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Magnetic structure and uniaxial negative thermal
expansion in antiferromagnetic CrSb

Jibao Yuan,a Yuzhu Song, *a Xianran Xing b and Jun Chen a

Negative thermal expansion (NTE) has been found in a growing number of ferromagnetic and ferrimag-

netic materials; however, it remains a challenge to discover antiferromagnetic (AFM) NTE materials. Here,

we report the uniaxial NTE properties of AFM intermetallic CrSb systematically, and reveal its uniaxial NTE

mechanism for the first time. The present AFM intermetallic CrSb shows uniaxial NTE at high temperature

and over a broad temperature window (αa = −6.55 × 10−6 K−1, 360–600 K). The direct experimental evi-

dence of neutron powder diffraction reveals that NTE is induced by the AFM ordering of the Cr atom. The

present study demonstrates that due to the transition from an AFM ordered structure to a paramagnetic

disordered configuration, the negative contribution to the thermal expansion from the magnetovolume

effect overwhelms the positive contribution from anharmonic phonon vibration. This study is of interest

to find antiferromagnetic NTE materials.

Introduction

Negative thermal expansion (NTE), in which at least one of all
the three dimensions of the material decreases with increasing
temperature, is an unusual and unexpected thermodynamic
phenomenon.1–3 Due to their ability to compensate for the
normal positive thermal expansion (PTE) and great potential
for technological and industrial applications in high-precision
instruments and some important transportation facilities, NTE
materials have attracted a tremendous upsurge of interest.2,4

Since the isotropic NTE of ZrW2O8 was studied in 1996,1 the
research on NTE has developed rapidly in the past two
decades.5,6 Meanwhile, multifarious NTE materials have been
found, such as oxides,7,8 alloys,9–11 anti-perovskite manganese
nitrides,12–14 fluorides,15,16 PbTiO3-based ferroelectrics,17

cyanides18,19 and metal–organic frameworks (MOFs).20 These
studies shed light on the underlying microscopic NTE mecha-
nism such as low-frequency phonon transverse vibration,21

valence transition,22,23 magnetovolume effect,24 ferroelectri-
city25 and microstructural effects.26 However, most of the NTE
materials that have been found are ceramic materials, and the
quantity of NTE alloys or intermetallic compounds is still
limited. It is known that metallic materials have a broader pro-
spect in modern applications because of their superior

mechanical performance as well as remarkable thermal and
electrical conductivity. Therefore, there is an urgent need to
discover novel NTE metallic materials for further applications.

The most representative research on NTE alloys is the
abnormal thermal expansion of magnetic Invar alloys
(Fe65Ni35) discovered by the Swiss physicist C. É. Guillaume in
1897,27 who was awarded the Nobel Prize in Physics.28 The
theory of the magnetovolume effect (MVE) caused by the vari-
ation of the amplitude of the local magnetic moment can
account for the anomalous phenomenon of Invar alloys.29 In
general, the volume of magnetic materials with an ordered
magnetic configuration is larger than that of magnetic
materials with a disordered magnetic structure,30 which
means that the MVE has a negative contribution to the
thermal expansion. Undoubtedly, the overall thermal expan-
sion hinges on the balance between the MVE and anharmonic
phonons, in which the phonons contribute to PTE. Hence, if
the negative contribution of the MVE can outweigh the positive
contribution of the phonons, total NTE will occur. Moreover,
on the basis of the MVE theory, ground-breaking progress has
been made in the research of magnetic NTE metal-based com-
pounds, such as Invar alloys,27,28,31 (Hf,Nb)Fe2,

32 NaZn13-type
compounds,9,33 R2Fe17,

34 (Sc,Ti)Fe2
35 and (Zr,Nb)Fe2.

