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ABSTRACT: Cubic La(Fe,Si)13-based compounds have been recently
developed as promising negative thermal expansion(NTE) materials, but
the narrow NTE operation-temperature window(∼110 K) restricts their
actual applications. In this work, we demonstrate that the NTE operation-
temperature window of LaFe13−xSix can be significantly broadened by
adjusting Fe−Fe magnetic exchange coupling as x ranges from 2.8 to 3.1. In
particular, the NTE operation-temperature window of LaFe10.1Si2.9 is
extended to 220 K. More attractively, the coefficients of thermal expansion
of LaFe10.0Si3.0 and LaFe9.9Si3.1 are homogeneous in the NTE operation-
temperature range of about 200 K, which is much valuable for the stability of
fabricating devices. The further experimental characterizations combined
with first-principles studies reveal that the tetragonal phase is gradually
introduced into the cubic phase as the Si content increases, hence modifies
the Fe−Fe interatomic distance. The reduction of the overall Fe−Fe
magnetic exchange interactions contributes to the broadness of NTE operation-temperature window for LaFe13−xSix.

1. INTRODUCTION

Most materials expand when heated. This familiar phenomenon
can be understood by accounting for the inherent anharmo-
nicity of bond vibrations. A very limited number of materials,
however, exhibit “abnormal” negative thermal expansion
(NTE), that is, they expand when cooled instead of contracting.
When mixed with common materials, they can form a
composite with precisely tailored coefficient of thermal
expansion (CTE). This is valuable in precision instruments
such as space structures, electronic packaging, fiber optic
systems and electro-optical sensor, in which it is necessary to
compensate for the positive thermal expansion. Therefore,
studies on NTE materials have been driven by a combination of
fundamental interest in this relatively unusual property and the
potential device applications.
Examples of the most studied NTE materials include several

classes such as LiAlSiO4(β-eucryptite), ZrW2O8,
1,2 ReO3,

3 CuO
nanoparticles,4 materials family of ScF3,

5−8 PbTiO3-based
compounds,9 La(Fe,Si)13-based compounds10 and doped
antiperovskite manganese nitride.11−17 Among these NTE
materials, the cubic La(Fe,Si)13-based compounds are recently
developed as promising NTE materials, which show large,
isotropic and nonhysteretic NTE properties as well as relatively

high electrical and thermal conductivity. It is noteworthy,
however, that NTE occurs in only a narrow temperature range,
generally less than 110 K as reported in earlier paper.10 To
promote an even wider range of practical applications, it is
desired to develop new La(Fe,Si)13-based compounds with
broad NTE operation-temperature window.
According to analysis of lattice and magnetic properties in

previous studies, the NTE property of La(Fe,Si)13-based
compounds originates from magnetovolume effect (MVE),
wherein a large volume contraction is triggered by the break of
magnetic order, i.e., magnetic transition from a low-temperature
ferromagnetic (FM) phase to a high-temperature paramagnetic
(PM) phase.18 Moreover, the magnetic properties are
correlated to crystal structure, especially the Fe−Fe interatomic
distance that is closely associated with the strength of Fe−Fe
magnetic exchange coupling. It was reported that the crystal
structure of LaFe13−xSix compound is dependent on the Si
content, which leads to a cubic structure with the space group
Fm3c to tetragonal structure with I4/mcm transition from x =
1.4 to 5.0. With 1.4 ≤ x ≤ 2.6, LaFe13−xSix forms the cubic
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structure with the space group Fm3c and shows ferromagnetic
(FM) at low temperature, and with 3.2 ≤ x ≤ 5.0, it forms the
tetragonal one with the space group I4/mcm19 and shows
paramagnetic character. The LaFe13−xSix compounds with
tetragonal structure (I4/mcm) present weak Fe−Fe magnetic
exchange interactions, if the LaFe13−xSix phase with tetragonal
structure and that with cubic structure can form a quasi
composite, the strength of overall Fe−Fe exchange coupling
tend to decrease. Therefore, it needs less thermal energy to
break the magnetic order, which may result in a low shift of the
starting temperature of NTE. In addition, we deduce that the
CTE of this quasi composite may also decrease compared with
pure cubic LaFe13−xSix compounds because the positive thermal
expansion of the tetragonal phase would to some extent
counteracts the NTE behavior. According to previous reports,
the LaFe13−xSix compounds undergo a cubic (Fm3c)-tetragonal
(I4/mcm) transition when x increases from 2.6 to 3.2.
Therefore, we fabricated LaFe13−xSix compounds with x ranging
from 2.8 to 3.2, the NTE properties of which were also further
investigated in present study. Intriguingly, we found that broad
NTE operation-temperature window up to 200 K can be
achieved in LaFe13−xSix materials (2.9 ≤ x ≤ 3.1).

