskites such as PT-Bi(Zn;,Ti;,)O; and Pb(Zn;;3Nby;3)0;
exhibits higher 7, than Mg-containing counterparts such as
PT-Bi(Mg,;Ti;2)O3 and Pb(Mg;sNb,;3)O;. Table 2 lists
ferroelectric activity of ions at 4-site and B-site in ferroelectric
perovskites. 2124

Table 2 The Ps displacements (A) for 4-site and B-site ions in perovskite
ferroelectrics'*'**

A-site ions

K Na Ag Ba Pb Sr Ca Cd Bi La

0.05 005 035 005 045 005 005 035 080 0.05
B-site ions

Cd Mn* Zn Mg Ni Yb In Sc¢ Fe Mn’
0.11 0.08 025 008 008 008 008 011 017 0.3

Zr Hf Ti Nb Ta w

025 0.17 0.17 0.10

“Mn has a larger radius of 0.83 A.

® Mn has a smaller radius of 0.645 A.

The unusually enhanced and nonmonotonic 7¢ trends in PT-
BiMeOj; perovskites has been studied by first-principles density
functional theory calculations and experimentally structural
investigations.''”'?®  The between atomic
properties and overall structure were studied in four
compositions of PT-Bi(B*',,,B*",)0; (B*' = Mg, Zn; B*" =
Zr, Ti) solid solutions in which B* and B*" consist of strongly
or weakly ferroelectrically active ions. PT-Bi(Zn;,,Ti;;;)O; and
PT-Bi(Mg;,Ti;5)O; show enhanced and reduced 7,
respectively, and PT-Bi(Mg;»Ti;,)O3; and PT-Bi(Zn;,Zr;,,)03
show non-monotonic 7¢ trend. There is a good correlation

relationships
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between calculated Ps and T¢.'?° Tc is well quantitatively
correlated to PZ following the Laudau theory relationship:'*

Te = aP? (6)

The nonmonotonic 7¢ trend in (1-x)PT-xBiScOj; has also been
experimentally studied based on Rietveld refinement by means
of neutron powder diffraction."'® The same nonmonotonic trend
was observed in the Pg displacements of A-site Pb/Bi and B-site
Ti/Sc. The nature of high 7¢ for the composition near the MPB
of (1-x)PT-xBiScO; is mainly contributed from A-site Pb/Bi
polarization, e.g., 76 % for 0.65PT-0.35BS. Here,
summarize the data of T and 8z for some tetragonal PT-
based compositions (Fig. 10). There is a strong correlation

we

between 7¢ and Pg, which is an experiment evidence for the
fact that 7¢ is determined by Ps. Such correlation offers us
useful information to design the temperature range for the
control of NTE of PT-based compounds, since NTE only
occurs in the ferroelectric phase below 7¢. The control of NTE,
i.e., magnitude of CTE and temperature range, will be
discussed in the next section 2.3 in detail.
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Fig. 10 The relationship between Tc and §z3 in tetragonal PT-based compounds.

2.3 Controllable NTE

Controllable thermal expansion is one of key issues for NTE
materials. Controllable thermal expansion means not only CTE
but also temperature range can be tailored. The NTE of PT-
based ferroelectrics can be well controlled by various methods,
such as chemical modification, size effect, and physical route of
applying pressure. Among these methods, chemical
modification is the generally used method. It needs to be noted
that a precondition to achieve controllable thermal expansion is
that a NTE compound should have a good ability to
accommodate hetero-atoms to form solid solution, which
allows us to possibly adjust structure and thermal expansion by
various chemical substitutions. For examples, for the prototype
NTE compound of cubic ZrW,0Os, it is unacceptable that the
control of NTE is in a small CTE range (¢; = -7.3~-8.7x10° K"
") due to the fact of low solubility limit for chemical
substitution.’®” However, CTE can be well controlled over the
range o = -5.9~+7.9x10° K (12-500 K) in the (Zr.

10 | J. Name., 2012, 00, 1-3

Sn,)Mo,0g solid solutions, which is benefited to the higher A-
site solubility range than that in other AM,Og systems.’> A
single-phase ceramic material of Al (Hf,Mg), (WO,); was
found to have a CTE range of o, = -2.3~4.5x10° K'."*® The
orthophosphate group of NZP has been widely studied with
various substitutions at different sites to exhibit a CTE range of
-1.7~1.9x10° K™'.'® Perovskites allow many kinds of atoms to
substitute at 4-site and B-site, due to the advantage of flexible
structure. The NTE property of PT can theoretically be
effectively controlled. The NTE of PT has been
comprehensively studied by the A4-site, B-site, or A/B combined
chemical substitutions. The NTE properties of those PT-based
compounds are listed in Table 1.

According to the thermal expansion properties, those PT-based
compounds can be classified into four categories: Enhanced
NTE, weakened NTE, ZTE, and PTE. Among these four
categories, it is interesting but rare to observe enhanced NTE
and ZTE. So far there are only two compounds which have
been found to exhibit the enhanced NTE, compared with PT (o
=-1.99x10"° K™', 298~763 K). They are (Pb,.,Cd,)TiO; (e.g., x
=0.06, oy = -2.4x107 K™, 298~743 K, Fig. 11),*" and (1-x)PT-
xBiFeO; (e.g., x = 0.6, ay = -3.92x107° K'', 298~923 K, Fig.
12).%¢ A linear strong NTE was observed in the 0.7PT-
0.3BiFe0; (a, = -2.38x10° K'!, 298~823 K). ¢
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Fig. 11 Temperature dependence of lattice parameters and unit cell volume of
(Pbo.94Cdos)TiO3. (Reprinted with permission from ref. 60. Copyright 2005,
American Institute of Physics.)
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Fig. 12 Temperature dependence of lattice parameters and unit cell volume of
0.4PT-0.6BiFeOs. (Reprinted with permission from ref. 66. Copyright 2006, American
Institute of Physics.)
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Most chemical substitutions for the A4-site Pb or the B-site Ti
reduce the NTE property in PT-based compounds. 7¢ is
reduced, which means that the temperature range of NTE is
simultaneously reduced. A-site substitutions have been
investigated in (Pb,,Ba,)TiO;,*" (Pb,,Sr,)TiO;,"° (Pb,.
Ca)Ti05,% (Pb,,La,)TiO;,%° (Pb,,Bi)Ti0;,** and (1-x)PT-
x(LaynK,2)Ti0;5.8 (PbggsLag gs)TiO; exhibits weakened NTE
(ay=-1.02x10" K'!, 298~653 K).*° Similar weakened NTE is
in (PbggsSro5)TiO; (-1.11x10° K, 298~673 K)!* and
(Pbg o(La; 2K /2)0.1)TiO5 (-1.0x107° K™, RT~683 K).% As for the
B-site substitutions, Pb(TiyoFe( )O3 shows weakened NTE (-
1.13x107° K™, 298~738 K).** In the tetragonal Pb(Ti,..Zr,)O;
solid solutions, thermal expansion is weakened by the
substitution of Zr. The composition of Pb(Tiy ;521 ,5)O3 shows
areduced NTE (¢ = -1.1x107° K™!, 298~728 K).%¢ For (1-x)PT-
xPb(Fey sNby 5)O3, the thermal expansion can be tailored by the
substitution of Pb(Fe(sNbgs)O; ferroelectric relaxor. Intrinsic
linear CTE changes from a; = -8.2x10° K™' (300~763 K) for x
=0.0 to 2.0x10° K™ (300~393 K) for x = 1.0.%

Since most chemical substitutions reduce the NTE of PT-based
ferroelectrics, over substitution certainly will transform NTE to
PTE. Here the value of CTE for the PTE in the tetragonal PT-
based ferroelectrics is positive but still lower than that of
paraelectric phase (i.e., ay = 3.72x10° K' for cubic phase
PT).> For example, (PbgsBags)TiO; exhibits a relative small
PTE (ay = 1.15x107 K'!, 298~603 K).%! Similar PTE behaviour
is in 0.4PT-0.6Bi(Mg;>Ti;»)0; (ay = 1.2x107° K, 298~773
K),”! Pb(Tig sZr05)0; (oq = 2.3x10° K'!, RT~651 K),% 0.7PT-
0.3Bi(Ni;,Ti;»)0; (ay = 8.46x10° K1, 298~723 K),”° and
0.45PT-0.3Bi(Ni;,,Ti;,)05-0.25BiFeO; (o = 6.41x10° K,
298~723 K).”?

One of interesting topics is to achieve CTE as close as possible
to zero, which is termed as ZTE. ZTE is not only interesting for
fundamental studies but important
applications. The practical application of ZTE has a long

also for industrial
history, which can be traced back to the discovery of Invar
alloys by Guillaume in 1897.%'* However, ZTE materials are
rare. Our previous studies on thermal expansion of PT exhibit
that PT has a flexible ability to achieve ZTE over a wide
temperature range by selecting suitable chemical modifications.
The crossover from NTE to PTE offers an opportunity to
achieve ZTE by carefully adjusting chemical composition. For
example, ZTE is in (Pbgglag,)TiO; (ay = -1.1x10°¢ K,
298~403 K),*° 0.6PT-0.3Bi(Zn,;,Ti;;»)05-0.1BiFeO; (ay = -
3.1x10° K™, 298~773 K, Fig. 13),%° 0.6PT-0.4Bi(Mg,,Ti;;»)O3
(ay = 83x107 K, 298~798 K),! and 0.8PT-
0.2Bi(Ni;,,Ti; )05 (e = 1.21x10° K!, 298~798 K, Fig. 14).7°
One good feature of the PT-based ZTE materials is that ZTE
can reach to high temperature, e.g., 773 K in 0.6PT-
0.3Bi(Zn,,Ti;»)05-0.1BiFeOs.

It is known that most ZTE materials can be obtained below
room temperature due to
vibration. High temperature ZTE is much rarer and more
difficult to get. Another good feature of the PT-based ZTE
material is that they show good mechanical properties. For
example, ZTE oxide ceramics of 0.8PT-0.2Bi(Ni;Ti;»)03

low contribution from lattice
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have the Vickers’ hardness (Hy = 2.74 GPa) and the fracture
toughness (Kic = 11.5 MPa-m"?).”° The mechanical properties
are comparable to a-Al,O; structural ceramics (Hy = 15 GPa,
and Kjc = 3.5 MPa-m'"?).!! The advantages of high temperature
ZTE, good thermal stability, and high mechanical properties
allow good potential applications for the PT-based ZTE
materials.
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Fig. 15 Temperature dependence of unit cell volume of 0.5PT-0.5(Bi;.,La,)FeOs.
The dash line is nominal unit cell volume (V,). (Reprinted with permission from
ref. 73. Copyright 2013, Nature Publishing Group.)

For the control of thermal expansion of PT-based ferroelectrics
by chemical substitutions, there is an interesting system of
0.5PT-0.5(Bi;.La,)FeO; in which an effective control of
thermal expansion over a giant range can be simply achieved by
adjusting La content (Fig. 15).” For x = 0.0, large NTE occurs
in 573~873 K (ay = -7.0x10° K''). However, NTE is much
weakened by the La substitution. For x = 0.1, the NTE becomes
linear below T¢ with a CTE of a; = -3.55x10™° K (298~773
K). With further La substitution (x = 0.2), a very low thermal
expansion is achieved in a wide temperature range (RT~673 K,
ay =-7.1x10° K. The adjustable CTE includes a giant range
from -7.0 to -0.71x10”° K™', which contains the CTE range of
most known NTE materials.>*"

Apart from the control of NTE from chemical substitution, the
thermal expansion of PT-based ferroelectrics can be effectively
controlled by the effect of particle size.®” The particle size
effect can transform the strong NTE to PTE in 0.7PT-
0.3BiFeO; ferroelectrics (Fig. 16). Such transformation is
unusual, since most studies show that there could be a common
phenomenon that the grain size effect can transform PTE to
NTE.% For bulk state of 0.7PT-0.3BiFeQs, it has a strong NTE
(-2.39x10° K, RT~823 K). However, as particle size
decreases from the bulk state to 160 nm, the NTE is
considerably weakened (-9.2x10° K, 303~813 K). With
further decreases in particle size, a striking change takes place
in the thermal expansion of 0.7PT-0.3BiFeO;. ZTE was found
below its 7 for the particle size of 140 nm (-4.6x10° K,
303~793 K), and PTE was found for the smaller particle size of
110 nm (9.6x10° K'!', 303~773 K). The transformation of
strong negative to positive thermal expansion is a new
phenomenon. The particle size controllable CTE varies in a
very large content from -2.38 to 0.96x10”° K', which covers
almost all NTE oxides.>>"
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with permission from ref. 67. Copyright 2013, American Physical Society.)

12 | J. Name., 2012, 00, 1-3

The unusual transformation from strong negative to positive
thermal expansion is highly correlated with ferroelectricity
weakening. With decreasing particle size, the Ps displacements
at room temperature are gradually reduced and cannot maintain
at high level anymore, which means that ferroelectricity is
weakened. The polar directions of 4 and B sites Pg are aligned
parallel along the ¢ axis in the 0.7PT-0.3BiFeO; perovskite.
The large value of the ¢ axis is originated from the high Ps. As
the Pg reduces, the ¢ axis shrinks. As a result, the unit cell
volume at RT is decreased. Above T¢ the unit cell volume is
nearly identical for various grain particles (Fig. 16). Here the
perovskite of 0.7PT-0.3BiFeOs is in a cubic phase with a close-
packed structure, and the unit cell volume is actually dominated
by the radius of atoms, due to the loss of ferroelectricity.®®
Therefore, the unusual transformation from strong negative to
positive thermal expansion in 0.7PT-0.3BiFeO; ferroelectric is
resulted from weakened ferroelectricity.” This work further
supports the mechanism of PT-based ferroelectrics, which will
be reviewed in the next section 2.4 in details.

Apart from the control of NTE of PT compound by the
chemical modification and particle size effect, the thermal
expansion can be adjusted by physical route of applying
pressure. 139140 At room temperature, PT transforms from
tetragonal ferroelectric phase to cubic paraelectric phase by
applying pressure at 11.2 GPa. Such tetragonal-to-cubic
transition induced by pressure is reduced upon heating.'* At
ambient pressure, PT exhibits strong NTE over a wide
temperature range (ay = -1.99x10° K 298-763 K).*
However, by applying pressure thermal expansion of PT
changes apparently (Fig. 17). One point is that NTE disappears
while PTE occurs at the critical pressure of 0.9 GPa. For
example, PT exhibits PTE with an o) = 1.4x107° K! (300~730
K) at 1.2 GPa. At higher pressure, tetragonal PT exhibits a
stronger PTE with an a; = 3.2x107° K! which is normal to the
PTE of paraelectric phase.'* The other point is that at pressures
below the critical one (0.9 GPa) the turnover from positive to
negative thermal expansion is raised to higher temperatures
(Fig. 17). The turnover temperature is RT at ambient pressure
while increases to 447 K at 0.3 GPa.’®!*

Unit cell volume (A3)

63.0 |- A 03GPa

WV 0.8GPa
4 12GPa

62.8 T

300 400 500 600 700

Temperature (K)

This journal is © The Royal Society of Chemistry 2012

Page 12 of 46



Page 13 of 46

Fig. 17 Unit cell volume of PbTiO3 as function of temperature and pressure. The
shadow area indicates the region of NTE, while the reset one donates the region
of PTE. (Reprinted with permission from ref. 140. Copyright 2014, Nature Publishing
Group.)

2.4 NTE mechanism

The NTE of PT was ever discussed to be correlated with
tetragonal-to-cubic phase transition at 763 K, based on the
crystallographic character of TiOg octahedra distortion with
increasing temperature.>> At room temperature, the structure of
PT contains highly distorted TiOg, where Ti-O bond lengths are
1.766, 4x1.979, and 2.390 A; while at high temperature (823
K), it is in isotropic structure where six Ti-O bonds are 1.983
A" TiOg¢ octahedra changes from being distorted to being
more regular at 7, and the average bond length of Ti-O
contracts from 2.012 to 1.983 A. The NTE of PT was thought
to be correlated with the release in the distortion. However,
there are many perovskites with distorted octahedron which do
not exhibit NTE. Even for tetragonal PT-based solid solutions,
there are some compositions showing PTE not NTE. The
transformation of distorted-to-undistorted TiO4 octahedron with
increasing temperature could be the result not the reason for
NTE. The mechanism of NTE in PT-based ferroelectrics should
be due to those underlying physical factors which dominate the
change in chemical bonds of Ti-O and Pb-O.

