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A zero thermal expansion material in a pure form of NaZn ;-
type La(Fe, Si);3 was fabricated. Through optimizing the
chemical composition, isotropic zero thermal expansion is
achieved. The obtained materials exhibit a low expansion
of | a] <1.0x10% K? (a is the coefficient of linear thermal
expansion) over a broad temperature range(15-150 K). The
present study indicated that the thermal expansion behavior
of the NaZny5-Type La(Fe, Si);3 Compounds depended mainly
on content of Si element. This new material is desirable for
many fields of industry as reliable and low-cost zero thermal
expansion material.

As a particular type of functional materials, zero thermal expansion
(ZTE) materials have attracted considerable interest because of their
very low coefficient of thermal expansion (CTE). Thus, ZTE
materials are desired in many fields of precision engineering,
including machining and processing, optics, electronics and so on,
which need the CTE can be as low as possible. !

One method to achieve ZTE materials is to combine normal
materials showing a positive thermal expansion (PTE) with special
materials displaying a negative thermal expansion (NTE). Therefore,
NTE materials have significant practical value as thermal-expansion
compensators.z' % Nevertheless, in such ZTE composites, one
ingredient expands while the other contracts when the temperature
changes. In consequence, the induced thermal stress at interfaces or
grain boundaries can cause micro-fracture, which would impact the
mechanical properties more or less. However, this micro-cracking
problem can be overcome if the material is formed by one
homogeneous material. Definitely, such an ideal pure-form ZTE
material is highly desired.? *
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Up to now, besides several materials such as Invar alloys,6
Fe[Co(CN)6],” YbGaGe? (Aly(HfMQ).,)(WO,),>° PbTios-based
compounds,*** ScFj-based compounds,™ fused silica, LiAISiO,,*
TaO,F***® and antiperovskite manganese nitride,* ** very few
materials exhibit the novel ZTE. Moreover, the ZTE behavior of
most materials generally appears in a narrow temperature range. And
there are few reports on ZTE for low-temperature applications. In
fact, low-temperature NTE materials have wide potential
applications in micro-electromechanical systems in space and
superconducting magnets such as low heat leak cryogenic valve,
piston/piston sleeve of refrigerator, and carrying construction of
superconducting magnet. So the new material with ZTE behavior
over a wider temperature range would be very useful for the
applications.

The La(Fe,Si).5-based compounds have been studied extensively
for exploring excellent magnetocaloric effect (MCE)**® and
attempting to realize the potential applications in magnetic
refrigeration. Recently, the La(Fe, Si)i3-based compound have been
considered as new NTE materials due to the large, isotropic and non-
hysteretic NTE properties as well as relatively high electrical and
thermal conductivity.”

The NTE property of the La(Fe,Si)s-based compounds is
triggered by the large magnetovolume effect (MVE). In the
La(Fe,Si),3-based compounds with the NaZn,s-type crystal structure,
as shown in the Figure 1, Fe atoms occupy two nonequivalent sites,

Fe'l(Si)

Fig. 1. NaZn,5-type structure (space group Fm3c) of the La(Fe, Si)s-
based compounds.
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ie, 8 b (Fe) and 9 6i (Fey), respecitively. The Fe, atom is
surrounded by an icosahedron with 12 Fe;, atoms, and the Fe;, atom
has 1 Fe, atom and 9 Fe,, atoms as the nearest neighbors.? Previous
report had indicated that the Fe, - Fe, distance plays a critical role in
exchanging energy. So the change of the Fe, - Fe,, distance owing to
substitutional or interstitial addition will affect the magnetic
exchange interaction and finally, alter thermal expansion property.
Moreover, it has been reported that the NTE operation-temperature
window can be tuned by varying the magnetic transition temperature
when the Fe is partially subsitituted by other element,!” which
absolutely enhances the practical applications of this NTE material.

Seldom work, however, has been reported that the La(Fe, Si).s-
based compounds can be further improved to be ZTE materials by
appropriate substitution of elements. Herein we control the thermal
expansion by optimizing the chemical composition to achieve La(Fe,
Si);3-based compounds with ZTE over a broad temperature range as
well as large NTE coefficients.

