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Adjustable Zero Thermal Expansion in Antiperovskite

Manganese Nitride

Xiaoyan Song,* Zhonghua Sun, Qingzhen Huang, Markus Rettenmayr, Xuemei Liu,
Martin Seyring, Guannan Li, Guanghui Rao, and Fuxing Yin

It is general knowledge that materials expand with increasing
temperature and contract with decreasing temperature. Only
few materials seem to neither expand nor contract over a certain
temperature range and thus feature near zero thermal expan-
sion (ZTE) behavior. These materials are the focus of recent
scientific work!'™! and have potential technical applications
in both structural materials, e.g., precision engineered parts,
microdevices, and systems that are subject to thermal shock,
and functional materials, e.g., thermomechanical actuators.
In most cases ZTE materials are based on a composite, com-
bining positive thermal expansion (PTE) and negative thermal
expansion (NTE) behavior.l*1% In addition to the Invar effect
in Fe-Ni alloys,'! ZTE in a single material has, to date, only
been documented in a small number of compounds such as
YbGaGe,”l Mn;AN (A = Cu/Sn, Zn/Sn),'2 Fe[Co(CN)g],[3 and
N(CHj3),CuZn(CN)," Among the candidates for ZTE mate-
rials, the antiperovskite manganese nitrides are prominent,
due to their special spectrum of properties including ZTE isot-
ropy,I?l electric conductivity,'” and good mechanical perform-
ance.'®! However, the antiperovskite manganese nitrides show
relatively narrow ZTE temperature ranges, generally less than
80 K.1'4
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It has been attempted in the past to influence the NTE or
ZTE temperature range of antiperovskite manganese nitrides
by adding various alloying elements,®12l which mostly led to
a shift in the (still limited) temperature range. Although the
NTE and ZTE are considered to be a magneto-elastic effect,”®l
the precise mechanism based on which the thermal expansion
behavior can be controlled has remained unclear. This may be
the reason why drastic changes in the NTE or ZTE properties
of antiperovskite manganese nitrides were not achieved. Here
we focus on the ZTE mechanism through which the ZTE tem-
perature range of antiperovskite manganese nitride is extended
remarkably by modulating the atomic site occupancy that in
turn controls the magnetic ordering transition in the material.

Three different microstructures were prepared in the present
experiments as consolidated antiperovskite manganese nitrides
Mn;CuysGeysN: coarse-grained polycrystalline (mean grain
size =2.0 um), nanocrystalline (mean grain size =30 nm), and
ultra-nanocrystalline (mean grain size =12 nm, Figure 1a). All
the microstructures have the same phase constitution with an
antiperovskite Mn;CuN-type structure (for details see the Sup-
porting Information, Figure S1), and no phase transformation
was found in the investigated temperature range. The charac-
teristics of the nanograins in the ultra-nanocrystalline material
are illustrated by electron diffraction pattern and high-resolu-
tion transmission electron microscopy (TEM; Figure la—c). The
crystal and magnetic structures were refined using neutron
powder diffraction intensity data (see Supporting Informa-
tion, Figure S1). Details of the cubic antiperovskite structure of
Mn;CuysGeysN are shown in Figure 1d. The structure has a P
m-3m symmetry and the Cu/Ge, N and Mn atoms are at sites
la (0,0,0), 1b (%,%,%) and 3c (0,%,%), respectively. The mag-
netic structure is shown in Figure le, as a rhombohedral set-
ting with symmetry of the magnetic Shubnikov group R-3 and
a lattice ay = by = Y2a and ¢y = vV 3a, where ay, by, and ¢y are
the rhombohedron lattice parameters with a hexagonal setting
and a is the cubic lattice parameter of the ultra-nanocrystalline
Mn;Cuo,sGeojN.

By careful structure analysis (see Supporting Information,
Table S1,S2) we found that the Mn atoms mix with Cu/Ge
atoms and vacancies at the 3¢ site, as shown in Table 1. The Mn
occupancy at the 3¢ sites decreases from 100% in the coarse-
grained to =87.8% in the nanocrystalline to =<78.7% in the ultra-
nanocrystalline material. Correspondingly, the three materials
with different microstructural length scales are denoted as Mn
1000, Mn 878, and Mn 787, respectively. The 1a and 1b sites
are fully occupied by Cu/Ge and N, respectively. Thus, there
is clear evidence that at a given composition, nanostructuring
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Figure 1. Microstructural details of ultrananocrystalline Mn3;Cug sGegsN.
a) Overview of morphology of nanograins. b) Electron diffraction pat-
tern with indexing. c) High-resolution TEM image of nanograin structure.
The arrows represent the orientations of the visible lattice planes in the
nanograins. d) Cubic antiperovskite crystal structure obtained from refine-
ment of neutron powder diffraction intensity data. e) Magnetic structure
proposed from refinement of neutron powder diffraction intensity data.
The arrows indicate the magnetic moment directions.

of the materials reduces the Mn site occupancy in the antiper-
ovskite manganese nitrides.