The NTE mechanism in PT-based ferroelectrics have been
studied by high temperature neutron powder diffraction and
Raman lattice dynamics of the 4;(1TO) soft mode.®"'** Two
representative compositions were selected to comparatively
study the role of Pg in the nature of NTE. They are 0.7PT-
0.3Bi(Zn;,Ti;/,)O3 and 0.7PT-0.3BiFeO;, which have a similar
enhanced c/a (c/a = 1.091 for 0.7PT-0.3BiFeO;, and c/a =
1.092 for 0.7PT-0.3Bi(Zn;,Ti;,)O3), but oppositely NTE
properties (Fig. 18). It is enhanced NTE for 0.7PT-0.3BiFeO;
(ay = -2.5x10” K', 298~773 K), but much reduced NTE for
0.7PT-0.3Bi(Zn,,,Ti;»)05 (ay = -6.0x10° K', 298~773 K).
Since for both compositions the a(b) axes display a similar
temperature-dependent behaviour while only ¢ axis is different.
The c/a ratio exhibits the same trend with the unit cell volume
as function of temperature. Therefore, the c/a ratio was adopted
to show how wunit cell volume changes in 0.7PT-
0.3Bi(Zn,,;Ti;5)O3 and 0.7PT-0.3BiFeO; (Fig. 19). It is
interesting to observe that with increasing temperature Pg
decreases relatively slightly in the 0.7PT-0.3Bi(Zn;/;Tiy/;)O3
which has the weak NTE, however, decreases rapidly in the
0.7PT-0.3BiFeO; which has the strong NTE. The A-site Pg
displacement is similar at room temperature (Jzpyp; = 0.534 A
for  0.7PT-0.3BiFeOs3, 0525 A 0.7PT-
0.3Bi(Zn;;Ti;,)03), while it gradually separates with
increasing temperature (at 773 K &zpygi = 0.259 A for 0.7PT-
0.3BiFe0;, and 0.362 A for 0.7PT-0.3Bi(Zn,,,Ti;»)0;).'** As
shown in Fig. 19b, there is a good linear correlation between

and for

c/a-1 and &z sBi> Which gives a direct experimental evidence
for the role of Pg in NTE. The temperature dependent behaviour
of Pg directly determines the change of unit cell volume. With
increasing temperature, if Pg decreases rapidly, the unit cell

This journal is © The Royal Society of Chemistry 2012
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volume decreases faster resulting in a strong NTE such as in the
0.7PT-0.3BiFeO3; however, if Py can be well maintained, the
unit cell volume decreases slowly resulting in a low NTE such
as in the 0.7PT-0.3Bi(Zn;;Ti;»)O3. Another example is the
tetragonal PbTig gHf;,0; which shows NTE (a) = -5.1x10° K
!, 300~705 K). It is interesting to note that the unit cell volume
of PbTiygHf,,03 shows a similar decreasing slope as function
of temperature to its Ps, which also indicates that the probable
coupling role in NTE and Pg.*” The trend in Fig. 19b can guide
the design and control of NTE for PT-based ferroelectrics. For
enhanced NTE, Ps should change with temperature in a large
scale, while for a low thermal expansion Pg should change in a
small scale.
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Fig. 18 Temperature dependence of unit cell volume of 0.7PT-0.3Bi(Zny/,Ti1,)03
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In other ferroelectrics, there is a similar role of Pg in NTE. For
example, NTE was observed in ferroelectric phase of high
temperature rhombohedral phase Fry (R3m) (ay = -1.0x107° K-
!, 410~515 K) and PTE in the low temperature rhombohedral
phase Fry (R3c¢) in PbHf)sTiy,0; (ay = 1.7x107 K', 300~400
K).*® The polar ¢ axis length shrinks in both phases but with a
different slope as function of temperature. With increasing
temperature, the polar ¢ axis decreases slightly in the Fg; phase,
but shrinks strongly in the Fry phase. Simultaneously, Ps
reduces slightly in the Fp; phase and can maintain at a high
level (e.g., 39 pC cm? at 10 K to 30 pC cm™ at 410 K);
however, rapidly vanishes in the Fry phase (e.g., 30 uC cm? at
410 K to zero at T¢ of 525 K).*® The temperature dependent
behaviour of Pg determines the variation of polar ¢ axis and
thus determines the transformation of PTE-to-NTE at the Fyy-
to-Fry phase transition.

In tungsten bronze ferroelectrics, we can also find the coupling
between ferroelectricity and NTE. NTE is often observed along
the polar direction. For example, NTE occurs along the polar ¢
axis in tetragonal ferroelectric RbsNb;OF g3 below its 7¢ (600
K),”” and (Ba,Sr)Nb,Os.”” In orthorhombic Pb,KNbsO;s
(Cm2m, Tc = 733 K), NTE occurs in the b axis where Pg aligns
(g = -1.6x10° K1), while the other axes show PTE. Pb is

14 | J. Name., 2012, 00, 1-3

hybridized with surrounding oxygens, and Pg is strongly
correlated to the hybridization of Pb-O.*° Tetragonal (Ba,.
S1,)Nb,Og:(Na;,K,)NbO; shows NTE in the polar ¢ axis. The
composition of 2(Bag 581y 75)NbyOg:(Nag sKo s)NbO; which has
large polarization simultaneously exhibits a relatively stronger
NTE along the polar ¢ axis; while the composition of
2(Bag 4Sry6)Nb,Og:(Nag ¢Ko4)NbO;  which has a small
polarization simultaneously exhibits a smaller NTE of the polar
c axis. For a further evidence, adding more content of Na/K
ions reduces both polarization and NTE of the polar ¢ axis,
since Na/K are non-ferroelectricity and pure ionic property.’®

It is known that ferroelectricity is related to the balance of
short-range repulsion favouring cubic phase and long range
Coulomb force favouring ferroelectric order. The equilibrium
lattice parameters are dictated by such balance.''® With
decreasing temperature from paraelectric to ferroelectric phase,
two factors contribute to unit cell volume of ferroelectric phase:
anharmonic lattice phonon vibration and ferroelectric order.
With decreasing temperature, the contribution from the factor
of anharmonic lattice phonon vibration decreases. Thus the
nominal unit cell volume (V,,) should normally contract, which
can be described by the Debye-Griineisen equation 3. As shown
in Fig. 2, the V,, below 7: which is only determined by
anharmonic lattice phonon vibration should be the extrapolation
from high-temperature cubic paraelectric phase to low-
temperature ferroelectric one. However, below 7¢ the
experimental unit cell volume (V,,) of PT actually shows an
abnormal increase with decreasing temperature. In ferroelectric
state the deviation of unit cell volume from V,,,, to V., is given
rise from the ferroelectrovolume effect (FVE). The value of
FVE can be quantitatively described by the spontaneous
volume ferroelectrostriction (SVFS) using the equation:

ws = (Vexp = Vam)/Vam X 100% (7)
The SVFS is a new physical quantity in ferroelectrics, which
was proposed recently.” As shown in Fig. 2, the value of SVFS
for PT gradually decreases with increasing temperature, and
reaches to zero at 7¢ (763 K).
In order to study SVFS, a ternary system of PT-based
compositions were designed, that is 0.5PT-0.5(Bi;_La )FeO; (x
= 0.0, 0.1, and 0.2). In the composition of 0.5PT-0.5(Bi;.
La,)FeO;, Bi and La have essentially the same ionic radius
(1.34 A for Bi*", and 1.36 A for La’") however with much
different ferroelectric activity. Bi*" has the strong ferroelectric
activity (0.8 A), while La®" has weak one (0.05 A). As shown in
Fig. 15, a slightly chemical substitution of La for Bi, the NTE
of 0.5PT-0.5(Bi;.,La,)FeO; is much changed from the strong
NTE for x = 0.0 (-4.06x10” K'!, RT~873 K) to the nearly ZTE
for x=10.2 (-7.1x10% K', RT~673 K). The SVFS value at RT is
much reduced from 4.8% for the x = 0.0 to 1.6% for the x = 0.2.
Due to the similar radius of Bi** and La®", the unit cell volume
in paraelectric phase is similar for three compositions in 0.5PT-
0.5(Bi;_La,)FeO;. the
ferroelectric phase is much different. It is highly correlated with

However, unit cell volume in

the change in ferroelectricity.
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Fig. 20 Ps displacements at A-site (0za) and B-site (0zg) of 0.5PT-0.5(Biy.,La,)FeO3
as function of La content (x). (Reprinted with permission from ref. 73. Copyright
2013, Nature Publishing Group.)
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Fig. 21 Valence electron-density distributions on the bc plane at x = 1/2 of
supercell. (a) (PbyBig)(TisFes)O2s, and (b) (PbsBisLa;)(TisFes)O24, which,
respectively, corresponds to x = 0.0, and x = 0.25 in 0.5PbTiO3-0.5(Bi;.,La,)FeO3
through first-principle calculations. The dash line frame indicates the original
lattice without La substitution. The 0% and 100% in colour scale corresponds to
0.2 and 8 A, respectively, and contours are from 0.2 to 4 A” by step of 0.2 A>.
(Reprinted with permission from ref. 73. Copyright 2013, Nature Publishing Group.)

In the solid solutions of 0.5PT-0.5(Bi,La,)FeO;, the Pg
displacements are much reduced by the La substitution (Fig.
20), indicating weakened ferroelectricity. For example, the
Szpypi is reduced from 0.6903 A for the x = 0.0 to 0.4619 A for
the x = 0.2. Such weaken ferroelectrcity can be further
supported by the electron-density  distribution
calculated based on density function theory. The hybridization
between Pb-O2 and Bi-O2 bonds is weakened by the
substitution of La for Bi (Fig. 21).

Using the equation 7, we can adopt SVFS to quantitatively
describe the correlation between NTE and ferroelectricity.
Similar to the Landau theory,'*® we can observe a good
relationship for three compositions of 0.5PT-0.5(Bi;_La,)FeO;:

ws~adz} (8)
where « is the coupling coefficient between @, and Pg. As

valence

shown in Fig. 22, there is good linear correlation between w;
and Pg. Other available NTE PT-based compositions are also
plotted in Fig. 22. The correlation is not only good agreement
for 0.5PT-0.5(Bij.La,)FeO;, but also for other PT-based
compositions. It means that the Pg determines the @;. On one
hand, strong ferroelectric property induces a large value of
and thus produces a strong NTE such as for the composition of

x = 0.0 in 0.5PT-0.5(Bi;,La,)FeO;. On the other hand,

This journal is © The Royal Society of Chemistry 2012
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weakened ferroelectric property induces a small value of @, and
produces a low thermal expansion such as for the composition
of x = 0.2 in 0.5PT-0.5(Bi,.,La,)FeO;. Additionally, the sign of
the coupling coefficient « of the equation 8 indicates whether
thermal expansion is negative or positive. For example of
Pb(Zr,Sn,Ti)O; antiferroelectrics, NTE is in the phase
transitions of FE>AFE and FE—PE, which means positive
value of «, while strong PTE for the phase transitions of
AFEo,—AFE,, FE;,—>FEy, AFE—-FE, and AFE—PE, which
means negative value of a (Fig. 4).°*°° The role of SVFES in
ferroelectrics, antiferroelectric, and relaxors should be studied
in detail.
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Fig. 22 The correlation between the spontaneous volume ferroelectrostriction
(o) and square of Ps displacement (62}) for PT-based tetragonal NTE
ferroelectrics.

The physical quantity of SVFS can be helpful for understanding
the ZTE nature below T3 in relaxor ferroelectrics.”*7>8%9192 Ag
temperature cooling down from 7p, the effect of SVFS is
produced due to the frozen PNRs. Thermal expansion induced
from lattice phonon vibration is counteracted by the effect of
SVFS, and thus near ZTE appears. Good examples can be seen
in thermal expansion in complex perovskites of
A(Mg;;3Tay;3)0;5 (4 = Pb and Ba) which gives a good evidence
for such suggestion (Fig. 23).°! In compositions of
AMg;;53Tay;3)03 (4 = Pb and Ba), Pb is ion with strong
ferroelectric activity while Ba weak one. Both compositions of
A(Mg;;3Tay;3)03 (4 = Pb and Ba) remain in cubic phase in
1.5~730 K. However, the thermal expansion is apparently
different (Fig. 23a). The
Pb(Mg;3Ta,3)O; begin to deviate from
expansion at 7= 420 K, and nearly does not change below 7 =
180 K on cooling. ZTE occurs below 180 K with CTE of ¢, =
8.8x107 K. the
Ba(Mg;;3Tay;3)O; does not show any anomalous thermal
expansion (Fig. 23a). The structure refinement was performed
on Pb(Mg;3Ta,3)O; and Ba(Mg;;Tay;3)O; based on cubic
symmetry (Pm3m). As for Ba(Mg,;;Ta,;3)Os, there was no

unit cell parameter of

linear thermal

However, similar composition of

anomalous in refined parameters including temperature factors
of Ba, Mg/Ta, and O. However, thermal displacement of Pb
along <110> direction was observed in Pb(Mg;,3Ta,3)O3. The
deviation from linear thermal expansion in Pb(Mg;3Ta,;3)03
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occurs at the similar temperature where diffuse scattering
appears (Fig. 23b). The occurrence of diffuse scattering in
Pb(Mg,3Ta,;3)O3 was thought to result from the increased and
correlated Pb displacements. In other words, the thermal
Pb(Mg,3Tay;3)03  becomes
simultaneously when the displacements of Pb become
correlated. The effect of SVFS is produced due to the frozen
PNRs, and thus results in ZTE in Pb(Mg,;3Ta,3)03;. However,
no PNRs occur in Ba(Mg;;Ta,;3)O;, and thermal expansion
obeys the theoretical Debye-Griineisen one (equation 3).

Additionally, there is a physical concept of electrostriction
which should be distinguished from SVFS. The exact concept
of electrostriction is originated from the electromechanical
coupling  property. the  basic
electromechanical coupling property for all dielectrics
including polar and non-polar compounds. However, SVFS

expansion  of anomalous

Electrostriction is

only occurs in those ferroelectrics which have anomalous
thermal expansion property. For example, SrTiO; exhibits a
relatively large electrostriction coefficient (Q, = 4.7x1072 m* C
%) compared with that of PT (2.2x102 m* C?); However,
StTiO; shows normal thermal expansion instead of NTE."**
The physical quantity for anomalous thermal expansion in
ferroelectrics should be exactly defined using SVFS which
presents the FVE.

Fig. 24 illuminates the NTE mechanism schematic for
ferroelectrics. In the high-temperature paraelectric phase, it is in
positive thermal expansion which can be described by the
Debye-Griineisen equation 3. However, with decreasing
temperature from 7¢, the ferroelectric order is established,
which will have negative contribution to thermal expansion.
Here, the overall thermal expansion in ferroelectric phase is a
result of balance between two competitive factors: anharmonic
lattice phonon vibration and ferroelectric order. If the
contribution from ferroelectric order is smaller than that from
lattice phonon vibration, the overall thermal expansion is
weakened but still positive. For example, some PT-based
ferroelectrics such as PT-Bi(Ni;»Ti;;;)O0;, PT-Bi(Mg,,Ti;2)0s3,
and (Pb,Ba)TiO;, show smaller PTE than that of paraelectric
phase.®"7®7" Thermal expansion of BaTiO; in ferroelectric
phase (o = 6x10° K') is much lower than that of paraelectric
phase (¢ = 12x10° K). ' If the contribution from
ferroelectric order overwhelms that from lattice phonon
vibration, NTE is produced. If the contribution from
ferroelectricity is equal to that of lattice phonon vibration, ZTE
appears.
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Fig. 23 (a) Temperature dependence of lattice parameter a of Pb(Mgy/3Ta,/3)03
and Ba(Mgy3Tay3)0;, and (b) temperature dependence of the integrated
intensity of diffuse scattering and the Pb displacement along <110> direction in
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Fig. 24 The NTE mechanism schematic for ferroelectrics. The thermal expansion
of ferroelectric is a result from the balance between two competitive factors of
ferroelectric order for negative contribution and lattice phonon vibration for
positive one.

The correlation between ferroelectricity and NTE provides us a
guideline to control thermal expansion of ferroelectrics. The
thermal expansion of ferroelectrics can be controlled through
tailoring ferroelectricity. Those methods which can affect
ferroelectricity would be utilized to control thermal expansion
of ferroelectrics, such as chemical modification, size effect, and
pressure.”7>13%140 Ag for the commonly used method of
chemical modification, we can modulate the ferroelectric
activity of cations to adjust the value of @; and thus control the

This journal is © The Royal Society of Chemistry 2012
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thermal expansion of PT-based ferroelectrics. Strong NTE can
be achieved by the substitutions of those cations with strong
ferroelectric activity, such as Bi (0.8 A), Ti (0.25 A), Fe (0.17
A), Zn (0.25 A), and Cd (0.35 A), while low thermal expansion
by the substitution of cations with weak ferroelectric activity,
such as La (0.05 A), Mg (0.08 A), Ni (0.08 A), and Zr (0.13
A).The examples can be referred to Table 1 and the section 2.3.
In NTE ferroelectric of (NH,;),SO4, its NTE loses by
substituting non-ferroelectric activity alkali ion of Rb.”” The
control of thermal expansion of ferroelectrics via methods of
particle size and pressure effects actually takes effect through
the correlation between ferroelectricity and NTE, which have
been discussed in the previous paragraph.®’-'*

Theoretical calculations have been carried out to understand the
NTE mechanism of PT.'"*'*” From the view of first-principles
calculation, the thermal expansion of PT has studied, and can
be further understood from the role of electron interaction and
atoms’ vibration.'*'*¢ The temperature dependence of unit cell
volume of PT was estimated by calculating the Helmholtz free
energy F(T) as follows: '+

F(T) = Es + [ g(@) (%2 + kpTIn{1 — e "/ ®87}) ey (9)

where Ej is the static energy, which is the total energy of the
crystal at its equilibrium state; the next term is the lattice
vibrational free energy for which @ is the phonon frequency
and g(w) is the phonon density of states.