2. EXPERIMENTAL INFORMATION
All measurements were carried out using polycrystalline samples. A
series of LaFe13−xSix (2.8 ≤ x ≤ 3.2) compounds 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. An excess 10 at %
of La over the stoichiometric composition was added to compensate
for loss during melting. Button samples were melted four times, and
each time during melting the buttons were turned over to ensure
homogeneity. The arc-melted ingots wrapped by Ta foils were sealed
in a quartz tube filled with high-purity argon gas, subsequently
homogenized at 1050 °C for 30 days, and finally quenched quickly
into cold water.
In situ powder X-ray diffraction (XRD) was employed to identify

the phase constitutions and crystal structure at different temperatures.
The ambient and variable temperature XRD data were collected on a
BRUKER D8-discover diffractometer using Cu Kα radiation (λ =
1.5406 Å, operation voltage 40 kV, current 40 mA). The linear thermal
expansion data (ΔL/L(300K)) (ΔL/L=ΔV/3V) were acquired by using
a high-resolution strain gage over a temperature range of 4−300 K.
The measurement of linear thermal expansion in this way requires a
reference material with known thermal expansion coefficient
(ZERODUR glass ceramic, whose coefficient of thermal expansion
(CTE) is nearly zero). The magnetic properties were measured by
means of a physical property measurement system (PPMS-14T,
Quantum Design) equipped with AC Magnetometer System (ACMS)
option.

3. RESULTS AND DISCUSSION
3.1. Thermal Expansion Properties. Figure 1 displays

linear thermal expansion (ΔL/L) data (reference temperature =
300 K) as a function of temperature for LaFe13−xSix (x = 2.8,
2.9, 3.0, 3.1, and 3.2) in the temperature range of 4−300 K. All
the samples have a positive thermal expansion with similar
variability in the temperature range of 270−300 K. In contrary,
the ΔL/L is strikingly affected by Si content as temperature
decreases from 250 to 100 K. It can be seen that for all samples,
except for x = 3.2, there exists a temperature region in which
the ΔL/L increases with decreasing temperature, that is, NTE
occurs. As increasing Si content, the cutoff temperature of NTE
moves toward lower temperature region. For example, the NTE
in LaFe10.2Si2.8 occurs from 250 K, whereas the NTE of the
LaFe10.0Si3.0 and the LaFe9.9Si3.1 takes place from 210 and 178

K, respectively. Moreover, it is noteworthy that the thermal
expansion behavior under low temperature is strongly affected
by partial substitution of Si for Fe. For instance, the LaFe10.2Si2.8
shows near zero thermal expansion behavior below the NTE
temperature region, the average CTE, defined as ((ΔL/L)T2 −
(ΔL/L)T1)/(T2 − T1), is −0.9 × 10−6 K−1 between 135 and 5
K (ΔT = 130 K). In contrast, the slopes α of the LaFe13−xSix (x
= 2.9, 3.0, 3.1) are still negative even down to 4K. With further
substitution of Si for Fe, the LaFe9.8Si3.2 exhibits positive
thermal expansion behavior in the whole tested temperature
region and the slope α grows gradually with increasing
temperature.
Fascinatingly, the NTE operation-temperature windows of