The variations of the cubic lattice parameter a and magnetic
moments at 3¢ sites as a function of temperature are shown
in Figure 2. In Figure 2a, the distinctly different characteristics

Table 1. Lattice structure parameters of Mn3;Cug sGeysN with different microstructural

length scales. Errors are given in parentheses.
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Figure 2. Temperature dependence of lattice parameter and Mn mag-
netic moment of Mn;Cug sGeg sN. a) Thermal expansion behavior of three
materials having different microstructural length scales. b) Magnetic
moments of the three materials as a function of temperature. The arrows
indicate the magnetic ordering transition temperatures. The error bars in
the figures indicate the standard deviation.

of the thermal expansion behavior of the three materials are
clearly visible. For the coarse-grained material with a Mn site
occupancy of 100% (denoted as Mn 1000), a increases with
decreasing temperature from 340 K to 260 K (where a reaches a
maximum), indicating the NTE behavior in a temperature range
of AT =80 K (260-340 K) with a negative linear expansion coef-
ficient of or=-1.71 x 10~ K, as depicted by the solid line. The
nanocrystalline material with a Mn site occupancy of 87.8%
(denoted as Mn 878) also exhibits NTE behavior.
The temperature range is, however, extended to
AT =100 K (160-260 K). The negative linear expan-
sion coefficient is o = -3.89 x 10° K~!, which is

Microstructure Coarse-grained Nanocrystalline

Ultrananocrystalline

significantly lower than that of the Mn 1000 mate-

rial. For the ultra-nanocrystalline material, which

Mn/CuGe/vacancy 1000(1)/0.0/00  0878(¢)/0.041/0.082  0.7874)/0.071/0142 1 L occupancy of 78.7% (denoted as Mn
:::::::Signation Mn 1000 Mn 878 Mn 787 787), the lattice parameter a is essentially constant

below 230 K, within a considerably wide tempera-
Lattice parameter atc 3.91211(9) 3.89799(7) 3.89332(7) ture range of AT =218 K (12_230 K) A minuscule
room temperature [A] thermal expansion coefficient o = 1.18 x 107 K!
Mn magnetic moment 2.97(5) 2711(2) 2.22(3) is found below 230 K, demonstrating the ZTE

at low temperature [Ug]

behavior in the Mn 787 material. In comparison,
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the characteristic temperature range reported in the discovery
of ZTE in the antiperovskite manganese nitrides is =50 K to
80 K.'Z Thus, a drastically extended ZTE temperature range
that is 3 to 4 times larger was obtained in the ultra-nanocrys-
talline Mn3;Cuy5GeysN, which can be called a form of giant
ZTE. The dependence of the NTE or ZTE temperature range of
antiperovskite manganese nitrides on the lattice site occupancy
demonstrates the potential for designing new applications in a
variety of structural and functional materials.

Along with the difference in the thermal expansion behavior
of the three materials, the magnetic moment was observed
to decrease from Mn 1000 to Mn 878 to Mn 787 in the entire
observed temperature range, as shown in Figure 2b. Compar-
ison of Figure 2a,b shows that the NTE or ZTE behavior only
occurs below the magnetic ordering transition temperature.
This confirms the strong coupling of the thermal expansion
behavior with the magnetic ordering process that takes place
over a temperature range.

To explore the correlation between the magnetic ordering
and the thermal expansion properties unambiguously, the
rates of change of the magnetic moment (dM/dT) and the lat-
tice parameter (da/dT) with temperature were studied for the
three materials, as shown in Figure 3. It is observed that below
the magnetic ordering transition temperature (marked by the
vertical arrow), the rate of change of the lattice parameter with
respect to temperature (da/dT) is mainly affected by the rate of
change of the magnetic moment (dM/dT). In the temperature
range where da/dT < 0 (i.e., in the presence of NTE or ZTE), as
indicated by the slope triangles in Figure 3, the rate of change of
dM/dT with respect to temperature decreases clearly from Mn
1000 to Mn 878 to Mn 787, with values of 0.18, 0.11, and 0.05,
respectively. Similarly, the change rate of the lattice parameter
with respect to temperature decreases in the order from Mn
1000 to Mn 878 to Mn 787. This shows that the decrease of the
Mn site occupancy significantly affects the magnetic ordering
rate with temperature in the material. The same tendency is
observed for the rate of change of the lattice parameter with
respect to temperature for the different materials. The results
show that below the magnetic ordering transition temperature,
da/dT is controlled by dM/dT.