The calculated temperature dependence of unit cell volume for
PT displayed PTE below 120 K, and NTE from 120 to 520 K.
There was a crossover from positive to negative thermal
expansion at 120 K.' The thermal expansion of PT in
ferroelectric phase can be understood by the decomposition of
the total Helmholtz free energy into two aspects contributions:
Vibrational free energy and static energy (Fig. 25). Vibrational
free energy is contributed from thermal vibration, while the
static energy comes
considering temperature. Without consideration of temperature

from electronic interaction without
influence, the electronic contribution keeps PT with higher c/a,
ferroelectricity (Fig. 25e). the
vibrational free energy shows a temperature dependent
behaviour (Fig. 25a-d). At lower temperature, i.e., 20 K,

which favours However,

vibrational free energy brings lattice expansion in both a(b) and
c axes. However, at higher temperature, i.e., 520 K, it brings
longer a(b) axes and shorter ¢ axis (Fig. 25d). The equilibrium
lattice parameters are determined by the balance of thermal
vibration favouring cubic phase and electronic interaction
favouring ferroelectric phase.'*’

The role of vibrational free energy for individual atom of Pb,
Ti, and O to thermal expansion is shown in Fig. 26. At low
temperature, i.e., 20 K, the energy descent direction of three
atoms of Pb, Ti, and O is accordant, expanding the lattice.
However, at high temperature, i.e. 520 K, the energy descent
direction from the vibrational free energy of Pb and O atoms
changes, which forces ¢ axis to be shorter. The role of Ti
remains unchanged. Therefore, the vibration of Ti atoms drive
lattice expansion at the whole temperature, while the thermal

This journal is © The Royal Society of Chemistry 2012
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vibration of Pb and O atoms causes PT favouring cubic phase
with increasing temperature.
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PT is A-site driven ferroelectricity. The electronic contribution
is attributed to the strong hybridization of Pb6s and O2p, which
stabilizes the large tetragonal distortion. As temperature
increases, the thermal vibration of Pb and O atoms plays an
important role which destroys the hybridization between Pb-O
bonds, since the thermal vibration of Pb and O atoms favors
cubic phase (Fig. 26b and f). The first-principles calculations
are in agreement with those experimental results. The NTE of
PT is originated from the contribution of ferroelectrcity, while
the vibration of atoms modulates ferroelectricity. Furthermore,
the crossover from positive to negative thermal expansion at
RT in PT as shown in Fig. 3 is due to the combined actions
between the thermal vibration of Ti-O and Pb-O bonds.'*’

The nature of NTE can be further understood in (Pb,_,Cd,)TiO3
solid solutions by first-principles calculations. '*® The
enhancement of NTE in (Pb;_,Cd,)TiO3 by Cd substitution for
Pb is highly correlated to the stronger hybridization between
Cd-O orbitals. Cd substitution promotes directly the stronger
orbital hybridization of Pb/Cd-O, gives rise to a significant
increase in Pg, and thus enhances the NTE. As a comparison,
the substitution of Ca with weak ferroelectric activity to Cd
with strong ferroelectric activity weakens the NTE.®*63 With
increasing Ca content, the ionic character of A-O is enhanced,
and the hybridization is weakened.'*®

3. NTE in magnetic materials

Magnetic functional materials consist of a large number of NTE
materials. There are many magnetic materials which have been
found to exhibit NTE, such as alloys, oxides, nitrides, sulfides,
and fluorides. The anomalous thermal expansion is a result of
magnetovolume effect (MVE) which is a change in volume
resulted from the amplitude variation of magnetic moment. The
first observation of MVE was discovered by Guillaume in 1897
in Invar alloys of Fe( 4sNig 35 which has a very small CTE (¢; =
1.2x10° K at 300K) below its 7c (500 K).'” A general
explanation of NTE caused by MVE is that the appearance of a
magnetic moment in a magnetic material is favoured by
increased volume. In the early stage of studies on low thermal
expansion of Fe-Ni Invar alloys, MVE was theoretically
explained by the concept of the 2y model.'* It is true for
magnetic materials whose unit cell volume below magnetic
ordering temperature is higher than that of non-magnetic
system.

The MVE can be quantitatively described by the physical
variable of spontaneous volume magnetostriction (SVMS), a,,
which presents the effect of magnetism on unit cell volume.
The SVMS is as function of the amplitude of magnetic moment
M, according to the following equation,'*

ws(T) = 3 [ @ (T)dT = kCr {M(T)* + £(T)?} (10)

where a,,(T) is the magnetic contribution to linear CTE at
temperature 7, k and C,, are the compressibility and the
magnetovolume coupling parameter, and M(7) and &(7) are the
amplitudes of local magnetic moment and spin fluctuations,
respectively. @, can be simply described to the square of
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magnetism, M>. For the first-order transition, there is sharp
change in unit cell volume, because M(7) discontinuously
disappears at 7¢; While for the second-order transition, unit cell
volume gradually changes due to continuous changes in M(7)
and &(7). The value of w; can be calculated by subtracting the
the
experimental data using the Debye-Griineisen equation 3.'*'

contribution of anharmonic phonon vibration from

MVE is commonly observed in many kinds of magnetic
compounds, such as Invar alloys of Fe(4sNijp3s, Laves phase
intermetallics of YMn,, > Th,Zn;,-type compounds of
Tm,Fe,,Cr,'> Er,Fe;-,'>* and Y,Fe,;C,,'>>'% antiperovskite of
Mn;4X,"7#'"7 CuO nanoparticles,'®® NaZn,s-type intermetallics
of La(Fe,Si);s," " 17+ 18 Nd,Fe 4B, ' ' and perovskite of
SrRuO,, 161162

In magnetic materials, there is a similar equation to Landau
theory to determine 7¢ of magnetics:

T = TMfc/(3kp) (11)

where M, is the value of the magnetic local moment for the
paramagnetic disordered local moment state. An example is
shown in disordered f.c.c. Fe-Pt alloys,'®
intermetallics.'*® Since the NTE of magnetic compounds also

and Y-Co binary

occurs below T¢, the NTE temperature range of magnetic
compounds can be adjusted by controlling 7¢.

In this section, we focus on those magnetic materials which
have NTE property, because there are plenty of magnetic
materials exhibiting anomalous thermal expansion below
magnetic Table 3
representative NTE magnetic materials.

ordering temperature. lists some

3.1 Invar and NTE alloys

The effect”
investigation by Guillaume in
Feq¢sNig 35

the
on ferromagnetic

term of “Invar was originated from
1897,
alloy showing invariant length over a wide
temperature range around room temperature.'’ The linear CTE
of Feg¢sNigss is as low as 1.2x10° K™ at 300 K (Fig. 27),'*
which is an order of magnitude smaller than in the pure end
members of Fe and Ni. The term of Invar effect originally
presented the meaning of low or zero thermal expansion
property for alloys. Later studies also extended the term of
Invar effect to generally describe the anomalous thermal
expansion in magnetic materials. The discovery of ZTE in Invar
alloys was found to the practical applications of precision
instruments and electronic devices such as seismograph,
surveying tape, shadow mask for television, and computer
screen. In addition to the applications as rather small devices,
Invar alloys are utilized as structural components, for instance,
container of liquefied natural gas, and core wires of long-
distance power cables. Because of contribution to the discovery
of Invar alloys, Guillaume was honored with the Nobel Prize in
1920.
Fig. 27 shows details of thermal expansion of Feg ¢5Nig 35 Invar
alloy.'®® The physical quantity of SVMS (@) is used to
quantitatively describe the contribution of MVE to anomalous
thermal expansion. Taking Invar alloy as an example, @y, is

This journal is © The Royal Society of Chemistry 2012
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the experimental data for the relative volume thermal expansion
Wexp 34l/l. @, is the reference thermal expansion of
nonmagnetic, which is extrapolated from high temperature
paramagnetic phase based on the Debye-Griineisen equation 3.
Therefore, the magnetic contribution to thermal expansion, is
described by @ (@ = @exp~@nm). The maximum value of oy (0
K) is 1.9 % for the Feg 4s5Nig 35 Invar alloy. Based on the thermal
expansion as shown in Fig. 27a, CTEs of ¢y, um, and a,, are
estimated according t0 @exp, @am, @, Tespectively. Here, we can
see that the CTE of «,, contributed from SVMS, is negative
below its T¢. It compensates the thermal expansion from lattice
thermal vibration, corresponding for the ZTE property of Invar
alloys. The increase in the value of SVMS will reduce the
transition of CTE from positive to negative. The data of SVMS
and CTE for some typical Invar alloys are listed in Table 3.
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Fig. 27 Thermal expansion properties in Invar alloy of FeggsNioss. (a) @ex is the
experimental thermal expansion, w,mis the thermal expansion in a nonmagnetic
reference, which is calculated according to the Debye-Griineisen relationship,
and s is the spontaneous volume magnetostriction (SVMS) contributed from
magnetic property. (b) CTE calculated from thermal expansion. Qeyp, 0thm, and o
are derived from thermal expansion of @exp, ®am, and wm, respectively. Wexp=Oom+
@ (Reprinted with permission from ref. 165. Copyright 1990, Elsevier.)

Invar effect has been attracted much attention not only from
engineers but also from physicists. Even though Invar effect
was found for more than one century, and seems to an old
question, the studies on Invar continue to be interesting for
physicists because of the difficulty in the understanding the
origin of anomalous thermal expansion which is entangled in
the complex magnetism.® The understanding of the Invar
anomaly has remained a challenging problem for more than one
century. To celebrate one century of studies on Invar, a
symposium was held in 1997 to review the progress in Invar
research.'® As for the mechanism of Invar effect, there are a
number of proposed models which can be classified into two

This journal is © The Royal Society of Chemistry 2012
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Table 3 Thermal expansion data in magnetic functional materials

Materials CTE Temp. range Method Ref.
x10°KhH  (K)
FeossNioss 0.12 () 7=300 Dillo. 165
Y,Fey; -0.56 5~320 XRD 156
YoFe7Cos 0.24 5~460 XRD 156
Nd,Fe 7N, -6.3 (o) 300~730 Dilto. 166
Gd,Fe; -1.1 293~534 XRD 167
Gd,FesCr -0.61 294~572 XRD 168
Tb,Fey; -0.42 5~400 XRD 156
Dy,Fe;sB -0.42 () 4.2~635 Dilto. 159
ErFe; -1.3 5~320 XRD 154
(Zro.6sNbg 35)Fe, 0.7 155-300 Dilto. 169
Mno_QCOO_lB -0.74 (a[) 447-580 Dilto. 170
Mn0_5C00_5B -0.016 (al) 70-440 Dilto. 170
Nb,FesB -1.0 300~600 SPD 160
LaFel 1_5Si1_5 -5.0 ((,‘(1) 170~240 Dilto. 157
LaFelo_5C01_OSi1_5 2.6 ((,‘(1) 240~360 DiltO. 157
GdAgMg -2.8 () 2~85 Dilto. 171
Mn;3Cuy5Geg sN -1.2 () 280~365 Dilto. 172
Mn;3CuygsSnesN -2.8 (o) 296~332 Dilto. 173
Mn;ZnpsSngsN -45 (a) 381~428 XRD 174
Mn3Cu0_6Si0_15Geo_25N -1.6 ((,‘(1) 120~184 DiltO. 175
MH3ZI’10_4SHO_(,N0_85C0_15 2.3 ((,‘(1) 270~336 XRD 176
Mn3(Ga0_5Geo_4Mn0_1)(N0 <0.05 (‘a,l) 190~272 DiltO. 177
.QCO.I)
Mn;Zng.sN 0.0583 (ay)  10~185 NPD 178
Nano Mn;CuysGeg sN 0.0118 () 12~230 NPD 179
(12 nm)
SrRuO3 0.16 12~160 XRD 161
Pb(Fe;2Nb,2)O3 -0.464 12~150 XRD 180
Ca(RuO_gsFeo_15)03 -1.4 10~80 NPD 162
(LapsBag2)MnO; 7.8 () 150~175 Dilto. 181
(Lag.6Y0.15Cag.25)MnO; -1.2 1.5~110 XRD 182
(Tb()_g][Mnov()s})MnO} -0.23 3.5~37 NPD 183
AlFeOs -1.1 5~150 NPD 184
CaMn;0, 20.054 (a)  49~89 Dilto. 185
Nano CuO -11 20~170 SPD
CdCr,04 -0.14 (o) 45~140 Dilto. 187
ZnCr,Ses 036(a)  21~40 Dilto. 188
CdCr,S, 018 (a)  42~120 Dilto. 189
MnF; -9.5 5~43 NPD 190
(Sco.s5Gag.osFeo1)Fs 0.023 (o) 300~900 XRD 38
Nano Au 2.5 (a) 150~400 XRD 191

different approaches. One is based on the localized electron
picture in which each atom has its own permanent and
temperature independent moment, and the other is based on the
itinerant picture of magnetism for the understanding of the
composition dependence of the average moment.'® Among
these models important the
phenomenological “2y-sate model” which is widely known and
also debated.'” It was assumed that there are two different

and popular one is

magnetically ordered states, a ferromagnetic ground and high
volume state y; with parallel aligned magnetic spins, and an
antiferromagnetic and smaller volume state y, with antiparallel
aligned magnetic spins. With increasing temperature, the state
v» becomes thermally excited, so that the induced contraction of
volume can compensate the thermal expansion of lattice
thermal vibration, giving rise to the low or zero thermal
expansion of Invar alloys. Recently, the microscopic nature of
Invar effect in the most typical Fe-Ni system has been revealed
by ab initio calculations of the volume dependences of
magnetic and thermodynamic properties (Fig. 28). ' The
special aspect of this calculation is the fact that non-collinear
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spin ordering has been included in the simulations, that is spins
can be titled at arbitrary angles to each other if such
configuration can lowers the energy of total spins system. The
calculations showed that at large volume corresponding to low

temperature the ground state is in the ferromagnetic

configuration with aligned spins, however, with decreasing
volume corresponding to high temperature the spins gradually
depart from the parallel alignment to because disordered. At
temperature higher than 7¢, the spins become disordered
completely, resulting in no net magnetic moment. Therefore,

the increasing disorder of spins reduces the volume, and thus
193

compensates the lattice thermal expansion.

N g 7

-
AR
5 e —

,,,ls —

Fig. 28 Self-consistent magnetic spin configurations of the f.c.c. Fe-Ni alloy at
four different volumes. Red and blue arrows show moments on Fe and Ni atoms,
respectively. Arrow sizes reflect local moment amplitudes. (Reprinted with
permission from ref. 193. Copyright 1999, Nature Publishing Group.)

68.6

The term of Invar is actually broad physical concept. Even
though the Invar effect was originated from the anomalous
thermal expansion, there are a broad variety of physical
anomalies which are considered to be Invar anomalies such as
heat capacity, volume
magnetostriction. These Invar anomalies are as function of

elastic  constants, and forced
composition and variable external parameters like temperature,
pressure, and magnetic field. More information of Invar
problem can be referred to the excellent reviews, '6>194193

The Invar effect, which was not bound to Fe-Ni alloys, has
been widely accepted to be a well-known property in many
ferromagnetic alloys, such as Fe;_Pt,, Fe; . Mn,, Ni;_ Mn,, Co;.
Mn,, CoFe, Cri,Fe, and Cr; Mn,, and many Fe-based
like Fe-Ni-Co, Fe-Co-Cr, and Fe-Ni-
Mn. 63165164 Nany intermetallic compounds show the Invar

effect, including ZrFe,,'® MnB,!” RECo, (RE: Gd, Tb, Dy,
159,160

ternary systems

Ho, Er), permanent magnet RE,Fe 4B (RE: all except Eu),
permanent magnet RE,Fe;; (RE: Y, Dy, Lu)."®'”” The Invar
effect is neither restricted by lattice structure. It can even
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observed in Fe-rich amorphous magnetic materials such as Y.
Fe,, Fe, ET, (ET: Sc, Y, Zr, Hf, La), Fe,B,, and Fe,.
p 165, 198, 199 effect has also been found in
antiferromagnetic compounds, which was studied in the
purpose that the dimension of non-magnetic Invar alloys is not
sensitive to magnetic field. Some Mn-based compounds exhibit
anomalous thermal expansion by antiferromagnetic spin
ordering. Cr-Fe-Mn alloys show ZTE property at RT. 2%
Thermal expansion in antiferromagnetic Mn-Ge alloys can be
chemically controlled by Ge content. For instance, near ZTE at
RT was found in the 23at% Ge alloy.?” Laves phases of RMn,
have MVE. Among then, antiferromagnetic YMn, exhibits a
giant volume contraction of about 5% at Neél temperature (7Ty
=100 K).? In the following paragraphs of this section, we will
review those magnetic NTE systems which have been studied
in structure and NTE properties in details.

R,Fe;; (R is rare-earth) intermetallic and its solid solutions
exhibit anomalous thermal expansion, i.e., NTE or relatively
thermal expansion, below the magnetic ordering
temperature.154’156’203’204 NTE of R,Fe;; is normally dominated
by the stronger linear NTE along the ¢ axis (Fig. 29), such as
Y,Fe;,, 35156 Ce,Fey7,2% ProFe;7,2%* Th,Fe; s, TmyFe;7,'>¢ and
Er,Fe;;.%*  R,Fe;, generally crystalize in
structure (Th,Zn,,-type, space group R3m) for light R elements,
and in hexagonal one (Th,Ni;; type, space group P6s/mmc) for
heavy R elements. Below the magnetic ordering temperature,
the R,Fe;; compounds are generally ferromagnetic. The large
SVMS is due to the short bond lengths of Fe sites, and
dominated by the Fe sublattice. The exchange interactions
between neighbouring sites are modified by the rare-earth
atoms, which correspondingly results in adjusting thermal
expansion by various rare-earth atoms. The magnetostrain
calculations for different bonds in the structure of R,Fe;;
reveals that all the bonds associated with Fe(4f) and Fe(6c¢)
have relatively larger values, which is related to the largest
magnetic moment at those sites.?® The MVE in R,Fe;; is
dominated by the Fe sublattice,?> 2% similar to other magnetic
compounds like Nd,Fe,;,B.!%° The large contribution of the ¢
axis to the NTE in R,Fe,; has been attributed to the dumb-bell
pairs of Fe atoms, which is aligned along the ¢ axis.'>’

For example, the NTE and magnetic structure have been
studied in EryFe;; in details by temperature dependence of
neutron powder diffraction.'” The Curie temperature is
estimated to be 7¢ = 303 K. As shown in Fig. 29a and b, on
heating from 2 K up to 7, the ¢ axis contracts, while the basal-
plane unit cell parameters slightly increase. Unit cell volume
exhibits NTE below 320 K (a; = -1.3x10™ K", relatively low
thermal expansion in the intermediate region in 320~450 K (ay
= 1.4x10” K", and then follows Griineisen-like normally PTE
of paramagnetic phase above 450 K (1.5-T¢, a = 4.2x10° K
1.15% Other R,Fe,; compounds show a similar NTE mechanism
to Er,Fe;; in which NTE is ascribed to the magnetic coupling in
the Fe sublattice.'>>'*%2% Fig. 29¢ shows SVMS, wy(T)/ w5 K),
compared with that of the square of the magnetic moment,
(u}é"al)z(T) / (ugg‘al)z(S K), as function of reduced temperature
(T/Tc). Both curves overlap up to 7~0.8-7c. At higher

Invar

low

rhombohedral
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temperature, the wy(7) curve deviates from the (u;:‘al)z(T) one.
It suggests that the presence of short-range magnetic
correlations (described in the equation 10), which disappear for
T > 450 K (T/T¢ ~ 1.5). The local magnetic property is similar
to the PNRs in Pb-based relaxor ferroelectrics in which unit cell
volume becomes to deviate from linear thermal expansion at
750
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Fig. 29 Temperature dependence of (a) the lattice parameters, and (b) unit cell
volume for Er,Fe;;. The solid line shown in (b) represents the non-magnetic
contribution to unit cell volume using the Debye-Grineisen equation. (c) The
spontaneous volume magnetostriction, @(T)/@s(5 K), as function of reduced
temperature (T/Tc), compared with that of the square of the total magnetic
moment (ulgta')z for Fe the sublattice for Er,Fe;;. The value of @(5 K) is 1.6% and
ulgta'(s K) is 14.7 g, respectively. (Reprinted with permission from ref. 154.
Copyright 1999, American Physical Society.)