Polycrystalline samples of LaFe;s.,Si, (x=1.5, 1.8, 2.1 and 2.4)
were prepared in an arc melting furnace under a high purity argon
atmosphere. The raw materials of Fe, Si and La were at least 99.9%
pure. Button samples were melted four times and each time the
buttons were turned over to ensure homogeneity during melting. The
arc-melted ingots wrapped by Ta foils were sealed in a quartz tube
filled with high purity argon gas, subsequently homogenized at 1050
‘Cfor 30 days, and finally quenched quickly into ice water.

XRD measurements at ambient temperature were performed on
the BRUKER D8-discover diffractometer with Cu Ka radiation (A =
1.5406 A, operation voltage 40 kV, current 40 mA).Data were
collected within the range 20°< 26 < 80°with a 0.01 step size, with
a counting time of 1 s per point in all cases. The Variable
temperature XRD data were also collected on the BRUKER D8. The
specimen was measured with the temperature range from 15K to
300K. At first, the specimen was cooled to 15K with 2K/min. And
then it was heated to the definite temperature with 0.5K/min and
keep the temperature for 10 minutes before testing to make it stable.
The lattice constant was carefully calculated by JADE, using a cubic
(Fm3c) model.?? The error bar was smaller than 0.0001 A, which is
much smaller than 107 K% in a.

The specific heat and magnetic properties were measured with a
Physical Property Measurement System (PPMS-14T, Quantum
Design) equipped with AC Magnetometer System (ACMS) option
and Heat Capacity (HC) option.
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Fig. 2. X-ray diffraction patterns for samples of LaFe;3,Siy (x=1.5,

1.8, 2.1 and 2.4) at room temperature. (Insert) Crystal lattice

parameters as a function of Si concentration for samples of LaFe;s.

WSy (x=1.5, 1.8, 2.1, and 2.4) at room temperature.
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Figure. 2 shows the X-ray diffraction patterns of the tested
family of LaFe;s,Siy (x=1.5, 1.8, 2.1 and 2.4) at ambient
temperature and normal pressure. All the samples have a dominating
phase with the NaZnis-type structure (space group, (Fm3c). There
are no visible diffraction peaks of pure elements and other second
phases in the XRD diffraction patterns, except for the small amount
of a-Fe detected as marked by the symbol v. The variation in lattice
parameters with the increasing Si content is shown in Fig. 2(insert).
It is obvious that the lattice parameter (a=1.1492, 1.1486, 1.1483 and
1.1479 nm severally) decreases with increasing Si content, i.e. the
partly substitution of Si for Fe leads to a contraction of the lattice
due to the smaller radius of Si than Fe atoms.

In order to determine the variation in the lattice parameter with
temperature, i.e. the thermal expansion properties, in situ variable-
temperature X-ray diffraction was performed. Figure 3 gives the
linear thermal expansion data (Aa/a (300 K)) as a function of
temperature for the LaFe,;_,Si, (x = 1.5, 1.8, 2.1, and 2.4). From this
figure we can see that the values of Aa/a (300 K) increase with
decreasing temperature at a certain temperature range, i.e., NTE
occurs. It is noteworthy that the NTE properties are strongly affected
by partial substitution of Si for Fe. And the temperature range of
NTE behavior turns to broader and moves to lower temperature
region with increasing the amount of Si from 1.5 to 2.4. For example,
the width of pronounced NTE property for the LaFey; sSiy 5 is about
100 K (150-250 K), while as the Si content increase to 2.4, the width
of pronounced NTE property reaches as large as 150 K (150-300 K),
which is about 50% larger than that of the LaFey; 5Si;s. The average
coefficient of thermal expansion is calculated to be -14.2x10° K
(150-300 K). The broadened NTE operation-temperature window
indicates the significant effect of the partial substitution of Si for Fe.

6000 | LaFel3-XSiX —=—x=1.5
—eo—x=1.8
© 5000 —a—x=2.1
— —v—x=2.4
~_ 4000 |
X
S 3000
3
~ 2000 [
o a=-0.8 x 106K
S 1o00f
0}
1 1 " 1 i 1 1 1
0 50 100 150 200 250 300
T(K)

Fig. 3. Temperature dependence of linear thermal expansion Aa/a
(reference temperature: 300K) for samples LaFe;5.,Siy (x=1.5, 1.8,
2.1and 2.4).