To understand more profoundly the process that the mag-
netic ordering induces lattice expansion, it is indispensable to
quantify the degree to which the magnetic ordering contributes
to the lattice expansion. In the present experiments, characteri-
zation of the magnetic ordering effect was performed for Mn
787 by the neutron powder diffraction under a high pressure
of 0.55 GPa, which was applied in order to hinder the magnetic
ordering and then to observe the change of the thermal expan-
sion behavior. Under high pressure with the weakening of
magnetic ordering (Figure 4a), in contrast to the ZTE behavior
observed at atmospheric pressure, ordinary PTE behavior is
found (Figure 4b). Thus, the impact of magnetic ordering on
the lattice expansion, i.e., the NTE effect, is distinguished and
can be quantified by comparing the measured ZTE and PTE
with respect to the change of the magnetic moment (Supporting
Information, Figure S2).

The different thermal expansion features shown in the
three materials are attributed to the difference in their mag-
netic ordering processes. The Mn occupancy at its lattice

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Rate of change of the magnetic moment and lattice parameter
with respect to temperature: a) Mn 1000, b) Mn 878, and c) Mn 787. The
vertical arrows indicate the magnetic ordering transition temperatures.
The slope triangles reflect the changes of dM/dT with respect to tempera-
ture in the range where da/dT <0 (i.e., in the presence of NTE or ZTE).

sites decreases with the decrease of the grain size, which is
a consequence of the increased density of the crystal defects
and lattice distortion due to the nanostructuring. The Mn
occupancy affects the magnetic moment and the lattice
parameter of the material prominently, as shown in Figure
4c. The magnetic moment decreases drastically with the
decrease in Mn occupancy. The low Mn site occupancy in the

Adv. Mater. 2011, 23, 4690-4694
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Figure 4. Mechanism for occurrence of ZTE. a) Decrease of magnetic moment under high pressure. b) Change of the temperature dependence of the
lattice parameter under high pressure. While ZTE behavior is observed at atmospheric pressure, ordinary PTE behavior is found under high pressure
when the magnetic ordering is hindered. c) Dependence of the magnetic moment and lattice parameter on the Mn site occupancy. d) Mechanism for
the occurrence of ZTE. NTEy, and PTE; denote NTE caused by magnetic ordering and PTE caused by temperature, respectively, and ay, and ar are the
corresponding lattice parameters. Aay, and Aay are the changes in the lattice parameter caused by magnetic ordering and temperature, respectively.
In the temperature range between T, and T, where Aay, + Aar = 0, the ZTE behavior occurs.

ultra-nanocrystalline material (Mn 787) leads to a low mag-
netic ordering transition temperature (Figure 2b), a small
magnetic moment (Figure 2b and Figure 4c), and a low rate
of increase in the magnetic moment upon cooling (Figure 3c).
These result in the decrease of both the degree and the rate of
the magnetic ordering with temperature. Based on the experi-
mental results, the mechanism of ZTE occurring in Mn 787
is suggested as follows (see Figure 4d). Below the magnetic
ordering transition temperature, NTE is induced, as denoted
by NTEy in Figure 4d, leading to an expanding lattice param-
eter ay;. When the lattice expansion induced by the magnetic
ordering, Aay,, is larger than the thermal contraction due to
the temperature decrease (as denoted by PTEy), Aay, the NTE
behavior appears. However, due to the reduced degree of the
magnetic ordering caused by the low Mn occupancy at its
lattice sites, the lattice expansion compensates the thermal
contraction, i.e., in a certain temperature range AT = T, — T,
there is Aay + Aar = 0, thus ZTE behavior is observed. Fur-
thermore, due to the low rate of the magnetic ordering with
temperature in the material, the equivalent compensation per-
sists over a wide temperature range, yielding “giant” ZTE.