Since NTE of R,Fe;; occurs with its magnetic ordering
temperature, the NTE temperature range can be controlled by
adjusting the magnetic ordering temperature. The NTE
temperature range can be increased by those chemical
substitutions which can enhance the magnetic ordering
temperature, such as the substitution of Al, Ga, Cr, Si for
Fe!33168.196.206208 . jnterstitial atoms such as C or N.'3*!%¢ Or
the NTE temperature range can be reduced by the chemical
substitutions such as Mn in Dy,Fe;; Mn, 209 and
DyzAlFeloMn6.210 For example, by formation of interstitial
compounds with C, T¢ is increased from 327 K for Y,Fe;; to
470 K for Y,Fe;Cy¢ (Fig. 30). As a result, a wider temperature

This journal is © The Royal Society of Chemistry 2012
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of ZTE can be achieved in Y,Fe;,Cog (= 2.4x10° K!, 5~460
K), compared with undoped Y,Fe;; exhibiting NTE over a
narrow temperature range (o = -5.6x10° K, 5~320
K).!33136.196 By chemically nitriding in Nd,Fe,s, a strong NTE
was found in the temperature range of 300~730 K in Nd,Fe;N,
intermetallic with a linear CTE ¢ = -6.3x107 K11 The NTE
of Tb,Fe,,..Cr, can be chemically adjusted by the substitution
of Cr. The undoped Tb,Fe;; exhibits a relatively smaller NTE
(ay = -4.2x10° K', 5~400 K)."*® By a small amount of Cr
substitution, the NTE magnitude and temperature range of
Tb,Fe 4 5Cry 5 are enhanced (o = -1.6x107° K'!, 293~522 K).2%
Chemical substitution of non-magnetic ions in Y,Fe;; can
transform NTE to PTE. For example, Y,Fe;s3Si;; and
Y,Fe;5s3Al,7 both show PTE below 7.. The CTE of
Y,Fe;55Si;, is ap = 1.1x10° K' (80~388 K), and that of
Y,Fes5Al, 7 is ap=1.7x107 K (80~430 K).'?
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Fig. 30 Temperature dependence of unit cell volumes for Y,Fe;;, Y Fe;;Cos, and
Y,Fe1;Cy5. The arrows indicate Tc. (Reprinted with permission from ref. 156.
Copyright 1991, Elsevier.)

Intermetallics of LaFe ;3. Si, with an isotropic structure show a
giant NTE at the ferromagnetic-to-paramagnetic phase
transition.>*"*”?'" The magnitude of SVMS or NTE can be
chemically adjusted by varying Si content. For example, @ (0
K) is decreased from 0.72 % for x = 1.2 to 0.43 % for x =2.0.2""
At the same time, NTE of LaFe,;_.Si, is much weakened by the
Si chemical substitution (LaFe;;sSi;s: o = -5.0x10° K!
(170~240 K), LaFe,¢Sirq: o = -1.1x107 K™!' (160~270 K))."’
The sudden unit cell volume contraction at the first-order
magnetic transition can be converted to a continuous change of
volume at the second-order transition over a broader
temperature range. Interesting, the giant NTE of LaFe;5_Si, can
be extended to room temperature by Co chemical substitution
for Fe. Since the temperature range of NTE is well consistent
with the magnetic transition temperature 7c, the increase in 7¢
will broaden temperature range of NTE. For instance, 7¢ is
increased in LaFe,; 5.,Co,Si, 5 due to the increase of 3d electron
number by the Co substitution for Fe. LaFe q5Co; ¢Si, 5 exhibits
a giant NTE (¢ = -2.6x107 K!, 240~350 K), which is three
times larger than that of the conventional NTE material of
ZrW,05 (ay = -2.73%107° K'!, 0~300 K).2 The NTE mechanism
of LaFe5,Si, is well correlated to the MVE, where the
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correlation between @

established as function of temperature, and the temperature
157,211

and magnetization can be well

dependent volume is highly coupled with magnetization.
Magnetic NTE materials of LaFe;o5Co,(Si; s exhibit several
advantages for NTE materials’ applications: Isotropic NTE,

high thermal conductivity, machinability, and high
conductivity.
Anomalous thermal expansion has been observed in

magnetically ordering intermetallics of R7TMg (R = Eu, Gd and
T = Ag, Au).'"" Very strong NTE was observed in
ferromagnetic compounds of EuAuMg (o = -2.2x107° K,
2~35 K) and GdAgMg (o = -2.8x10° K' 2~85 K).
Interestingly, their NTE is highly sensitive to an external
magnetic field, where NTE becomes smeared with increasing
magnetic field. For example, with increasing magnetic field
from OT to 14T, the CTE of ferromagnetic GdAgMg increases
pronouncedly from ¢; = -2.8x107° K™ (2~85 K) to -1.3x107° K!
(2~125 K).'" According to thermal expansion and temperature
dependence of specific heat data, the presence of a large
coupling of spin-lattice was confirmed. Additionally, in both
materials of EuAuMg and GdAgMg the ferromagnetic order

can be expected to be completely suppressed by hydrostatic
pressure of a few GPa, and at the same time NTE becomes
much smeared.'”!

R,Fe 4,B compounds (R = rare earth, space group P4,/mnm)
with excellent rare-earth permanent magnetic properties exhibit
NTE below T¢.""%'" As shown in Fig. 31, both a(b) and ¢ axes
have NTE property below 7¢ in tetragonal R,Fe 4B. The a(b)
axes show a stronger NTE than the ¢ axis. The stronger NTE in
the a(b) axes is consistent with the higher spin moment density
distributed in the (110) basal plane than along the ¢ axis.'¢%*'?
The NTE of R,Fe;4 B compounds is originated from the
magnetic contributions of rare earth and Fe. The contributions
of different element to SVFS are roughly proportional to the
magnetic moments.'®® As shown in Fig. 32, direct experimental
evidence is the good linear correlation of @, vs. M* described in
the equation 10 as function of temperature for Ce,F e14B."*° The
NTE is mainly contributed from the Fe sublattice, and the
contribution from rare-earth is smaller and various in different
rare-earth elements."””'® Those Fe sites in sublattice having
larger magnetic moments have larger contributions to the
NTE.'®
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Fig. 31 Temperature dependence of (a) a axis, (b) ¢ axis, and (c) unit cell volume of R,Fe;sB compounds. (Reprinted with permission from ref. 160. Copyright 2005,

Elsevier.)
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Fig. 32 Spontaneous volume magnetostriction (w;) vs. the square of
magnetization (M%) of CeFeiB as function of temperature. (Reprinted with
permission from ref. 159. Copyright 1987, Elsevier.)

NTE or relative low thermal expasnion is also observed in the
following magnetic alloys. The thermal expansion of ZrFe, can

22 | J. Name., 2012, 00, 1-3

be chemically adjusted by substituting Zr with Nb, and CTE
becomes smaller or even negative depending upon Zr
content.'® The CTE of ap is 1.1x107° K' (4.2-630 K) and
7.0x10° K (155-300K) for ZrFe, and (Zry¢sNbyss)Fes,
respectively.'®® The solid solution of Mn;,Co,B shows an
adjustable thermal expansion by chemical substitution of Co.
NTE occurs at x = 0.1 in a narrow temperature range of 447-
580 K below its Tc (580 K) with ¢ = -7.4x10°% K™, while in
Mn, sCopsB a ZTE occurs in the broader temperature range
with a CTE of ¢; = -1.6x107 K™! (70-440 K).'”® Y¢Fe,; with a
cubic ThgMny;-type structure exhibits a relative low PTE below
Te (390 K) with a smaller o = 8.5x10° K (< 390 K)
compared with that in paramagnetic phase (¢ = 2.2x10” K-
".?"> NTE is observed in CeInCu,?'* CeNiSn,*" rare earth

metal Holmium.>'

3.2 Antiperovskite of Mn;AN

NTE was recently found in antiperovskite Mn;AN (4 = Ga, Zn,
Cu, Sn, etc.), in which the magnetic Mn atoms are located at the
face-centered positions and the non-metal atom A4 is at the

This journal is © The Royal Society of Chemistry 2012
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body-centered positions.'”> The discovery of antiperovskite
Mn;AN can be traced back to 1950’s.>'” The antiperovskite
occasionally shows abrupt lattice contraction accompanied with
the magnetic transition from ferromagnetic (FM) or
antiferromagnetic (AFM) to paramagnetic (PM). Due to the
sharp change of lattice volume, NTE properties of
antiperovskite Mn;AN compounds didn’t attract any attention at
that time. In 2005, Takenaka et al. reported that the sharp lattice
contraction in Mn;Cu;_Ge,N could be broadened by doping Ge
at the 4 site.'”> As show in Fig. 33, the NTE is gradually
broadened with increasing Ge content. For x = 0.47 and 0.5
compositions of Mn;Cu,; ,Ge,N, CTE is o = -1.6x10° K
(267~342 K), and o; = -1.2x10° K™ (280~365 K), respectively.
This provides an opportunity to produce a suitable negative or
near ZTE in different temperature ranges for practical
applications. The study of NTE on Mn34AN compounds regains
interests because of features of metallic property and
controllable isotropic NTE behaviours. Compared with other
NTE materials, Mn;AN magnetic compounds show the
following advantages: Controllable and isotropic NTE
properties, and metallic characters with high performances of
mechanical strength, hardness, electrical or thermal
conductivity.'” The present section gives a briefly review on
the progress of NTE studies on Mn3;AN antiperovskites,
including the NTE control and mechanism. One can refer to
excellent reviews for more information.”*'%2

Recently, many studies have been carried out on the NTE of
Mn;AX compounds. By substitution of Ge into Zn site in
Mn;ZnN, NTE can be obtained from 348 K to 448 K (a; = -
7.2x10% K'H.2" NTE of Mn3AN compounds can be modified
by Sn-doping, such as Mn;CugsSngsN (¢ = -2.8x10° K,
296~332K),'® and Mn;ZngsSngsN (¢ = -4.5x10% K,
381~428K)."” The NTE temperature range is, however, not
wide in Ge-substituted antiperovskites. Successively, the NTE
temperature range can be broadened in Mn;Cu,g ¢Si,Geg 4N by
the Si substitution, e.g., Mn3Cug ¢Sio.1sGegsN (¢ = -1.6x107
K!, 120-184 K).!” In addition, the width of NTE temperature
range of Mn3;AN could be further broadened by codoping at N
site. For example, Mn3Zng4SngsNyg5Co 15 shows NTE (o =
—2.3x107° K1) over a broader temperature range (270~336 K),
while Mn3;Zng4Sny¢N shows NTE (¢; = -3.8x10” K'!) over a
narrow temperature range (410~440 K).'”® ZTE behaviour was
achieved in ultra-nanocrystalline Mn;_,CugsGegsN compounds,
due to the fact of broadening effect induced by partial Mn
vancancy.'”” ZTE can be much broadened by the introduction
of vacancies at Zn site of Mn;Zn,N (x = 0.93, ¢; = 5.83x107 K
!, 10~185 K, Fig. 34c)."” For a brief summary, the NTE of
Mn;AN could be controlled and modified over a relatively wide
temperature range by chemical substitution or introduction of
vacancy.
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Fig. 33 (a) Linear thermal expansion of anti-perovskite Mn3(Cu;.,Ge,)N, and (b)
NTE for x = 0.47 and 0.5. (Reprinted with permission from ref. 172. Copyright 2005,
American Institute of Physics.)

The strong spin-lattice coupling plays important roles in giving
rise to the NTE of Mn3AN compounds based on plenty of
experimental facts.'’>'77" 220 - 23 The cubic triangular
antiferromagnetic (%, Fig. 34a) phase supports the occurrence
of abrupt lattice contraction in Mn3;4AN, such as Mnz;ZnN,
Mn;GaN, and Mn;CugoGeg N.!72177:2212222233 Op the other
hand, the origin of the broadening effect mostly arises from the
local distortion induced by element doping or substitution. The
existence of local lattice distortion in Mn;Cu;_,Ge, N has been
confirmed using neutron pair distribution function.”** By using
the same method, the distribution of Cu/Sn-Mn in the local
structure of Mn3;Cu;,Sn,N (x = 0.1 and 0.5) have
investigated.””> The study of x-ray absorption fine-structure on
local structure of Mn;Cuy;Geg3N indicated that the
introduction of Ge causes the intense local strain and the local
disorder around it.**® Nevertheless, only partial elements, such
as Ge, Sn, Si, and Co, are effective to broaden the NTE
temperature range as “relaxant”. The codoping of C at N site
could be expected to result in the broadening effect; however,
this requires the coexistence of “relaxant” elements. Therefore,
structural instability induced by local distortion plays an
important role in the broadening effect rather than chemical
Mn3zAN compounds

disorder. Furthermore, strongly

electron-correlated materials. The broadening effect in Mn;AN

are

may also imply their peculiar electronic states after the

introduction of “relaxant” elements.?*’
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Fig. 34 (a) and (b) Crystal structure and magnetic phases for MnsZn,N. (c)
Temperature dependence of lattice parameter of Mn3Zng 3N with Zn vacancies.
ZTE is in the Myre phase, while PTE in the paramagnetic phase (PM). An external
pressure of 0.55 GPa (A) converts Myre to Mpre, or Mpy at higher temperature.
(Reprinted with permission from ref. 178. Copyright 2012, American Physical
Society.)

In addition to NTE or ZTE effect around magnetic transition,
the ZTE effect was also observed in the AFM region of Mn;AN
antiperovskites. Wang et al. reported that Mn;Zng o3N exhibits
near ZTE effect below 185 K according to the I'® AFM phase,
which was supported by Zn vacancies (Fig. 34).'”® Based on the
neutron diffraction results, a quantitative relationship between
the ordered magnetic moment and lattice variation was found.
The ZTE behaviour of this phase may originate from a
competition between the usual thermal expansion and lattice
contraction due to the gradual decrease of magnetic moment in
the AFM region.'”®!" The development of ' AFM moment is
responsible the gradual lattice expansion of Mn;Cu,_,Ge N

(x~0.5) with decreasing temperature.”®

3.3 NTE magnetic oxides and other materials

Apart from the NTE alloys and antiperovskites of Mn;A4X, there
are some magnetic oxides and other materials which have been
found to exhibit NTE, such as perovskite-type oxides of
LaMnO,,'® 20 - 22 SrRuO,, 161162 233 and
(Tbg .11 Mng 963)MnO;, % orthorhombic antiferromagnetic
CuCLH,0,** molecule-based magnets of M[N(CN),], (M =
Co, Nj),* ferromagnetic AlFeOs,'® ReO;-type MnF;,'”° and
spinels with the formula ACr,X; (X = O, S, and Se).!87-189,236-238
NTE or anomalous thermal expansion generally occurs below
the temperature of magnetic ordering.

NTE was found in the parent compound LaMnO;
hole-doped colossal magnetoresistance compounds of La;.
AMnO; (4 = Ca, Sr, Ba) in a narrow temperature range below

229 and its

24 | J. Name., 2012, 00, 1-3

the Jahn-Teller transition (7}7).2°?*? The NTE is correlated
with the Tjr. For LaMnOs, unit cell volume collapse undergoes
at Ty7 (750 K) with a volume contraction of 0.36 %. At the same
time the average Mn-O bond distances show an abrupt
contraction of 0.45% at the 7)r. The NTE of LaMnO; is
connected with the orbital order-disorder transition, where the
orbital disordered state allows a more efficient packing of the
MnOy octahedra.?*® In Laggs. Yo15Ca,MnOs, its orthorhombic
symmetry (Pbnm) shows ferromagnetic ordering with the Mn
moments parallel to ¢ axis. Simultaneously ¢ axis becomes
NTE below 7¢, which means a coupled role with Mn moment.
For the composition of x = 0.25, NTE was found below the

magnetrostructural transition at 7= 110 K (ay = -1.2x10° K
1y 182
).
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Fig. 35 (a) Temperature dependence of unit cell volume of perovskite-type
ferromagnetic SrRuOs. T¢ is 160 K. The solid line represents the anharmonic
phonon contribution to thermal expansion. (b) Temperature dependence of
spontaneous volume magnetostriction, @, and the square of spontaneous
magnetization, M?, of SrRuOs. (Reprinted with permission from ref. 161. Copyright
1996, American Physical Society.)

Magnetic SrRuOj; exhibits anomalous thermal expansion below
T 101162233 Ag shown in Fig. 35a, SrRuOj; exhibits a near ZTE
below its T¢ (ay = 1.6x10° K, 12~160 K).!'®! The nature of
near ZTE is originated from the fact that SVMS compensate the
PTE from anharmonic phonon vibration. As shown in Fig. 35b,
the SVFS (@) shows a good correlation to the square of
spontaneous magnetization M as function of temperature,'®' as
described by equation 10. As a comparison, paramagnetic
CaRuOj; does not show any anomalous thermal expansion.
Thermal expansion of SrRuO; can be modified by the
introduction of defects in Ru sites. With increasing content of
Ru defects in SrRu;,Os;, the spontaneous magnetization is

This journal is © The Royal Society of Chemistry 2012
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weakened, resulting in the reduced 7¢. Accordingly the
temperature range ZTE is shifted to
temperature.”*® NTE can be introduced in paramagnetic and
PTE oxide of CaRuOj; by substitution of magnetic element of
Fe in the Ru site.'®? For example, Ca(RuggsFeq5)O; shows
NTE below its Tc (Tc = 85 K, ay = -1.4x107 K™!, 10~80 K).
Here, the correlation of @, ~ M? is similar to the behaviour of
SrRuO; (Fig. 35b).