Furthermore, as shown in Fig. 3, the most interesting feature is
that the wvariation of Aa/a become smaller and smaller in the
temperature range from 15 to 150 K with content of Si from 1.5 to
2.4, Apparently, further Si doping weakens the anomaly of the
thermal expansion and eventually may restore a positive thermal
expansion. Therefore, we assumed that optimizing the chemical
composition may achieve ZTE behavior in a pure-form LaFe;;_,Siy.
Indeed the average CTEs of the LaFe; sSi; 5 are -5.6 x10° K (15-
150 K), while specifically, as the Si content reaches to 2.4, the
volume nearly does not depend on a wide temperature fluctuation.
From 150 to 15 K, the LaFe;¢Siy4 exhibits a negligible volume
change with an average CTEs of -0.8 x 10° K%, These values are
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smaller than that of Fe[Co(CN)g] (-0.44 < 10° K" and PbTiOs-
based compounds (-0.31 x 10°K™)!. Obviously, it could be found
that the Si dopant can successfully obtain ZTE materials. Compared
with the previous La(Fe, Si).s-based compounds with typical NTE
property, there are two evident characteristics for the LaFe;qSis 4: (i)
Near ZTE property appears; and (ii) the working temperature range
of ZTE is large(15-150 K). Additionally, considering relatively high
electrical, thermal conductivity as well as the low-cost of the raw
materials, the LaFe;q6Si,, may be a promising candidate for low-
temperature ZTE materials.

It is well known that the specific heat and the CTE, in
thermodynamics, are connected by the Grineisen parameter, which
determines the change of the system dimension with the variation of
thermal energy.” So investigating the specific heat is definitely
important to analyze the thermal expansion property. Generally, the
specific heat Cy(T) can be expressed as Cp(T)/T:y+[3T2+6T4,
where the parameters vy, B, and J represent electronic contribution,
phonon contribution, and the deviations term, respectively.?* % As
mentioned above, the crystal lattice parameter of La(Fe, Si)i3-based
compounds undergoes a change due to the magnetovolume effect,
which is associated with the increased kinetic energy of the electron
system. To break the magnetic order in FM state at low temperature,
the itinerant electron system needs to absorb energy and when the
amount of energy is larger than that originates from thermal
fluctuation, the crystal lattice will contract to compensate for an
extra energy. So abnormal behavior of the specific heat indicates the
large lattice expansion or contraction because the evolution of lattice
is correlated with the phonon and electron closely.

Figure 4 shows the curves of specific heat as a function of
temperature under zero fields. It is observed that all samples show
peaks in C,(T) around the temperatures where the magnetic
transition occurs. A pronounced peak at 200 K is noticed for the
LaFey; sSips. With increasing Si content, the peaks broaden
gradually and move to higher temperature. The peak width will
reflect on the corresponding temperature range of lattice contraction.
It is noticed that the LaFe;,¢Si, 4 does not show a A-type peak but an
arch over a wide temperature range, which is corresponding to the
broadened NTE operation-temperature window. The broadened
specific heat curves with increased Si content indicates that the Si
dopant can availably broaden the discontinuous lattice contraction
and is beneficial to the arising of the ZTE behavior.
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Fig. 4. Specific heat under zero field in the temperature range of
5-390K for samples of LaFe;,Siy (x=1.5, 1.8, 2.1 and 2.4).

Considering that the NTE behavior is triggered by magnetic
transition, an understanding of the magnetic properties would be