LaFe13−xSix are significantly broadened as the Si content varies
from x = 2.9 to 3.1. For instance, the NTE operation-
temperature window of the LaFe9.9Si3.1 and LaFe10.0Si3.0 are
extended to 190 and 210 K, respectively. For LaFe10.1Si2.9, the
NTE operation-temperature window reaches a considerably
wide temperature range of 220 K, which is almost twice larger
than that of the typical MVE-driving NTE materials, such as
La(Fe, Si, Co)13 compounds10 and doped antiperovskite
manganese nitrides.11−17 Besides, the average CTE is −3.9 ×
10−6 K−1 between 225 and 5 K (ΔT = 220 K) for LaFe10.1Si2.9.
More interestingly, the ΔL/L curves show an almost linear
increase with decrease in temperature for LaFe10.0Si3.0 and
LaFe9.9Si3.1, which suggests the homogeneity of the coefficient
of thermal expansion (CTE) in the NTE operation-temper-
ature window. This feature is an unusual finding since the ΔL/
L curves are in the sinusoidal shape in most literatures. Such
broad negative thermal expansion operation-temperature
window and outstanding homogeneity of the CTE suggest
their more extensive potential applications. The average CTE
are −2.5 × 10−6 K−1 between 214 and 4 K (ΔT = 210 K) and
−1.4 × 10−6 K−1 between 194 and 4 K (ΔT = 190 K) for
LaFe10.0Si3.0 and LaFe9.9Si3.1, respectively. On the basis of the
special features, not only the implement of thermal expansion
controlling and processing is much simpler, but also the ability
and stability of NTE effect are improved.

3.2. Phase Composition and Crystal Structure. The
powder X-ray diffraction measurement was carried out to
identify the crystal structure and phase composition of the
LaFe13−xSix samples. Figure 2a presents the XRD patterns of
LaFe13−xSix (x = 2.8, 2.9, 3.0, 3.1, and 3.2) and the standard

Figure 1. Temperature dependence of linear thermal expansions ΔL/
L (reference temperature = 300 K) of LaFe13−xSix (x = 2.8, 2.9, 3.0,
3.1, and 3.2) in the temperature range of 4−300 K.
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cards with the space group Fm3c and I4/mcm at room
temperature. It indicates that all the samples have no visible
diffraction peaks of pure elements or any other detectable phase
in the patterns. Corresponding to the standard cards, we found
that, by substituting Fe with a small amount of Si, it gradually
undergoes a cubic (Fm3c)-tetragonal (I4/mcm) transition for
2.8 ≤ x ≤ 3.2. The schematic view of transition from cubic
structure to tetragonal derivative structure of LaFe13−xSix is
displayed in Figure 2b. Specifically, the broad and relative weak
reflection peaks (4 2 0), (4 2 2), and (5 3 1) of LaFe13−xSix with
x = 2.8, 2.9 reflect that the main cubic structure coexist with
minor tetragonal phase, while the three typical peaks of
LaFe13−xSix with further substitution to x = 3.0, 3.1 become
broader and begin to split, which is indicative of a cubic
(Fm3c)-tetragonal (I4/mcm) phase transition. Finally, the
diffraction peaks are in excellent agreement with the standard
cards with the space group I4/mcm when x grows up to 3.2.
Accordingly, we can certainly confirm that phase transition
takes place in the samples of LaFe13‑xSix when x ranges from 2.8
to 3.2. The tetragonal phase without NTE properties, as shown
in Figure 1, although gradually reduces the absolute value of
CTE in LaFe13−xSix compounds but gives rise to a valuable
linear NTE properties and a broader NTE operation-temper-
ature window.
The variable-temperature X-ray diffraction data for La-

Fe13−xSix compounds were also collected in order to study
the structure of LaFe13−xSix at low temperatures where NTE
behavior occurs. Figure 3a displays the representative pattern of
LaFe10.0Si3.0 from 20 to 200 K. The characteristic reflection

peaks of (4 2 0), (4 2 2), and (5 3 1) exist in the whole tested
temperature range, which manifests that the LaFe10.0Si3.0 sample
undergoes no structure transition when NTE occurs. However,
the three reflection peaks move to lower 2θ angles with the
decrease of temperature, which originates from the increase of
lattice parameter according to the Bragg eq (2d sin θ = nλ).
Therefore, we can conclude that the unit cell of LaFe10.0Si3.0
contracts as temperature increases from 20 to 200 K. For
instance, it can be seen that, in the Figure 3b, the representative
(4 2 2) reflection peak slightly shift to a lower angle. More
intriguingly, the maximum of the (4 2 2) peak can be perfectly
connected by a straight line, which reconfirms that, as
previously stated in this paper, the homogeneity of the
coefficient of thermal expansion in the NTE operation-
temperature window.