MnF; magnetic fluoride
symmetry, and has a simple ReOj;-type open-framework
structure which consists of corner-shared MnF, octahedra.
Below its Ty = 43 K, lattice parameters show NTE along three
axis directions, resulting in a strong NTE (ay = -9.5x10”° K\,
5~43 K).'° Its NTE from
antiferromagnetic ordering,
rotation. The absence of the framework contribution to NTE is

of near lower

crystalizes in monoclinic C2/c

shows a coupling result

not from polyhedral coupled

due to large distorted framework. The angle of linkage F-Mn-F
is about 145-148° which much deviates from the straight angle
of 180°.

NTE was found in magnetic chromium-based spinels with the
formula ACr,X, (X = O, S, and Se), such as ZnCr,Se,, 8236237
CdCr,S,,'%%2%® and CdCr,0,.'¥” These cubic spinels have being
studied as magnetic frustrated systems and multifunctional
solid compounds such as multiferroicity.*’ Those properties
are attributed to the cooperativity and competition between
charge, spin, and orbital degrees of freedom, all of which are
interestingly strongly coupled with lattice. NTE has been found
in those magnetic frustrated spinels due to the strong spin-
lattice coupling. Such coupling has been explained in terms of
strong competition ferromagnetic and
antiferromagnetic interactions. Due to this competition, NTE

between

behaviour occurs at temperatures above 7y where such
competition coexists in ZnCr,Se, (¢ = -3.6x10° K, 21~40
K),26237188 and CdCr,04 (¢ = -1.4x10° K, 45~140 K),'® or
in ferromagnetic phase with relative lower 7¢ such as CdCr,S,
(g = -1.8x107° K'!, 4.2~120 K).!82382% Note that for those
ferromagnetic spinels with higher 7¢, such as CdCr,Se, and
HgCr,Sey, antiferromagnetic interaction is weaker, which
implies weaker spin-lattice coupling. Accordingly, these spinels
show PTE.?®* For example of NTE in ZnCr,Se, spinel, the
contribution of spin-lattice coupling and the coexistence of
AFM and FM to NTE have been well
experimental studies of infrared-spectroscopy lattice dynamics
and temperature dependence of neutron diffraction.'®%23¢237 On
cooling below 7~ 68 K the cubic lattice constant exhibits NTE
until 7y (21 K). Note that there is no structural transformation
observed at 7). The specific-heat
measurement suggest strong spin fluctuations below 7. Indeed,

supported by

and magnetization

in the NTE temperature range broad diffuse scattering
contributions centered on the (0,0,8) magnetic reflections were
observed, which corresponds to magnetic fluctuation. The NTE
occurs with the growth of the FM clusters.”***7 Such NTE
behaviour in frustrated magnetic ZnCr,Se, is similar to the ZTE
in Pb-based ferroelectric relaxor in which thermal expansion
deviates from normal one accompanying by the occurrence of
PNRs in paraelectric matrix.
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Furthermore, due to the competition and balance between AFM
and FM states in frustrated magnetic spinels, thermal expansion
behaviour can be easily affected by applying external magnetic
field which can stabilize the FM state.'®*'%%*7 For example in
ZnCr,Sey, the dominant magnetic coupling mechanism is
superexchange, which includes FM Cr-Se-Cr and AFM Cr-Se-
Zn-Se-Cr or Cr-Se-Se-Cr exchange interactions. An external
magnetic field changes balance between FM and AFM
interactions enhancing ferromagnetic correlations. As a result,
the NTE of ZnCr,Se; can be extended down to lower
temperature with decreasing 7y by applying external magnetic
field (Fig. 36)."®® As shown in Fig. 36, at zero magnetic field
NTE appears above Ty (21 K) with a linear CTE o; = -3.6x107
K (21~40 K), while by applying magnetic field of 30 kOe the
NTE appears above Ty (17 K) with a linear CTE a;= -4.8x10
K (17~40 K). As magnetic field is enhanced to 70 kOe,
antiferromagnetic phase is completely suppressed and NTE is
well maintained down to the measured lowest temperature 4.3
K (o;= -5.2x10° K'!, 4.3~40 K). Another example is ZnCr,S,
which shows two antiferromagnetic transitions (7y; = 15 K and
Tno = 8 K) and PTE (¢; = 1.31x10° K'!, 2~16 K) at zero
magnetic field. By applying magnetic field, the magnetic field
starts to break the delicate balance between AFM and FM
interactions and enhances the FM interactions. By applying 5T
external magnetic field NTE is induced (a; = -2.14x107° K,
2~16 K).2*’
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Fig. 36 (a) Relative linear thermal expansion, AL(T)/L, and (b) linear CTE ¢ of
ZnCr,Se, at different magnetic field. The inset of (a) shows an extended
temperature range illustrating the NTE between Ty (21 K) and 75 Kin H = 0 and
50 kOe. (Reprinted with permission from ref. 188. Copyright 2007, American
Physical Society.)

3.4 Size effect in magnetic materials

Thermal expansion is generally studied in the bulk state of
materials. It is common sense that physical and chemical
properties of materials are affected by size effect. It is also true
for the size effect on thermal expansion properties of materials.
The study on the effect of particle size on thermal expansion
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provides on important issue that the effect of particle size
should be paid much attention for applications such as films
and nano devices, because thermal expansion could change
much at nanoscale range. Accordingly, physical properties of
functional materials at nanoscale range could be greatly
affected due to change in thermal expansion or mismatched
CTE at interface of thin film or heterostructure. Some progress
has been made in the issue of the particle size effect on thermal
expansion 6717%186:.191.240-244 o jsque of size effect on thermal
expansion will be one of interesting topics for future studies.
According to the available literatures, size effect on thermal
expansion of magnetic materials has shown interesting
phenomena. The size effect on thermal expansion is worth
further study not only on magnetic materials but also other
functional materials.

In this section, the size effect on magnetic materials is
reviewed. For example, giant NTE can be introduced in
magnetic nanocrystals such as CuO and MnF, which originally
show a PTE in the bulk state.'®® As shown in Fig. 37, the bulk
state of CuO exhibits a slight PTE below its Ty (ay = 2.1x10°®
K', 20~210 K). As particle size is decreased to 5 nm, a giant
NTE appears (ay =-1.1x10* K', 20~170 K). The magnitude of
NTE in nano CuO is four times larger than that observed in
ZrW,05 (ay = -2.73x10° K'!, 0~300 K).> Above Ty thermal
expansion is almost the same in either bulk or nano state. The
same phenomenon was observed in antiferromagnetic nano
MnF, below Ty (67 K) but not in nano NiO. The size effect
introduced giant NTE was proposed to correlate with the strong
magneto-lattice coupling, i.e., MVE. The detailed mechanism
could be clarified by further studying the size effect on crystal
and magnetic structure, phonon, and their correlations.
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Fig. 37 Temperature dependence of unit cell volume in nano and micrometre
CuO. (Reprinted with permission from ref. 186. Copyright 2008, Nature Publishing
Group.)

NTE was observed in Au nano particles whose bulk state
exhibits PTE and diamagnetic properties.'”’ As shown in Fig.
38, with increasing temperature Au nanoparticles (4 nm) shows
a crossover from PTE (o, = 3.2x10” K™, 15~100 K) to NTE (¢
= -2.5x10° K, 150~400 K). No structure phase transition
exists. The PTE in nanoparticles is 2.3 times larger than that of
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the bulk Au (¢ = 1.4x10° K)."! The anomalous thermal
expansion was interpreted by accounting for the effects of the
valence electron potential on the equilibrium lattice separations,
with a weakly temperature dependent level spacing. For a bulk
state system, the electronic contribution to the total energy
results slowly varies with temperature, while for a nanostate the
presence of electronic discrete energy levels separated by only
few meV implies a relevant variation of the electronic energy
with temperature. The intrinsic ferromagnetic property of Au
nanoparticles has been observed by means of technologies of x-
ray magnetic circular dichroism (XMCD) and neutron
diffraction measurements.”*® The ferromagnetism is associated
with the Au atoms on the surface, which is created by localized
5d holes, while the core atoms remain diamagnetic. The
anomalous thermal expansion could also be entangled with size
introduced magnetism, and the anomalies with crossover were
also observed in the magnetic response.'®"

4.085
4 nm Au nanoparticles
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Fig. 38 Temperature dependence of lattice parameter of the Au nanoparticles. A
crossover from a PTE at low temperatures to a NTE at high temperatures is at
about 125 K. (Reprinted with permission from ref. 191. Copyright 2002, American
Physical Society.)

The size effect can transform NTE to ZTE in magnetic
antiperovskite of Mnj_CugsGeysN reported by Song et al'”
As shown in Fig. 39a, NTE is observed in 260~340 K with o; =
-1.7x107 K" in coarse-grained polycrystalline (mean grain size
~2.0 um) of Mn;_,CuysGegsN. With decreasing grain size, NTE
is weakened and temperature range is extended to 160~260 K
(ey=-3.89x10° K" for the nanocrystalline sample (mean grain
size ~30 nm). Interestingly, ZTE occurs over a wide
temperature range (¢ = 1.18x107 K™, 12~230 K) for the ultra-
nanocrystalline sample (mean grain ~12 nm). The
mechanism of size effect on thermal expansion of Mnj.
«CuysGepsN is due to the coupling of the thermal expansion
with the magnetic ordering process, in which the rate of change
of the lattice parameter with respect to temperature (da/d7) is
mainly affected by the rate of change of the magnetic moment
(dM/dT). Here, the grain size plays a role in determine the Mn
occupancy in the lattice of Mnj;_CugsGeysN. With decreasing
grain size, the Mn occupancy is decreased. The lower Mn
occupancy in ultra-nanocrystalline leads to a low magnetic

size

ordering transition temperature, a small magnetic moment, and
a low rate of decreasing in the magnetic moment upon heating.

This journal is © The Royal Society of Chemistry 2012
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As aresult, ZTE takes place over a wide temperature. The role
of magnetic moment in thermal expansion of magnetic
antiperovskite is similar to that of Py in NTE of PT-based

ferroelectrics.'*
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Fig. 39 Temperature dependence of (a) lattice parameter and (b) Mn magnetic
moment of Mn3,CugsGegsN of three materials having different microstructural
length scales. The arrows indicate the magnetic ordering transition
temperatures. (Reprinted with permission from ref. 179. Copyright 2011, American
Physical Society.)

4. NTE in multiferroic materials

Multiferroics materials, which simultaneously behave two or
more kinds of fundamental ferroicities, such as (ferro)magnetic
and ferroelectric, have been intensively studied in the last
decade.’® Since there has been established the coupling role
between NTE with ferroelectric or magnetic order. NTE could
be expected to exist in multiferroic materials. There are several
available multiferroic systems which have been reported to
exhibit NTE. For example, NTE or near ZTE were observed in
Pb-based multiferroic perovskites of Pb(Fe;;Nb;,)05'%° and
Pb(Fe, s W 3)05.” In multiferroic perovskite of
Pb(Fe;,Nby/,)O; it has ferroelectric-to-paraelectric and G-type
antiferromagnetic-to-paramagnetic at 385 K and 143 K,
respectively. Its structure remains monoclinic (Cm) in the
temperature range 12-300 K without any phase transition. As
shown in Fig. 40, NTE occurs at antiferromagnetic phase
transition (Ty = 143 K,ay = -4.64x10° K™!, 12~150 K).'®" The
NTE of Pb(Fe;;Nb;,)0;
antiferromagnetic order however not with ferroelectric order.
For multiferroic relaxor of Pb(Fe,3Wy/3)O3, its near ZTE also
occurs below its antiferromagnetic phase transition (7 = 340

exhibit the coupling role with

This journal is © The Royal Society of Chemistry 2012
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K) not at the Ty, (443~463 K). The CTE of Pb(Fe,3W,,3)0; is
ay = 4.5x10° K (< 300 K).”? For multiferroic BiFeOs, the
contraction of unit cell volume was observed in a narrow
temperature range of 598~617 K at Ty.**®
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Fig. 40 Temperature dependence of (a) lattice parameters of perovskite
(a = ay,/V2, b =by/V2b, and ¢ = cy), (b) unit cell volume, and (c) the
monoclinic distortion angle (B) for Pb(Fe1/;Nb1/,)Os. (Reprinted with permission
from ref. 180. Copyright 2007, American Institute of Physics.)

CdCr,S; multiferroic  with structure exhibits the

coexistence of ferromagnetism and proper ferroelectricity

spinel

below T¢ of 85 K. It has colossal magnetocapacitive effect and
strong coupling of ferroelectric polarization to external
magnetic field. Its ferromagnetism and ferroelectricity develop
independently, and are driven by electronic superexchange and
soft-mode behaviour, respectively. Its multiferroic property is
associated with the Cr** ions. CdCr,S, shows NTE below the
ferromagnetic transition temperature (7¢ = 85 K). Its CTE is o
=-3.7x10° K' (6~90 K). The experimental results showed that
NTE
ferroelectric order. At temperature higher than magnetic 7T¢,

seems to couple with magnetic order, not with
ferroelectricity exists however with normal PTE.**
of PT-Bi(Ni;Ti;»)03
different
composition (Fig. 14).”° For example, ZTE compound of
0.8PT-0.2Bi(Ni;;Ti;»)O03 has
polarization (P, 94 uC cm?), ferromagnetic remanent
magnetization (M, = 1.2x107 emu g ), and o, = 1.21x10° K",
All of PT-Bi(Niy);Ti;»)O; show NTE or
anomalous thermal expansion below ferroelectric 7c. The NTE

exhibit
chemical

Multiferroic  perovskites

controllable thermal expansion for

ferroelectric remanent

compositions
mechanism of PT-based ferroelectrics has been discussed in the

section 2.4. There is no evidence for the effect of magnetic
property on NTE.
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In the above reviewed multiferroics, NTE is coupled either with
magnetic order or ferroelectric one. So far we cannot find a
multiferroic material in which NTE is coupled simultaneously
the

absence of

with magnetism and ferroelectricity. In available
showing NTE, the

simultaneous coupling between lattice and multiferroicity could

multiferroic  systems
be related to either much weak ferroelectricity or magnetism.
For example, the remanent polarization of multiferroic CdCr,S,
is as low as P, ~ 0.3 uC cm™ at 25 K,**° which is in an order
smaller than common ferroelectrics. In the
PT-Bi(Niy;Tiy,)O03, ferromagnetic remanent
magnetization is too weak (M, = 1.2x107 emu g").”° If
could be

enhanced, we could expect that NTE would be really tunable in

magnitude
multiferroic
ferroelectrcity and magnetism simultaneously
multiferroics. In future study, thermal expansion could be
focused on those multiferroics which have simultaneously
enhanced ferroelectricity and magnetism. New multiferroic
NTE functional materials could be found.

5. NTE in functional materials induced by electron
configuration change

The change of electron configuration can bring NTE or
anomalous thermal expansion in functional materials, such as
semiconductors of Si, Ge, and GaAs,>*”**® Mott insulators of
Ca,Ru0, based compounds, >****° charge transfer in perovskites
of LaCusFe;Op, P! and BiNiO;, *** and superconductors of
MgB, 232 and Ba(Fe.9,6C00.074)2A8,. 2> The NTE data of
those functional materials with change of charge configuration

are tabulated in Table 4.

Table 4 Negative thermal expansion of functional materials with change of
electron configuration

Smy 75Ce0 -40 <32 SPD 264
YbsGesSbs -155 5~15 SPD 265
(BipgsLag.os)NiO3 -41.3 300~370 SPD 252
Ba;Bilr,0 1% T=170 NPD 266

Materials ay(10°K")  Temp. Method  Ref.
range (K)
Cax(RugoMny )04 32 150~400  XRD 250
Cax(Rug7sMng5)0s  -0.43 90~410 XRD 250
CaRug933Cr006704 -8.0 90~210 XRD 249
NpFeAsO 2.9 20~60 XRD 256
PrFeAsO -0.26 2~30 NPD 257
(CaggsLagis)FesAs,  -4.7 5~300 Dilto. 258
Ba(FeyosCooos)2As;  -0.21 <7 Dilto. 255
Ba(Feyo6C00.074)2As,  -0.11 <22 Dilto. 255
StCo,As; -0.39 8~80 XRD 259
BiySr; CaCu,0, -1.2 2~85 XRD 260
BixS1,CaCuyOs. 26 110~250  XRD 261
MgB; -1.5 12~42 NPD 262
Smy 67Y03:S 3.0 (a) 10~255 XRD 263
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“There is 1% sharp volume contraction at 7= 70 K.

5.1 Semiconductors

NTE has been observed in low temperature in many tetrahedral
semiconductors such as Si, Ge, and GaAs.”***® It has been
suggested that free electrons of semiconductors could soften
lattice, which could produce that free electrons change the
range and magnitude of NTE.**’ For example, the magnitude
and temperature range of NTE can be enhanced in Te-doped
GaAs
(1.2x10"cm™), compared with the undoped, n-type GaAs with

with an enhanced free-electron concentration

a relatively lower free-electron concentration (2x10'7cm™).
Also of Te-doped Alj;,GagegAs
semiconductor is near zero below 60 K in dark condition, while

thermal expansion
it is transferred to negative under strong illumination with white
light.**” Tt needs to mention that the NTE mechanism in
semiconductors should distinguish from the contribution of
phonon. It is also true for the studies on NTE mechanism in
other functional materials.