This journal is © The Royal Society of Chemistry 2012
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very useful for illustrating the mechanisms of the NTE and ZTE
properties. The temperature dependence (5—-300 K) of the
magnetization M(T) of all samples measured in a magnetic field of
500 Oe is shown in Figure 5(a). The M(T) curve exhibits a sharp
ferromagnetic—paramagnetic (FM—PM) phase transition. The Curie
temperatures (T,) were determined from dM/dT curves, leading to
the values of 208, 216, 238 and 254 K for LaFe;s_Siy (x = 1.5, 1.8,
2.1, and 2.4), respectively. It is obvious that the Tc depended linearly
on the Si content (Fig. 5 insert). This small increase of Tc could be
attributed to the a change in the density of 3d states (Nd) at Fermi
level (EF) due to the different number of electrons contributed from
the Si to the conduction band compared with that of Fe. % 26
Furthermore, the Fe—Fe, distance plays the critical role in the
exchange interaction.?® 2* With increasing Si content, the Fe,—Fe,,
distance increases because of the smaller atomic size of Si compared
with that of Fe, which promotes the positive exchange interaction
and may break the long-range magnetic order in Fe and help to form
local magnetic domains. As a result, the magnetic phase transition
takes place gradually rather than a sharp change. This slow change is
very helpful to achieve continuous ZTE, which need lattice
contraction induced by the magnetic moment counteracts with the
thermal expansion upon heating exactly.

To better understand the origin of the magnetic transition and
ZTE properties, a further analysis was performed. The isothermal
magnetization versus applied field M(H) was measured at different
temperature. Fig. 5(b) exemplifies the typical Arrott plot derived
from M(H) within a broad temperature range around T, for Si=2.4.
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Fig. 5. (a) Temperature dependence of magnetization in a
magnetic field of 0.05 T for samples of LaFe;s,Siy (x=1.5, 1.8, 2.1
and 2.4). (b) Arrott plots of LaFes,Siy with x=2.4. (Inset) Curie
temperatures of LaFe;3,Siy (x=1.5, 1.8, 2.1 and 2.4).
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It is obvious that the slope of H/M versus M? curves at high field
is positive at all measured temperature, which indicates that the
phase transition is second order according to the Banerjee criterion.
Also, it is apparent that an inflection point in the Arrott plots at T, is
signature of the itinerant-electron metamagnetic (IEM) transition
from PM to FM order above T.? Finally, we deduced the
spontaneous magnetization from the Arrott plots below T. by
extrapolating the Arrott plots to H/M=0. Fig. 6 displays the
spontaneous magnetization as a function of temperature for all the
samples. It can be seen that the spontaneous magnetization increases
with the decreases in temperature, and the rising rate became smaller
with increasing Si content. Besides, below the temperature about 210
K, the spontaneous magnetizations of the LaFe;s.,Siy (x= 1.5, 1.8,
2.1 and 2.4) decrease with the increase of Si content. This is because
the magnetic moments reduce with the increasing content of Si.® As
discussed above, NTE in LaFe;3,Si,-based compounds is due to the
magneto-volume effect accompanied by the change of magnetic
ordering, which is responsible for the contraction of lattice upon
heating. Then from the Fig. 3 and Fig. 6, we can see that the higher
spontaneous magnetization corresponds to larger value of Aa/a at the
same temperature, which seems that the NTE arises from the
spontaneous magnetization and the magnitude of NTE is
proportional to the degree of magnetic ordering. Si-doping destructs
more or less the degree of the magnetic ordering. Anharmonic lattice
vibrations possibly give rise to a positive thermal expansion. So the
ZTE property seems to be a result of the interplay of spontaneous
magnetization and lattice vibration. When the lattice contraction
induced by the magnetic moment counteracts with the thermal
expansion due to the decrease of the temperature precisely, the ZTE
behavior appears. Therefore, the ZTE of La(Fe, Si)js-based

compounds can be obtained by optimizing the chemical composition.

160 LaFeq3_4Siy —=+—x=1.5

——x=1.8
—a—x=2.1

—v—x=2.4

120

80

M (emu/g)

40

A |
150

T(K)

Fig. 6. The spontaneous magnetization as a function of

temperature for samples of LaFe;s.,Siy (x=1.5, 1.8, 2.1 and 2.4).
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In brief, the sharp change in the volume of the La(Fe,Si)s-based
compounds was successfully modified into continuous ZTE and by
optimizing the chemical composition. The operation-temperature
window of the NTE becomes broader with increasing the amount of
Si dopant in the LaFeys,Si,. Typically, a near ZTE coefficient of -
0.8 x 10° K™ in the temperature range from 15 to 150 K were
obtained in the LaFey¢Si, 4. Such ZTE materials with a broad ZTE
temperature range will promote them highly potential in diversely
practical applications.
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