3.3. Magnetic Properties. Considering that the NTE
behavior in LaFe13−xSix is triggered by magnetic transition, an
investigation of the magnetic properties would be very
beneficial for elucidating the underlying mechanisms of the
NTE properties. Figure 4a shows the temperature dependence
of magnetization M(T) for LaFe13−xSix (x = 2.8, 2.9, 3.0, and
3.1) measured at 0.01 T under zero-field-cooled (ZFC)
process. Clearly, all the M(T) curves exhibit an increase with
decreasing temperature around the Curie temperature (Tc)
corresponding to ferromagnetic−paramagnetic (FM−PM)
phase transition. It is worth noting that the magnetic transition
rate is affected by the Si content. The M(T) curve of the
LaFe10.2Si2.8 exhibits a sharp magnetic transition at 250 K, then
remains constant with further decrease in temperature. As
comparison, the M(T) curves for LaFe13−xSix (x = 2.9, 3.0, 3.1)
first increase rapidly and then more slowly as temperature
decreases, which makes the FM−PM phase transition become a
gradual process and further gives rise to a broad NTE
operation-temperature window. The results coincide well with
the temperature dependence of linear thermal expansion
(shown in Figure 1), implying the close correlations between
NTE behavior and magnetic transition.
It has been found that in some invar or invar-like

compounds, for example, Fe65Ni35 and YFe10Mo2, the
spontaneous magnetostriction ωs(T) is approximately propor-
tional to the square of the spontaneous magnetization Ms

2(T)
in temperature range of 0 < T < Tc, namely, ωs(T) = CMs

2(T),

Figure 2. (a) X-ray diffraction patterns of LaFe13−xSix (x = 2.8, 2.9, 3.0,
3.1, and 3.2) and standard patterns with the space group Fm3c and I4/
mcm at room temperature. (b) The schematic view of transition from
cubic NaZn13-type structure (space group Fm3c) to tetragonal
derivative structure (space group I4/mcm) of LaFe13−xSix (2.8 ≤ x
≤ 3.2).

Figure 3. (a) X-ray diffraction peaks of (4 2 0), (4 2 2), and (5 3 1) for
LaFe10.0Si3.0 at different temperatures. (b) Temperature dependence of
(4 2 2) diffraction peak for LaFe10.0Si3.0 compound.
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where C is the magnetoelastic coupling constant.20 Therefore,
the Ms

2(T) curves can reflect the strength of spontaneous
magnetostriction, which can bring about NTE behavior. The
isothermal magnetization versus applied field M(H) were
measured at different temperatures to research the effect of Si
doping on spontaneous magnetostriction, also to better clarify
the mechanisms of NTE. The spontaneous magnetization
MS(T) is deduced from the Arrott plots below Tc by
extrapolating the Arrott plots to H/M = 0. Figure 4b displays
temperature dependent Ms

2(T) for all samples, the square of
the spontaneous magnetization, that is, spontaneous magneto-
striction, decreases with increasing Si content at the same
temperature. Compared with the linear thermal expansion
(ΔL/L) data, we find that higher Ms

2(T) leads to larger values
of ΔL/L at the same temperature. On the other hand, Ms

2(T)
increases with a decrease of the temperature for all the samples,
but the rising rate is different from the others. By comparing
Figure 1 with Figure 4b, one can clearly see that the rising rate
of ΔL/L synchronizes with that of Ms

2(T), relative larger rising
rate of spontaneous magnetization for the LaFe13−xSix (x = 3.0
and 3.1) leads to an increase of ΔL/L with decreasing
temperature at very low temperatures, contributing to stronger
NTE behavior than LaFe13−xSix (x = 2.8 and 2.9) at very low
temperatures. The above results prove that the variation of
spontaneous magnetization, that is, spontaneous magneto-

striction, affected by Si doping accounts for the different NTE
behavior of LaFe13−xSix compounds.