5.2 Mott insulator

Large NTE has been observed in the classical Mott insulators of
Ca,RuQ, based compounds below the metal-insulator transition
(T 270 Cay(Ru; . M,)O,4 (M = Cr, Mn, and Fe) exhibits NTE
below Ty for various content of chemical substitution M with
examples of Ca,y(Rug033Cr0067)04 (@ = -8.0x107° K!, 90~210
K), Cay(RugeMng )04 (ay = -3.2x10° K, 150~400 K), and
Ca,(Rug.9,Feq 05)04 (ap = -3.7x107 K!, 150~390 K).****° The
NTE was ascribed to strong coupling with orbital order at the
metal-insulator transition. As shown in Fig. 41, for the
composition of Cay(RuygoMngy)O4 with a sharp Ty, the
dramatic NTE occurs on cooling with an onset in close
proximity to the Ty (380 K) with o = -3.2x107 K™' (150~400
K). However, for the composition substituted with more Mn
content, Cay(Rug75Mng,5)O0y,
becomes broader and cannot be well defined. Simultaneously
the strong NTE diminishes with nearly ZTE (-4.3x10° K,
90~410 K).**° Interestingly, the magnitude of NTE decreases as
the atomic number of M increases. This trend may be

the metal-insulator transition

associated with the fact that with increasing nuclear charge the
3d orbitals and the 3d band
progressively fills and downshifts away from the Fermi energy

become more contracted,

Er, thus weakening the overlapping with 4d band. The NTE
mechanism for Mott insulators shows an electron-lattice
interaction similar to MVE. In a Mott insulator the occurrence
of an orbital order is always accompanied by electron
localization, which costs kinetic energy of electrons whereas
lattice expansion reduces the kinetic energy. NTE can take

place if the energy gain from the electron-electron interaction

This journal is © The Royal Society of Chemistry 2012
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and the lattice expansion can overcome the energy cost from
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the electron-lattice interaction and the electron localization.?>°
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Fig. 41 Temperature dependence of unit cell volume (V), and ab-plane resistivity ps, and magnetic susceptibility X, at zoH = 0.5T for Caz(Ru1.,Mn,)Oy,, (a) x = 0.1, and
(b) x = 0.25. (Reprinted with permission from ref. 250. Copyright 2012, American Physical Society.)

5.3 Charge transfer

Temperature-induced intersite charge transfer can give rise to
the contraction of ionic radius upon heating, resulting in NTE.
Some NTE materials have been found due to this effect, such as
YbCuAl > LaCusFe,0,,”" BiNiO3,** YbgGe;Sbs,*” and
Smy 75C0.2%* The NTE mechanism of temperature-induced
charge transfer can be traced back to the studies on rare earths
in early years of 1980s, such as the charge change of rare earth
Yb in YbCuAI**” and YbInCu,,?®® and Sm in (Sm,,Y,)S (x =
0.33, ¢ =-3.0x10° K!, 10~255 K)***** and (Sm,_.Gd,)S.?"°

The large NTE was observed in A’Cu;Fe O, (A" = larger rare
earth elements La to Tb, Sr and Bi) which has an A-site ordered
double perovskites (Im3) of A'A;B,0,, (Fig. 42a). The NTE
mechanism is due to the isostructural phase transition induced
by the A-B intersite charge transfer.”>'?7"*’* Such A-B intersite
charge transfer leads to paramagnetism-to-antiferromagnetism
and metal-to-insulator phase transition. For example, a sharp
unit cell volume contracts at the isostructural phase transition
for LaCusFe O, (~1%, Fig. 42b).*' Similar sharp NTE was
observed in other A'Cu;Fe;O,, with A’ larger rare earth
elements La to Tb and Bi,*”*?™* but gradually NTE in
SrCusFe;0,.27! The NTE mechanism was assigned to the
temperature-induced intersite charge transfer transitions. With

increasing temperature there is the charge transfer transition of

3Cu3* + 4Fe3* — 3Cu?* + 4Fe373* | which also means an

—~~
O
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Fig. 42 (a) Crystal structure of the A-site-ordered A’A;B,0;, double perovskites of
LaCusFe,01,. The A-site ions make square-planar coordinated and isolated AO,
units, and the B-site ions form corner-sharing BOg octahedra. (b) Temperature
dependence of unit cell volume of LaCusFe;01,. (Reprinted with permission from
ref. 251. Copyright 2009, Nature Publishing Group.)

Another experimental evidence for this mechanism is the fact
that a sharp NTE taking place in A’'CusFe O;, (A’ = larger rare
earth elements La to Tb) is accompanied by a larger amount of
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charge transfer, while a gradual NTE in SrCus;Fe O, with a
smaller amount of charge transfer.””' It needs to note that those
A’CusFe O, with smaller A’ rare earth elements Dy to Lu, and
Y do not exhibit NTE but PTE during the phase transition.
Here, the phase transition is caused by charge
disproportionation (8 Fe375* — 5Fe3* + 3Fe5* ), and lower
temperature phase is ferromagnetic.?’"*”> The NTE mechanism
of A'CusFe O, double perovskites should be noted that MVE
could also play role in NTE, since there is magnetic ordering
transition accompanying with NTE.

In 2011, Azuma et al. reported that under a constant pressure of
1.8 GPa, colossal NTE was observed in the Bi-based
perovskites of BiNiO; during the phase transition from the
high-temperature  orthorhombic Bi*'Ni*’O; to the low-
temperature triclinic phase Bi*"(sBi*"sNi*'O; (Fig. 43).2>%"¢
BiNiO; shows a 2.6% volume reduction at around 500 K under
pressure due to intermetallic charge transfer between Bi®" and
Ni*". Chemical substitution of La for Bi can suppress the charge
disproportionation in the Bi**ysBi’"(sBi*'O; phase thereby
shifting the charge-transfer transition down to near room
temperature at ambient pressure. It is interesting that the
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Fig. 43 (a) Pressure-temperature phase diagram of BiNiOs. Blue symbols
represent the low pressure and temperature phases corresponding to triclinic,
antiferromagnetic and insulating Bi** sBi**0.sBi’*03, while red ones represent the
high pressure and temperature phases to orthorhombic, paramagnetic and
metallic Bi3+Ni3+03. (b) The dilatometric linear thermal expansion for
Big.osLagosNiOs at ambient pressure. (Reprinted with permission from ref. 252.
Copyright 2011, Nature Publishing Group.)
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colossal NTE in (BiggsLagos)NiO; can be maintained at
ambient pressure before the decomposition. The volume CTE
ayis -4.13x10* K' (300~370 K), and the maximum slope of
dilatometric curve in 320~380 K corresponds to o = -8.2x107
K" (Fig. 43b).%***"7 Additionally, the temperature range of the
colossal NTE can be shifted by the chemical substitution of
different lanthanide elements. The onset temperature of NTE is
increased by substituting smaller lanthanide element due to the
fact that the charge transfer transition is less affected.”’

Large NTE was observed in rare earth fulleride of RE;;5C
due to temperature-induced valence transition of rare
earth.?**?"28 The NTE occurs without any crystal structure
change but originates from the temperature-induced differing
radii of the rare earth 4/ and 4f/™' states. For example in
Sm; 75C¢o, on heating a valence transition of Sm from nearly 2+
with a larger radius (Sm>", 1.14 A) towards an intermediate
value of 2.3+ with a smaller radius (Sm®", 0.96 A) has a
profound effect on lattice size and is responsible for its NTE
(Fig. 44).”* This valence change is driven by the coupling of
the rare earth 4f band and the t;, band of Ceo0.2”? As shown in
Fig. 45, at high temperatures, 4f electrons can be thermally
excited from the narrow 4f band into the Cg, t;, band; while at
low temperatures, these electrons are taken back into the 4f
band resulting in a 4/ Yb electronic configuration and an
expanded ionic radius.?” NTE of RE, 75Cs can be adjusted by
various rare earths. For example, Sm;;5Csy and Yb,75Ce
exhibit NTE with oy = -4.0x10* K™ (<32 K) and oy = -5.5x10
4K (< 32 K), respectively.’***”® As a comparison, the NTE is
absent when the electronically active 4f sublattice is missing in
the related alkaline earth fulleride, Cay 75Cgo.2”°
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Fig. 44 Temperature dependence of unit cell volume of Sm,;5Ce. The inset
shows an expanded view of NTE between 4.2 and 40 K. (Reprinted with
permission from ref. 264. Copyright 2003, Nature Publishing Group.)

NTE or ZTE was observed in Yb-based intermetallics which
were ascribed to the change variation of Yb. In YbgGe;Sbs, the
NTE is due to temperature-induced charge change of Yb caused
by the charge transfer from Yb 4/ bands to Sb 5p and Ge 4p
bands (-1.55x10° K, 5~15 K).**> The charge transfer
mechanism was ever supposed to explain the ZTE in YbGaGe
intermetallic compound in which Yb could change from 2+
with larger radius to 3+ with smaller radius on heating.”®' Yb

This journal is © The Royal Society of Chemistry 2012
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exhibits two energetically similar electronic configurations,
magnetic Yb*" (4/%) and paramagnetic Yb>" (4/'*). Since Yb**
is much larger than Yb*' (1.16 vs. 1.008 A), the valence
fluctuation of the transition from Yb?" to Yb*>" can compensate
for normal thermal expansion with increasing temperature.
However, the ZTE in YbGaGe intermetallic could not be
reproduced in following studies, where samples showed a
normal PTE property in stoichiometric or non-stoichiometric
compositions. 2>~ **” The charge variation of Yb was not
observed and is nearly divalent in YbGaGe.”®**” The low
thermal expansion in YbGaGe could be resulted from the
doping of carbon impurities.”® The original growth of YbGaGe
was performed in graphite crucibles.”®' The thermal expansion
can be reduced by 47% with only 0.5 at.% carbon or boron
included in starting materials. The near ZTE was suggested to

be correlated with substitutional disorder.?®®

j

t1,°% (Cgo>*)

low temperature 5d° high temperature

414 (Yb?*) 41382 (yp2.18+)

Energy

t,° (Ceo®)

Density of states ———

Fig. 45 Schematic representation of the electronic density of states in strong NTE
Yb, 75Ce0 at low and high temperatures. The strong NTE results from the spilling
over of electron density from the Yb 4f band to the t;,band of Cg, on heating.
(Reprinted with permission from ref. 279. Copyright 2005, American Chemical
Society.)

5.4 Superconductors

In superconductors or related materials, NTE has been observed
below the superconducting 7¢ in systems such as Nb and
Ta, 288 MgB,, 253254 NdFeAsOq soFo 11, 289
Ba(Fe.26C00.074)2A8,,2> 2*° and  La, g5S1g,15CuOy4, »°! below
magnetic phase transition of superconducting UCoGe,”** and
iron-based superconductors such as AEFe,As, (AE = Ba, Sr,
Ca)*? and PrFeAsO,”’ or in non-superconducting iron-based
layered compounds such as Pr(Fe;,Ru)AsO,*® (Ca,.
La)Fe,As,,>® and SrCo,As,.”* NTE is coupled with order
parameter in superconducting phase for NdFeAsOqgoFy 11, 289
Ba(FeO_926C00_074)2Asz,255 La, 5Srp 1sCu0,,%°!  and Ba(Fe,.
C0,)rAs,, 25520 magnetic order for NpF eAsO?° and AEFe,As,
(AE = Ba, Sr, Ca),”® or specific layer structure feature for
Pr(Fel,xRux)AsO,303 (Cal_xLax)FezAsz,258 and SrCo,As,.>*°

A change of volume in a superconducting phase can be
thermodynamically described based on Gibbs free energy. The
free energy G(Q, T) near the transition temperature 7T can be
expressed using a Landau potential by the following equation:

G(Q,T) = Go(T) + (1/2)A(T — T.)Q? + (1/4)BQ* +
(1/2)Clel* — DlelQ? (12)
Where 4, B, C, D are temperature independent positive
constants, e is lattice strain, O order parameter. From the
equilibrium condition for the strain, there is a relation between
e and Q as follows:

This journal is © The Royal Society of Chemistry 2012
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lel = (D/C)Q? (13)

It indicates the coupling between the lattice strain and order
parameter in superconducting phase.”® The lattice strain, e, is
defined as e (@exp=nm)/@nm, Where ae, and a,, are,
the experimental lattice parameter, and the
determined by extrapolation from high
temperatures according to the Debye-Griineisen equation 3. The
superconducting order parameter is an energy gap A(7), i.e., a
Bardeen—Cooper—Schrieffer (BCS) gap, on a Fermi surface in
the conventional superconductors. Positive e means NTE of
lattice parameter, while negative one means PTE of lattice
parameter. The value of e has been calculated in some
superconductors, such as 7.0x10° (¢ axis) for
La, §5Srp 15Cu0,,%>" 2.4x107° (a axis) for YBa,Cu;Ogs, 2°

respectively,
nominal one

1.4x10° (a axis) for MgB,*' 1.3x10* (¢ axis) for
NdFeAsOqgsoFo11  (Fig.  46),  8x10° (¢  axis)
Ba(Feo_926C00_074)2A82,255, and -5.1x% 10’5 ((1 axis) for

Bay K 4BiO; (Fig. 47).%%* There is a correlation of |e|~A2(T)
which has been found in the above mentioned
superconductors,>>>289-291.293 note that the
calculated e value presents one crystallographic direction.
The above phenomenological approach described in equations
12 and 13 can be physically understood based on the BCS
theory.?®>?** The electronic contribution to CTE in isotropic
superconducting state, [, is obtained based on the BCS theory
in the limit of weak electron-phonon coupling.”®* f4., is the
electronic contribution to CTE in normal state. The difference
between S, and ., can be described as follows:

)(Ces - Ses) (14)

Please above

Bes — Ben = %(Ses —Cen) + TCLV (?3_7;
Where f., = AT, S, and S., are the entropies in the
superconducting and normal states, respectively. C., and C., are
electronic contributions to superconducting and normal states
specific heat, respectively. y and p are the coefficient of C,, and
pressure, respectively. The sign of the second term of the
equation is the same as the sign of (97T./dp), which is
dependent on the detailed mechanism of superconductivity.
This term is positive or negative. Accordingly, the lattice
parameters of superconductors have been observed to
abnormally change to exhibit NTE in NdFeAsOggoFo; (Fig.
46),289 La, g5St(15Cu0y, 1 Ba(1:60.926(:00.074)2A32,255
MgB2,253’254’262 YBa,Cu;3045,2>> and PrOs,Sb;, 2 or PTE in
Bag K, 4BiO; (Fig. 47),** and UCoGe.?° Because the leading
term in the equation 14 vanishes at 7, the equation 14 reduces
to the standard Ehrenfest equation. It also needs to note that
there exist some superconductors in which the occurrence of
NTE does not couple with the superconducting transition. The
temperature ranges for NTE and superconductivity do not
coincide. For example, Bi,Sr,CaCu,0g,, begin NTE at 250 K
which is much higher than its T (72~85 K).?%!
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Grineisen equation (solid red line above T¢ and dash line below T¢) for
Bap Ko 4BiOs. (Reprinted with permission from ref. 293. Copyright 2010, Elsevier.)

It is interesting to note that thermal expansion property can be
utilized to adjust superconducting 7¢. The effect of hydrostatic
pressure on 7¢ has been studied in a number of groups of
superconductors or parent compounds, which is useful for
further increase in 7c. A large pressure dependence of 7¢
means that 7 can be optimized by introduction of chemical
pressure or epitaxial strain in thin films. The pressure

dependent 7¢ is highly correlated to the change in thermal

expansion at 7¢, which is described by the Ehrenfest
relationship,
dT, Aa;V,
T 2o, (1)
dp; ACy /T

Where Aq; is the jump in the thermal expansion along the i
direction, V7, is the molar volume, and AC,, is the specific heat
jump. The pressure dependence of 7: can be understood
according to the thermal property of expansion and specific
heat. For example, Ba(Fe( 9,Cog 03)>As; superconductor exhibits
very anisotropic pressure dependence of 7, where dT./dp, =
3.1 K GPa™' and dT,/dp, = -7.0 K GPa™', respectively. The
volume pressure effect dT,/dpye = -0.9 K GPa™', which agrees
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well with direct experimental measurements on single
crystal.297 These results imply that 7 of Ba(Feg9,C0q.03)2AS,
can be increased significantly by increasing the c/a ratio. It is
true for the cases that K-doping increases c¢/a while Co-doping
decreases c/a. The difference in 7 for K-doped (39 K) and Co-
doped (22 K) BaFe,As; could be due to a chemical pressure
effect upon c¢/a.>*’

The engineering of control of CTE matching has succeeded in
enhancement of superconducting transition temperature 7c.
According to the properties of uniaxial pressure dependence of
Tc calculated on the base of the Ehrenfest relationship by
means of measurements of high-resolution dilatometry thermal
expansion on single crystals, 7¢ of La, Sr,CuO, could be
enhanced by compressive strain in a-b plane, or by tensile
strain along the ¢ axis.?® T of La, ¢Sry CuO, was doubled by
introducing epitaxial strain.>? Thin films of La, ¢Srq;CuO, were
grown on two substrates of SrTiOz and SrLaAlO,. As shown in
Fig. 48a, for La; ¢Sry;CuOy, SrTiO; and SrLaAlO,, the lattice
parameter a at RT, is 3.784, 3.905 and 3.754 A, respectively;
and their linear CTEs of ¢ are 8.5x107° K™, 9x10°¢ K!, and
1.1x10° K, respectively. As shown in Fig. 48b, compared
with 7 of bulk state (25 K), the La; ¢Sry ;CuOy thin film grown
under compressive strain on the substrate of SrLaAlO, exhibits
almost doubled 7 (49.1 K), while grown under tensile strain on
the substrate of SrTiO; exhibits a much reduced 7¢ (10 K).>
The biaxial tensile strain MgB, films show enhanced 7 (41.8
K) to well beyond the bulk value by means of control of CTE
between MgB, and substrates. Epitaxial MgB, thin films were
deposited on (0001) 4H-SiC and (0001) sapphire substrates
with different CTE of (0001) plane. The CTE in the (0001)
plane at RT is 5.5x10° K! for MgB,, 3.0x10°¢ X! for SiC, and
6.7x10° K*! for sapphire. Therefore, the mismatched CTE leads
to large tensile strain in MgB, on SiC substrate, and
compressive strain on sapphire one.’