Adv. Mater. 2011, 23, 4690-4694
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From the variation in the thermal expansion behavior
observed in antiperovskite manganese nitrides, it is clear that
the Mn site occupancy in the antiperovskite crystal structure
plays a dominant role in controlling the magnetic ordering
process. This elucidates that modulating the atom occupancy
at certain lattice sites in a magnetic structure, independently of
the manufacturing process, can control the magnetic ordering
and hence tailor both the thermal expansion behavior and its
operating temperature range. At a given composition as in the
present experiments, a low Mn site occupancy can be obtained
by nanostructuring the material. Then the degree and the rate
of magnetic ordering are both reduced in the nanocrystalline
structure as compared to those in the coarse-grained structure.
When the Mn site occupancy is reduced below a critical value,
e.g., as that in the ultra-nanocrystalline material (Mn 787), the
lattice expansion induced by the weakened magnetic ordering
compensates the thermal contraction upon cooling. This
process advances slowly with temperature decrease due to
the low magnetic ordering rate with temperature. As a result,
ZTE with a wide temperature range is achieved in the ultra-
nanocrystalline material. It should be noted that owing to the
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superposition of the two effects of NTEy and PTEy and despite
being below the magnetic ordering transition temperature,
PTE will appear where the thermal contraction cannot be com-
pensated by the lattice expansion, as observed in the tempera-
ture range 230-290 K for the ultra-nanocrystalline material
(Figure 2a). The antiperovskite manganese nitride thus can
exhibit PTE, NTE, or ZTE behavior in its pure form, depending
on the relative magnitudes of the thermal contraction and the
magnetic ordering induced lattice expansion (see demonstra-
tion in the Supporting Information, Figure S3).

It is worth noting that adjusting the thermal expansion
properties of the crystalline components also sets the corre-
sponding properties of the bulk material containing interfaces
(e.g., grain boundaries). Applying the mechanism found in the
present work, the NTE of the crystalline components can be
designed and controlled such that the entire bulk material (e.g.,
a candidate for high precision devices) has negligible thermal
expansion.

In summary, we present the first clear experimental evidence
for mechanisms of NTE and ZTE and how to control them both
on an atomic scale and for the bulk materials including inter-
faces. The major finding is that the thermal expansion behavior
of the antiperovskite manganese nitrides can be controlled
by modulating the Mn occupancy at its lattice sites. The Mn
site occupancy dominates the degree and rate of the magnetic
ordering with temperature and hence the amount and rate of
NTE with temperature. Applying this mechanism, ZTE over a
temperature range larger by a factor of three to four than that
reported so far for the antiperovskite manganese nitrides is
achieved in an ultra-nanocrystalline structure with a reduced
Mn site occupancy. We conclude that it is a universal mecha-
nism that adjusting the atom occupancy in a magnetic struc-
ture, independently of the manufacturing process, can precisely
tailor the thermal expansion behavior and its operating tem-
perature range for all the materials that feature magneto-elastic
behavior. It is thus anticipated that new varieties of ZTE mate-
rials can be designed based on this mechanism.

Experimental Section

Materials Synthesis: All processing steps were performed in an
in-house-built “oxygen-free” in situ fabrication system,['7'® which
combines powder treatment with spark plasma sintering in an entirely
closed system filled with highly purified nitrogen. The coarse-grained
polycrystalline Mn;CuqsGeosN material was prepared by sintering the
Mn,No g6, Cu, and Ge powders with a final temperature of 973 K for
10 min. The nanocrystalline and ultra-nanocrystalline Mn;CuqsGegsN
materials were prepared starting from the coarse-grained material.
By milling with ball-to-powder ratios of 20:1 and 30:1 for 20 h and
30h, respectively, powders with nanocrystalline and amorphous
structures were produced. Then the powders were sintered separately
using constant pressures (300 and 500 MPa, respectively) and a final
temperature of 773 K for 3 min.

Characterization: The mean grain sizes of the nanocrystalline and
ultra-nanocrystalline materials were measured in the transmission
electron microscope with a recently developed method to separate
overlapping grains and to determine the size distribution with sufficient
statistics.?%2'l The neutron powder diffraction experiments were
performed at the NIST Center for Neutron Research on the BT-1 high-
resolution neutron powder diffractometer. The measuring temperatures
were between 20 K and 420 K for the coarse-grained material and
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between 10 K and 320 K for the nanocrystalline and ultra-nanocrystalline
materials, respectively. Measurements at a pressure of 0.55 GPa were
also carried out with helium gas as pressure medium. The crystal and
magnetic structures were refined by the Rietveld method using the
General Structure Analysis System (GSAS) suite of programs.[?2

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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