3.4. Theoretical Calculation. In addition, the abnormal
low-temperature shift of NTE operation-temperature window
with Si content was discussed based on theoretical calculation.
According to our previous reports of LaFe13−xSix (x = 1.5, 1.8,
2.1, 2.4), the NTE operation-temperature window shifts toward
higher temperature region when the Si content increases from x
= 1.5 to 2.4.10,21 The Curie temperature(Tc) of LaFe13−xSix is in
reasonable agreement with the NTE operation-temperature
window, which is mostly determined by the strength of the Fe−
Fe exchange coupling.22 In the cubic structure (space group
Fm3c) of La(Fe,Si)13-based compounds, as depicted in the
Figure 2b, Fe atoms occupy two nonequivalent sites, that is,
8b(FeI) and 96i(FeII), respectively. The FeI atom is surrounded
by an icosahedron with 12 FeII atoms, and the FeII atom has 1
FeI atom and 9 FeII atoms as the nearest neighbors.23 There
exists two types of Fe−Fe exchange interactions in the cubic
LaFe13−xSix compounds, previous studies reported that Tc of
cubic LaFe13−xSix mainly affected by FeI−FeII exchange
interactions.24 The first-principles geometry optimization
calculations for LaFe13−xSix (2.8 ≤ x ≤ 3.1) at 0 K are
performed by using CASTEP package, as displayed in Table 1,

the FeI−FeII interatomic distances increase with Si content in
the range of 2.8−3.1, which permits the Fe 3d band to narrow
and strengthen the FeI−FeII magnetic exchange couplings by
reducing the overlap of the Fe 3d wave functions. Hence, we
infer that the introduction of the tetragonal phase weakens
FeII−FeII magnetic exchange interactions, which may be
responsible for the decrease of Tc and the low-temperature
shift of NTE operation-temperature window. As clearly seen in
Figure 4a, the M(T) curves of LaFe10.0Si3.0 and LaFe9.9Si3.1
grows with temperature rise below 50K, which is a character-
istic of the emergence of the antiferromagnetic phase from the
ferromagnetic phase. It is well-known that the Fe−Fe magnetic
exchange interactions of antiferromagnetic phase are weaker
than that of ferromagnetic phase, thus we deduce that the
antiferromagnetic phase induced by tetragonal phase probably
bring about the abnormal shift of Tc. Further theoretical studies
are necessary to address this issue more thoroughly.

4. CONCLUSIONS
In present work, the NTE operation-temperature window of
LaFe13−xSix was effectively broadened with further increasing
the amount of Si element from x = 2.9 to 3.1. Specifically, the
NTE operation-temperature window of LaFe10.1Si2.9 can be
extended to a wide temperature range of 220 K. More
intriguingly, the CTE of LaFe10.0Si3.0 and LaFe9.9Si3.1 are
homogeneous in their NTE operation-temperature range of
about 200 K, which is much valuable for the stability of
fabricating devices. Furthermore, the broadness of NTE
operation-temperature window is attributed to the reduction
of the overall Fe−Fe magnetic exchange couplings on the basis
of theoretical calculation and magnetic properties measure-
ment. Also, the phase coexistence and transition of cubic
structure and tetragonal structure of LaFe13−xSix were

Figure 4. (a) Temperature dependence of magnetization M(T) under
zero-field-cooled process at 0.01 T for LaFe13−xSix. (b) Square of the
spontaneous magnetization as a function of the temperature Ms

2(T)
for LaFe13−xSix below the Curie temperature.

Table 1. FeI−FeII Interatomic Distance of LaFe13−xSix as a
Function of Si Content

Si content 2.8 2.9 3.0 3.1
d (Å) 2.498 2.500 2.502 2.503
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confirmed by powder X-ray diffraction characterization. In brief,
we have prepared LaFe13−xSix materials with broad NTE
operation-temperature window in our study, which can
promote them highly potential in diversely practical applica-
tions.
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