Many superconductors and related compounds have layered
structures. Due to the specific structure feature in layered
material in which in-plane chemical bonding is strong whereas
interlayer weak, materials with layered structure normally
exhibit strong anisotropic thermal expansion properties with a
typical example of layer material graphite or graphene.?**>% It
means that in-plane thermal expansion is small positive or
negative, whereas out-of-plane is strongly positive. It is the
case in layered structure superconductors and related
compounds such as REFeAsO (RE is rare earth) based
compounds, AEFe,As, (AE = Ba, Sr, Ca) based
compounds,zgz’”o YBaCuO,,, 3% MgB,, 253254262 and
Na,C00,.3? For example, the parent AEFe,As, (AE = Ba, Sr,
Ca) exhibits typical anisotropic thermal expansion above the
structural/antiferromagnetic transition, where the ¢ axis CTE is
about 3~4 times larger than that of the a axis.?>>?%%?%

This journal is © The Royal Society of Chemistry 2012
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Iron-based superconducting materials exhibit complex interplay g 056 -V
between the lattice, superconductivity, phonons, and £
. . . . 2 4044
magnetism, which has become an interesting theme of research o = = = B i

in iron-based superconductors. NTE occurs not only associating
with superconducting 7 such as for Ba(Fe;_,Co,),As,,>>*° but
also with antiferromagnetic phase for AEFe,As, (AE = Ba, Sr,
Ca),””? and PrFeAsO.”” NTE can even occur in non-magnetic
and non-superconducting iron-based layered compounds such
as Pr(Fe,,Ru,)AsO, ** (Ca,_La,)Fe,As,,>>® and SrCo,As,.*’
At superconducting 7c, NTE has been found in some iron-
based layered superconductors, such as Ba(Fe;..Co,),As,,?3>*%°
BaFe,(As;.P,),,°" and NdFeAsO,soFg1.2% It needs to note
that there is no specific crystallographic direction to display
NTE, which could appear either in-plane (a or b axis) or out-of-
plane (c axis). For example, NTE is out-of-plane along ¢ axis in
Ba(Fe,,Co,),As, (x = 0.074, 0.16, and 0.23)>>*° and
NdFeAsOO'SgFO‘“,289 while in-plane (a axis) in Ba(Fe;_,Co,),As,
(x = 0.038),%° and b axis BaFe,(As,P,),.** According to the
present available results, there could be a tendency that in-plane
NTE occurs for phases,
whereas out-of-plane NTE for tetragonal ones.

orthorhombic-antiferromagnetic

This journal is © The Royal Society of Chemistry 2012

Temperature (K)

Fig. 49 (a) Magnetic and crystal structures of BaFe,As,. The Fe magnetic
moments are aligned antiferromagnetically along the a and c axes, and
ferromagnetically along the b axis. (Reprinted with permission from ref. 306.
Copyright 2008, American Physical Society.) Temperature dependence of (b)
lattice parameter a and b, (c) c¢ axis, and (d) unit cell volume of BaFe,As,.
(Reprinted with permission from ref. 307. Copyright 2008, arXiv.org.)

A good example is the solid solution of Ba(Fe, .Co,),As,,
which has a orthorhombic-to-tetragonal phase boundary at x =
0.06.2%2%% 305 At the composition x = 0.038 in the
orthorhombic-antiferromagnetic phase, a axis shows NTE
below T¢ of 7 K (¢ (c axis) = -1.3x10° K, a5 = -2.1x10° K
". However, at the composition x = 0.074 in the tetragonal
phase, ¢ axis shows NTE below 7¢ of 22 K (¢ (¢ axis) = -
2.4x10° K1, o = -1.1x107° K1).%% 1t is also the same for the
in-plane NTE (b axis) in orthorhombic BaFe,(As;_P,), and out-
of-plane NTE in tetragonal NdFeAsOg goF | 280304

In the parent compounds of iron-based superconductors, the
coupling  between  lattice and  magnetism  below
magnetostructural transition (7,) could produce NTE. The
NTE in these non-superconducting iron-based parent
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compounds should have been discussed in the section 3.3 for
magnetic NTE materials, since the nature of NTE is the same.
However, we organize the content here in order for a complete
discussion between superconducting, magnetism, and lattice.
The lattice contraction normally in-plane for
orthorhombic phases, which could be coupled with the in-plane
antiferromagnetic ordering of Fe. For example, BaFe,As,
exhibits a tetragonal-to-orthorhombic transition at 7, = 140 K.
Below T7,, Fe antiferromagnetic order in the
orthorhombic structure along a axis in the a-b plane with a
saturation moment of 0.87 uy per Fe (Fig. 51a).*” The NTE
occurs along the a axis as shown in Fig. 51b,*” which
coincides with the direction of antiferromagnetic order. Note
that the lattice contraction contributed from the a axis is
compensated by the PTE from b and c-axes, resulting in overall
PTE in unit cell volume (Fig. 51d). It is the same for CaFe,As,,
where lattice contraction occurs below 7 along a axis along
which the antiferromagnetic moment aligns. 3% Below T,
BaFe,(As,..P,), shows lattice contraction along the a axis (i.e.,
x =0.25, T, = 48.5 K), and the ¢ axis shows negative (i.e., x =
0.25) or low thermal expansion (x = 0.18). The volume is,
however, PTE, where the lattice contraction contributd from the

¢ axis is compensated by the positive in-plane thermal
304

occurs

occurs

expansion.
Furthermore, the lattice contraction could also appear along ¢
axis. In such cases, NTE will appear in unit cell volume with
combined effect from both in-plane and out-of-plane
contributions such as NpFeAsO.>** NpFeAsO does not show
any phase transition of tetragonal-to-orthorhombic, in contrast
with other RFeAsO compounds. However, there are striking
variations in lattice parameters as temperature crosses the
antiferromagnetic-to-paramagnetic transition (7y = 57 K). As
shown in Fig. 50b, NTE was observed strongly in the ¢ axis
while weakly in the @ axis, which results in the volume NTE
(ay = -2.9x107° K', 20~60 K, @, = 0.2%).>® The NTE in
NpFeAsO gives further evidence for the coupling between
lattice and magnetism, where the NTE occurs in the ¢ axis
which is the direction for the antiferromagnetic alignment of
Np moments (Fig. 50a). The nature of NTE in NpFeAsO is the
same to other magnetic NTE materials.

NTE observed in the (Cmma)
antiferromagnetic phase of PrFeAsO below 45 K, which is
contributed from the NTE in the ¢ axis. However, it needs to
note that the onset temperature (45 K) of NTE does not exactly
overlap with the Neél temperatures for Fe (7y = 85 K) and P,
(Ty = 11 K).*" It has a complex magnetic structure, where Fe
moments antiferromagnetically align along the orthorhombic a
axis, and P, spins align along the ¢ axis.*” Such NTE is absent
in superconducting F-doped PrFeAsO (e.g., PrFeAsOqgsFy 15),
consistent with suppresses of the structural and magnetic phase
transition and the absence of Fe and P, magnetic order.”®” The
effect of Ru expansion of
nonsuperconducting Pr(Fe; ,Ru,)AsO reveals a more complex
nature of NTE.*® The NTE remains in those compositions with
x> 0.1 in which long-range magnetic order is absent. The ¢ axis

was orthorhombic

substitution on thermal
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Fig. 50 (a) Crystal and antiferromagnetic structure of NpFeAsO. The Np moments
align along the c axis. Temperature dependence of (b) lattice parameters, and (c)
unit cell volume for tetragonal NpFeAsO. (Reprinted with permission from ref.
256. Copyright 2012, American Physical Society.)

shows a NTE property independent with Ru content, showing
the minimum value at ~50 K. Its NTE stems neither from
magnetism nor superconductivity. The nature of NTE could be
correlated to the special feature of layered structure, since NTE
has also been observed in other iron-based parent compounds

of paramagnetism.
Apart from the contributions

258,259

from magnetic order and

superconductivity, NTE has been also observed over a wide
temperature range in other iron-based parent compounds.
For example of (Ca,,La)Fe;As,, at x = 0.0 without La
chemical modification, NTE occurs below 7§ along a axis along
which the antiferromagnetic moment aligns.**® However, giant
NTE was observed in (Ca,;,La,)Fe,As, (x = 0.15, 0.20, and

258,259
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0.25) which displays suppressed antiferromagnetic order and
structure transition (Fig. 51).28 (Ca,La,)Fe,As, is not a bulk
superconductor, and exhibits a broad
to exceptionally  small
superconducting volume fraction (e.g., 0.02% for x = 0.15). It is
reasonable that no thermal expansion anomalous occurs at 7c. It
is interesting phenomenon that the a axis shows a giant NTE
over a large temperature range of RT-300 K, and the c¢ axis also
exhibits NTE in a temperature range. For example of
(CaggsLags5)Fe,As,y, with increasing temperature the a axis
contracts between 5 and 300 K at a magnitude of AL/L;pox =
7.1x10° (o = -2.4x10” K. The absolute CTE of g axis in
(CaggsLag 5)Fe,As; is even larger than the that in metals of Mg,
Al and Cu which have large PTE. (CaggsLags)Fe,As, also
exhibit NTE along the ¢ axis between 5 and 123 K. Its unit cell
volume shows NTE in the temperature range of 5-300 K with
ay = -4.7x107 K™ (inset in Fig. 51b). The NTE occurs in the
single tetragonal phase without any magnetic phase transition.
The Griineisen parameter is y (45 K) =-22 and y (300 K) = 1.0.
Its large, negative Griineisen parameter reflects the presence of
anomalous phonon modes. Measurements and calculations of
phonon dispersion of CaFe,As, reveal unusual broadening,

transition  to

superconductivity  due an

Chemical Society Reviews

presumably due to the close proximity of CaFe,As, to the
collapsed-tetragonal phase.*'” In the AB,X, family of materials,
due to the presence or absence of interlayer X-X bonding, a
segregation of occurs, which results in either a “collapsed” or
“uncollapsed” structure, respectively. *'' The
anomalous behaviour in phonon dispersion could be enhanced

tetragonal

since La substitution for Ca in CaAs,Fe, could moves this
system closer to the boundary of the collapsed-tetragonal phase.
NTE was found in SrCo,As, with a paramagnetic state in a
temperature range of 8-80 K (& = -3.9x10°° K™").2*° There is no
temperature-induced lattice distortion in SrCo,As, which
maintains in uncollapsed tetragonal symmetry below room
temperature. However, for this composition its NTE is mainly
contributed from the ¢ axis, which differs that in (Ca,.
«La,)Fe,As,. For a similar composition of BaCo,As,, Its ¢ axis
shows a similar NTE. However unit cell volume has PTE due to
the compensation of PTE from the a axis.’'? The reason for
NTE in SrCo,As, could be similar to that of (Ca;_La,)Fe,As,.
SrCo,As; is near the proximity of collapsed-tetragonal phase.
However, in a collapsed-tetragonal phase NTE disappears such
as the example of CaCo,As,. 13
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Fig. 51 (a) Crystal structure of tetragonal (Ca,La)Fe,As,. (b) Temperature dependence of length variation related to 300 K for tetragonal (CaggsLag.is)Fe,As,. Inset
shows relative volume variation as function of temperature. (Reprinted with permission from ref. 258. Copyright 2012, American Physical Society.)

In copper-based superconductors, there is also a coupling role
between lattice and superconductivity. The structure of copper-
based high-7¢ superconductor can be considered as consisting
of several layers stacked along the ¢ axis. The in-plane
chemical bonds are strong, while the interaction interlayer is
weaker. Well above 7¢ such feature of layered structure
exhibits a similar thermal expansion property to other layered
materials, in which thermal expansion is large along ¢ axis of
out-of-plane while smaller one in-plane. For example,
tetragonal Bi,,Sr| CaCu,O, has linear CTEs of o, = 1.2x107
K! and o, = 5.5x10° K! at 200 K,**® and orthorhombic
YBa,Cu;055 has a, = 1.7x10° K, o, = 8.9x10° K and o, =
5.9x10° K" at 200 K.*'*

The anomalous thermal expansion generally occurs in-plane
below T,200301:315.316 which supports the coupling between
lattice and superconductivity, due to the generally accepted fact
that the Cu-O plane corresponds to the superconducting layers.

This journal is © The Royal Society of Chemistry 2012

For example, with decreasing temperature, the a and b axes
deviate from the theoretical trend of phonon vibration at 7¢
(92.3 K) for high-T¢ superconducting YBa,Cu;07;. The a and
b axes show contraction below 80 K and 35 K, respectively.
The total volume exhibits relatively low thermal expansion due
to more positive contribution from thermal expansion in ¢ axis.
The average ay is 4.5x10°% K! and 2.6x107 K'!, respectively,
below and above T¢.>°' Another example is Bi,,Sr; sCaCu,0,.
NTE occurs in in-plane @ axis below 7¢ (85 K), which
coincides with superconductivity. The CTE is o), =-1.2x107 K
' (2~85 K)*® A strong NTE occurs tetragonal
Bi,Sr,CaCu,0g., in the temperature range 110~250 K, in which
both a and ¢ axes show NTE.?®! Its NTE is extremely strong

in

with a CTE ap = -2.6x10* K™' which is one order larger in
magnitude than most NTE materials. Such giant NTE in
Bi,Sr,CaCu,0g., should be re-examined.
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5.5 Other electronic structure change

Giant NTE occurs in Ba;Bilr,Oy due to a special electronic
structure change, which is different to the mechanisms of long-
range magnetic, charge, or orbital order as well as intermetallic
charge transfer or disproportionation. In Ba;Bilr,Oq, a giant
unit cell volume contraction of 1% takes place at 7= 70 K (Fig.
52), coupled with the remarkable 4% changes in the length of
the Ir-Ir bond and also Ir-O-Ir angle. The NTE is driven by a
dramatic change in the interactions among Ir 5d orbitals, and
represents a crossover between two very different, competing,
ground states: One that optimizes direct Ir-Ir bonding above T,
shortening that distance to maximize orbital overlap and
resulting in electron delocalization; and the other that optimizes
Ir-O-Ir magnetic superexchange below 7, increasing the Ir-O-Ir
bond angles toward 90° by lengthening Ir-Ir distances and

resulting in electron localization and local moment formation.
266
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Fig. 52 Temperature dependence of unit cell volume of BasBilr,O4. Electron
bonding function (ELF) from ab initio calculations of the electronic structure for
the high-temperature and low-temperature states. (Reprinted with permission
from ref. 266. Copyright 2012, American Chemical Society.)

6. ZTE in functional materials

ZTE is one of the most important issues for the studies of NTE.
ZTE can be achieved by two methods. One is formation of
composites with PTE and NTE materials. In this method, NTE
materials are used as additives. The other is to achieve
controllable ZTE in a single-phase material. Single-phase ZTE
or low thermal expansion exhibit advantages of high
mechanical performance, free of interface local stress, easy
fabrication and so on. However, single-phase ZTE materials are
rare, especially for cubic-phase ZTE materials,'®3238177-179.318
According to the survey of CTE in 201 oxide ceramics, most
oxide ceramics have a CTE between ¢ = 6~12x10° K'!. There
are only 25 oxides (~ 12%) which have low thermal expansion
materials, and their CTEs distribute between ¢ = -2.0~2.0x10°
K

The ZTE materials have been applied in many fields, such as
precision instruments and electronic devices of telescope,
seismograph, surveying tape, container of liquefied natural gas,
core wires of long-distance power cables, fire-resistant
materials, and catalyst support. ZTE is important for the
applications of functional materials. For example, the
applications of electrostriction and magnetostriction actuators
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need to exclude the effect of temperature fluctuation on length
change. ZTE ensures precise control of length by external
electric or magnetic field.* For example, relaxor ferroelectrics
like Pb(Mg,;/3Nb,3)O3-based ceramics exhibit not only large
electrostrictive effect but also the advantage of ZTE. For
ceramic of 0.9Pb(Mg;sNb,;3)05-0.1PT electric field induced
strain is as high as 0.073% at 1 kV mm™. Due to the good
feature of ZTE (¢ = 1x10° K™!, 173~373 K), the strain induced
by thermal fluctuation is far smaller than the electrostrictive
strain, which is advantageous for precise micropositioner
applications. Near room temperature, a ten degree temperature
fluctuation produces a strain about 5x10° which could be
eliminated by a small electric field of 14 V mm™.*

In NTE functional materials, ZTE can be achieved by adjusting
NTE-related physical property, since there is coupling between
physical property and NTE. ZTE functional materials have
been relatively intensively studied in magnetic and ferroelectric
materials. In other functional materials, there are also available
investigations on ZTE.

In magnetic functional materials, there are a number of ZTE
alloys and intermetallics.'®>'”> The prototype ZTE is Invar
alloys of FeggsNigss (o = 1.2x10° K'! at 300 K).!”!®* Other
Invar alloys have been found to have ZTE, such as Cr-Fe-Mn
alloys,200 Mn-Ge alloys (23at% Ge),”! and Y,Fe;C¢."°° ZTE
is found in magnetic oxides of CdCr,0,,'"% CaMn;0,,,'% and
SrRu0;,'!  and also in antiperovskite nitrides  of
Mn3(Ga0_5Geo_4Mn0_1)(N0_9C0_1),177 Mn;_Cu sGeysN
nanocrystallines,179 and Mn;Zngo;N.'7® Since there is the
coupling of thermal expansion with magnetic order,'>*!*%!6"
179193 the ZTE property in magnetic materials can be achieved
through those methods which can adjust the negative
contribution of magnetic order for NTE to equally compensate
the positive role of lattice thermal vibration for PTE. In the
example of ZTE nanocrystalline Mnj;_,Cug 5GegsN (Fig. 39), the
Mn occupancy in Mn;CugsGeysN is decreased by decreasing
grain size. The lower Mn occupancy in ultra-nanocrystalline
leads to a small magnetic moment, and a low rate of decreasing
in the magnetic moment upon heating. At the critical grain size,
the low rate of decease in the magnetic moment upon heating
just compensates the PTE from lattice thermal vibration. As a
result, ZTE takes place over a relatively wide temperature from
12~230 K in the ultra-nanocrystalline Mnj_CugsGeysN (o =
1.18x107 K™1).'” ZTE can be extended to a broader
temperature range in Mn;Zn, N antiperovskite by introduction
of vacancies in Zn site (Fig. 34), which changes both the
ordered magnetic moment and lattice parameters. For example,
the temperature range of ZTE is extended from 135~185 K for
x=10.99 to 10~185 K for x = 0.93."”

In functional ferroelectric materials, our previous studies on
thermal expansion of PT exhibit that PT has a flexible ability to
achieve ZTE with tunable temperature range by chemical
modifications, ®*”%7! Some ferroelectric functional materials
have been found to exhibit ZTE property (Table 1), such as PT-
based ferroelectrics of (Pbg sLag,)TiO;,> 0.6PT-
0.3Bi(Zn,,Ti1,)05-0.1BiFe03,%  0.6PT-0.4Bi(Mg;,Ti;;»)O0s,”"
0.8PT-0.2Bi(Ni;,Ti;2)03,”° Pb(Ti;.,Zr,)0;,% nano 0.7PT-

This journal is © The Royal Society of Chemistry 2012
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0.3BiFe0;,"” and Pb-based
Pb(Mg,sNb,3)0;.7° As shown in Fig. 24, thermal expansion in

relaxor ferroelectrics  of
ferroelectrics is a balance between two competitive factors of
lattice thermal vibration and ferroelectricity. Lattice thermal
vibration is a positive factor for PTE, while ferroelectricity is a
negative factor. If the contribution from ferroelectrcity equally
compensates the one from lattice thermal vibration, ZTE is
produced. which
ferroelectricity could be utilized to achieve ZTE in PT-based

Therefore, any factor can reduce
ferroelectric materials. For example, ZTE can be obtained by
chemical substitution of ions with weak ferroelectric activity
such as La, Ba, Sr, Mg, Ni, and Zr (Table 2).59’70’71’86 Or ZTE
can be obtained by decreasing particle size or applying
pressure.®”!4

NTE of Mott-insulator is correlated with the metal-insulator
transition. Dramatic NTE occurs with a sharp metal-insulator
transition in Cay(RugoMng1)O4. The strong NTE diminishes
and ZTE appears, when the metal-insulator transition becomes
broader and cannot be well defined by more chemical
substitution of Mn in Ca,(Rug75sMng»5)04.2%°
In the framework-structure materials,
compounds that exhibit ZTE property, such as
Ca0,25Sr0‘252r2(PO4)3,317 Fe[Co(CN)é],Zs Zr0‘4sn0.6M0208532 and
TaO,F.*'® The NZP family has well been studied to exhibit

adjustable thermal expansion from positive to negative. Some
17

there are some

compounds display low or zero thermal expansion. ' For
example, ZTE can be achieved in solid solution of Cays.
St Zr,(POy4); (x = 0.25), in which ¢, and ¢, remain constantly
in the temperature of RT to 773 K. The average ay is -3.0x107
K' (RT~773 K). Due to the prominent feature of ZTE, the
microcracks can be significantly reduced in its ceramics.’!’
Other compositions have also been found to have ZTE
property, such as Cag sZr,(POy,); (-2.1x107 K, 298~773 K)."”
ZTE can be obtained by specific structure feature in 3D
framework of intermetallics RE,;TGeg (RE = Yb, Gd; T = Cr-
Ni, Ag).’" This flexible 3D framework creates a unique
thermal expansion property that is ZTE in the ac plane while
slightly PTE perpendicular to the ac plane (i.e., b axis). The ac
plane seems to more compressive which can compensate the
thermal expansion form thermal vibration, resulting in ZTE in
the ac plane. For example, for Ybs;NiGeg the CTE of @ and ¢
axis is & = -7.2x10° K™ and 5.1x107 K', respectively, while
that of b axis is ¢ = 8.3x10° K! in the temperature range of
10~160 K. The overall volume CTE is as low as ¢ = 2.0x10°®
K (10~160 K).*"

It has been known that it is not easy to obtain ZTE in those
NTE materials with open-framework structure feature. Though
it has been widely accepted that transverse thermal vibration
can induce NTE, it is few documented for the control of NTE
according to this mechanism.**** For example, the NTE of
ZrW,0Og can be only adjusted in a small magnitude (¢ = -7.3~-
8.7x10° K™)."37 In 2013, Evans group reported that ZTE has
been achieved in the cubic (Zr;_Sn,)Mo0,0g solid solutions by
adjusting the content of Sn.** The thermal expansion of (Zr,.
Sn,)Mo,0g can be controlled over a large range o = -
5.9~7.9x10° K' (12-500 K) by chemical modification of Sn.

This journal is © The Royal Society of Chemistry 2012
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At x = 0.6, ZTE was achieved in the composition of
Zr 4Sng Mo0,0g with an extremely low CTE (¢ = -6x10® K,
12-600 K). The ZTE and tunable thermal expansion in the (Zr,_
Sn,)Mo,0g are benefited to both advantages: One is the
isotropic PTE in SnMo,0g which is unique among cubic
AM,04 materials; and the other is that the A-site solubility
range is significantly higher than that observed in other AM,Oq
systerns.32

In 2014, there is a study managing to achieve the control of
NTE by modulating local structure property, and an isotropic
ZTE was found in cubic ReOs;-type ScF; based compounds
over a wide temperature range. Moreover, ferromagnetic
property can be introduced to the framework structure ScF;-
based ZTE materials. ScF; exhibits a cubic ReOs-type structure
and a large NTE over a wide temperature rage (¢ = -3.1x10°
K, 300~900 K).>**° Its NTE mechanism is not different to
other framework NTE compounds. That is upon heating the
transverse vibration of F anion normal to the straight Sc---Sc
axis, involving the cooperative rotation of ScF4 octahedra rigid
units, gives rise to the reduction in Sc---Sc separation and thus
ensures NTE. With this well-known physical image, the NTE
of ScF; could be adjusted if the contribution from the transverse
thermal vibration can be weakened. A local distorted structure
is introduced in the macroscopic cubic lattice by heterogeneous
cation substitution of Fe and Ga for Sc to form solid solutions
of (Sc,.,Ga,Fe,)F; in order to impede the contribution of
transverse vibration.>® NTE in (Sc,.Ga,Fe,)F; is weakened with
increasing content of Ga/Fe. Interestingly, isotropic ZTE is
achieved in cubic (ScygsGaggsFeq1)F3 over a wide temperature

and can maintain to high temperature (o = 2.3x107 K,
300~900 K).*® Such wide temperature ZTE in
(Scps5GagsFep)F; is unconventional, since most ZTE

materials are restricted to a relatively low temperature or
narrow temperature range. The ZTE mechanism was suggested
to be correlated to the local distorted structure which was
confirmed by pair distribution function (PDF) analysis of
synchrotron radiation x-ray total scattering. As shown in Fig.
53, in undoped ScF;, fluorine atoms locate exactly at the
midpoint of the Sc-F-Sc linkages and the angle is 180°.
However, (ScjgsGaggsFeg 1)F; exhibits a local rhombohedrally
distorted structure in the cubic macroscopic lattice. Fluorine
atoms depart from the original midpoint with a displacement of
0.117 A, resulting in the bending Sc/M-F-Sc/M linkages with
angle of 173.3°. Having higher substitutions content of Ga/Fe,
the composition of (ScygGag gsFeg 15)F3 shows more PTE. There
is good correlation between angle of Sc/M-F-Sc/M linkages and
CTE. For the compositions of ScFs, (ScjgsGaggsFeq1)F3, and
(ScpsGaggsFeg 15)F3 with increasing Ga/Fe content, the angle
decreases from 180°, 175.8°, to 173.3°, and CTE changes from
23.1x10° K -1.3x10° K, to 2.37x107 K, respectively. It is
not difficult to wunderstand that most ReOs;-type metal
trifluorides, such as AlF; and TiF;, do not show NTE but strong
PTE due to macroscopic distortion of rhombohedral symmetry
(R3c¢), featuring larger bending of M-F-M linkages (Al-F-Al:
157.6°, and Ti-F-Ti: 160.8°).32032!
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Fig. 53 (a) The cubic model, (b) the rhombohedral model in cubic-like form with
purple arrows indicating static displacement of fluorine atoms, (c) ideal stacking
(Sc,M)Fs octahedra in the cubic model with the 180° angle of Sc/M-F-Sc/M, and
(d) distorted stacking (Sc,M)Fs octahedra in the rhombohedral model with the
173.3(1)° angle of Sc/M-F-Sc/M of (ScogsGaposFeo1)Fs. (€) M—-H curve of ZTE
(Sco.85Gag.osFeo.1)F3 at room temperature. The inset at the top-left shows its M-T
curve in H = 5000 Oe and the inset at the bottom-right displays H. in the low
magnetic region. The corrected M-H curve is calculated by the deduction of
paramagnetic contribution. (Reprinted with permission from ref. 38. Copyright
2014, American Chemical Society.)

Additionally, it is interesting to note that ScFz-based NTE
materials can be functionalized to exhibit magnetic property
due to the introduction of Fe ions. High-7¢ ferromagnetic
property was observed in (ScggsGagosFeq1)F; (Fig. 53e), while
those compositions without Fe, e.g., ScF3 and (Scg95Gag.os5)F3,
show diamagnetic behaviour. The incorporation of Fe ions in
(Sco.85GaggsFeg.1)F3 the introduction of
magnetism. The magnetic moment decreases slowly and

demonstrates

demonstrates a broader magnetic transition temperature span,
leading to a T as high as ~435 K (the inset of Fig. 53f). In
addition, considerable band gap narrowing also occurs in
(Scp35GaggsFep1)F3; with a noticeable visible-light absorption
and band gap value of ~1.88 eV, compared to the insulator
ScF; (5.5~6.0 eV). 38

7. Summary and outlook
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After two decades studies on the topic of NTE, there has been
good progress in aspects of finding new NTE materials, control
of thermal expansion, and illuminating NTE mechanisms. A
large amount of NTE materials have been found in various
types of functional materials, such as ferroelectrics, magnetic
materials, semiconductors, and superconductors. The NTE
functional materials make up of an important branch of NTE
family, which presents a general physical picture that there is a
coupling role between physical properties and NTE. NTE in
functional materials is a complex interplay between lattice,
phonons, and electrons. In NTE ferroelectrics, NTE originates
from ferroelectric order which occurs due to the strong
hybridization between cations with oxygen. The behaviour of
temperature-dependent Ps plays an important role in
determining NTE of ferroelectrics. A new physical quantity of
SVFS has been established, which is a linkage between
ferroelectricity and NTE, and it can quantitatively describe the
contribution of ferroelectricity to NTE. In NTE magnetics, the
studies on NTE have a long history which traces back to the
discovery of Invar alloys more than one century ago. There are
a number of NTE magnetic solid compounds including alloys,
oxides, nitrides, and sulfides. The underlying nature for NTE or
anomalous thermal expansion in magnetics is the same, that is
the coupling between magnetic order and lattice. The behaviour
of temperature-dependent magnetic moment determines how
NTE takes place. If we compare NTE behaviours in both
ferroelectrics and magnetics, it is interesting to find that there is
global nature which is valid for both ferroelectrics and
magnetics. The NTE is determined by the order parameter of
ferroelectric or magnetic transition. There are parallel physical
parameters which are valid for NTE properties in both
ferroelectrics and magnetics, like FVE in ferroelectrics vs.
MVE in magnetics, and SVFS in ferroelectrics vs. SVMS in
magnetics. In NTE functional materials with change of electron
configuration, NTE has been found in semiconductors, Mott
insulators, intersite charge transfer, superconductors and so on.
All these NTE functional materials show a correlation between
the specific physical properties with NTE. The NTE property of
semiconductors could be adjusted by controlling free-electron
concentration. The NTE property of Mott insulators could be
controlled by modulating the metal-insulator transition. For
those NTE functional materials induced from the temperature-
induced intersite charge transfer, the NTE property can be
controlled by modulating the amount of charge transfer. As for
the NTE in superconductors, there is a coupling between the
lattice strain and order parameter of the energy gap in the
superconducting phase. Especially, iron-based superconducting
materials exhibit a complex interplay between lattice,
superconductivity, phonon, and magnetism. NTE occurs
associated with various factors of superconducting 7, magnetic
phase, and specific layered structure. Thanks to the definite
relationship between NTE and physical properties for these
NTE functional materials, the thermal expansion can be well
controlled by various chemical methods. Interestingly, a lot of
materials have been found to exhibit the ZTE property, such as
ZTE ferroelectrics, ZTE magnetics, and ZTE Mott-insulators.
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Functional materials offer us a good opportunity to find new
NTE compounds.

The control of thermal expansion is an important topic not only
for fundamental studies but also practical applications of
materials. According to the correlations between NTE and
physical properties of functional materials, we can establish a
multi-way to control thermal expansion (Fig. 54) through the
coupling roles of ferroelectricity-NTE, magnetism-NTE,
change of electron configuration-NTE, open-framework-NTE
and so on. Any factor which can affect those physical
properties could control the property of NTE. For example, the
most commonly utilized method is by chemical substitution.
The present progresses have proved that it is an effective
method. The NTE of functional materials can be enhanced or
weakened by the chemical substitution. For example, in PT-
based ferroelectrics the NTE can be enhanced by selecting
those ions with strong ferroelectric activity, or weakened by
those ions with weak one. Other factors include particle size
effect, defects, and external fields of pressure, magnetic and
electric. For example, by applying pressure, NTE can be
transformed to PTE in ferroelectric PT'*" and open-framework
(Sc,Y)F;,* ZTE to PTE in magnetic Mn;_Cugy sGeg sN
nanocrys‘[alline179 and MnsZngo;N,!”7 and NTE becomes
smeared in EuAuMg and GdAgMg ferromagnetic materials.'”!
By applying magnetic field, the NTE temperature range of
ZnCr,Se, can be extended to lower temperature range. The
effect of particle size can make a transformation between NTE
and PTE through the coupling role as shown in Fig. 54, such as
NTE-to-PTE in ferroelectric 0.7PT-0.3BiFe05,°® PTE-to-NTE
in CuO'™ and Au,””! and NTE-to-ZTE in magnetic Mn;_
.Cug sGegsN.'”?

As shown in Fig. 54, it can be expected that NTE of functional
materials could be simultaneously modulated by more coupling
roles. For example, one can propose the control of NTE by both
coupling roles of ferroelectrcity-NTE and magnetism-NTE in
multiferroics. In principle, it could occur, since multiferroics
simultaneously have ferroelectric and magnetic orders.
However, in the available multiferroic systems, NTE is coupled
either with ferroelectricity or magnetism, not really with
multiferroic properties. The absence of coupling between NTE
and multiferroic is due to the fact of either too weak
ferroelectricity or magnetism. If ferroelectrcity and magnetism
could be simultaneously enhanced, we could expect that NTE
would be really tunable in multiferroics. The co-coupling role
to NTE of functional materials is a new topic in future study,
which would bring new phenomena and new mechanisms. It
brings a challenge for chemists to find new compounds which
have such co-coupling roles. The studies in this field will be
important to not only solid state chemistry but also to solid state
physics.

This journal is © The Royal Society of Chemistry 2012
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Fig. 54 Multi-way to control of NTE in functional materials.

For applications of NTE materials, one sometimes needs to
functionalize NTE materials to have specific physical
properties like electron conductivity, thermal conductivity,
magnetism, and so on. Non-magnetic NTE materials can be
functionalized to have magnetic properties by substitution of
magnetic elements. For example, paramagnetic CaRuOj;
perovskite is  transformed to NTE  ferromagnetic
Ca(RuggsFeq5)O3 by the substitution of Fe for Ru.!¢?
Ferromagnetic property exists in NTE or ZTE ferroelectric
solids of PT-Bi(Ni;;Ti;»)O3 by the introduction of Ni into PT
lattice.”® After introduction of magnetic element of Fe into
diamagnetic ScF3, high-7¢ ferromagnetic property is found in
NTE or ZTE materials of (Sc,Ga,Fe)F,.3® Semiconductivity
property occurs with a narrow band gap value of 1.88 eV for
(Sc,Ga,Fe)F;, while undoped ScF; shows insulator property
(5.5-6.0 eV).*® Furthermore, NTE material of ScF; is good
potential candidate of matrix for phosphor due to the large
indirect band gap. Lanthanide ions (Tb**, Eu®’, Yb**, Tm*"
Er'* and Ho") activated ScF; nanocrystals shows tunable
luminescence properties, exhibiting multicolour ultraviolet,
photoluminescence,  cathodoluminescence,  up-conversion
luminescence. *** Multifunctionalization in NTE materials is
one of the important topic in future studies.

For future applications of NTE materials, there still exist some
problems which have to be considered. For example, many
Invar alloys with low or zero thermal expansion have been
applied in various precise instruments.
consider a negative factor of magnetostriction effect to the
precision, if strong magnetic field exists. In such case,
antiferromagnetic ZTE alloys are welcome and could extend
the application of ZTE materials. One important purpose for the
applications of NTE materials is proposed to be used as
additive in composite. In such case, the pressure dependence of
phase transition of NTE materials has to be considered. Most
NTE materials with open-framework structure have structural
instability under moderate pressure, resulting in undesirable
phase transition. Such phase transition is detrimental to the
NTE property of compensator, which commonly endure local
pressure in composites. For example, ZrW,0g shows
irreversible phase transition at 0.2 GPa.*? It is also true for

>

However, we must
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HfW,0; (0.6 GPa), and Zr,WP,0,, (1.4 GPa).****?* (Sc,Y)F;
exhibits a large pressure dependence of CTE.*® Ferroelectric PT
loses its NTE at the critical pressure of 0.9 GPa.'*" New
compounds are expected to be explored with the property that
NTE is little or weakly sensitive to pressure.

NTE has gained a good progress two decades
development. Many NTE materials have been discovered.

after

However, there still remain challenges and questions for the
applications of NTE materials. Some interesting phenomena
have been found, but worth further studies in the following
fields: NTE in
semiconductors and Mott-insulators, new NTE alloys better

multifunctionalization in NTE materials,
than Invar alloys, multi-way to control thermal expansion of
functional materials, particle size effect on thermal expansion
and so on. There remains a big challenge for chemists to find a
“perfect” NTE material which behaves the merits of isotropic
NTE, controllable CTE, functionalizable, easy fabrication, low
price and so on. The studies on NTE functional materials will
definitely promote the progress of NTE materials development.
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