36 It
should be noted that these NTE metal-based compounds are
ferromagnetic or ferrimagnetic. However, the discovery of anti-
ferromagnetic NTE metal-based materials remains challen-
ging. More recently, NTE has been observed in some antiferro-
magnetic functional materials, such as the Mn3XN antiferro-
magnet with many fascinating physical phenomena,12,37–45 the
noncollinear antiferromagnet Mn3Ge with a large anomalous
Hall effect46 and the well-known CrAs-based superconductivity
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compounds.47 It is well known that the dimensions of anti-
ferromagnetic materials are quite insensitive to the external
magnetic field because they have no macroscopic net magneti-
zation.48 Therefore, the discovery of antiferromagnetic NTE
compounds will enable crucial theoretical and practical appli-
cations of significance.

The antiferromagnetic compound CrSb has a simple hexag-
onal nickel arsenide structure and exhibits magnetic ordering
at room temperature.49,50 It is noteworthy that in 1953,
A. I. Snow first investigated the thermal expansion properties
of antiferromagnetic CrSb.51 Intriguingly, the linear coefficient
of thermal expansion (CTE) of CrSb along the a-axis was
observed to be negative by the X-ray diffraction technique.
However, this counterintuitive phenomenon has not yet been
explained. Uniaxial NTE widely exists in organic crystalline
materials,52 metallic materials,53,54 symmetry-broken layered
perovskites55 and other systems.56,57 In view of the advantages
of antiferromagnetic NTE materials, herein the abnormal
thermal expansion behavior of antiferromagnetic CrSb was
studied by variable temperature neutron powder diffraction
(NPD).

In this work, we study the thermal expansion in the anti-
ferromagnetic intermetallic compound CrSb, which exhibits
uniaxial NTE (αa = −6.55 × 10−6 K−1, 360–600 K) at elevated
temperatures and in a wide temperature range. The crystal and
magnetic structures of CrSb intermetallics have been deter-
mined by the Rietveld method from NPD data at temperatures
5–600 K. Its uniaxial NTE is induced by the antiferromagnetic
ordering controlled by the Cr magnetic moment. It should be
noted that it is the first time that the uniaxial NTE mechanism
of the antiferromagnetic compound CrSb is revealed. The
experimental evidence indicates that the anisotropic NTE be-
havior and MVE are inextricably linked, which will promote
the discovery of NTE in other magnetic functional materials.

Experimental

A polycrystalline CrSb intermetallic sample was prepared by
direct solid-state reaction using Cr (99.99%) and Sb (99.99%)
powders as raw materials. Firstly, the stoichiometric powders
were weighed and ground in an agate mortar for about 1 hour
to ensure that they were well mixed and then the mixed
powders were pressed into a pellet with a tablet press. After
that, the pellet was heated slowly to 645 °C in a vacuum-sealed
quartz tube, held at this temperature for 2 hours, and then
annealed at a temperature between 645 °C and 900 °C for
36 hours.58 The annealing temperatures were chosen so that
the samples do not melt. The samples were reground and
annealing was repeated.59 Finally, the sample was cooled natu-
rally to room temperature in the furnace. The temperature
dependence of NPD data with λ = 2.41 Å was collected using a
Wombat high-intensity diffractometer of the Australian
Nuclear Science and Technology Organisation (ANSTO). The
crystal and magnetic structure refinements for all NPD data
were analysed using the FULLPROF software. The macroscopic

magnetic properties were measured using a Quantum Design
physical property measurement system (PPMS) with a vibrating
sample magnetometer (VSM).

Results and discussion

As illustrated in Fig. 1a, CrSb exhibits highly anisotropic
thermal expansion properties. For example, the CTEs of
different crystal axes above 360 K are a mix of negative and
positive values. The linear CTE of CrSb along the a-axis is αa =
−6.55 × 10−6 K−1 (360–600 K), which is similar to that of some
antiferromagnetic anti-perovskites. For example, the CTE of
Mn3(Ga0.5Ge0.4Mn0.1)N is around −3 × 10−6 K−1 above 334 K.12

Besides, the CTE of Mn3Ga0.3Sn0.7N is −8.1 × 10−6 K−1 in the
temperature range of 418–454 K.39 It should be noted that due
to the limitations of experimental conditions, the temperature
of the thermal expansion property analysis can only be
measured to 600 K, but at even higher temperature (below the
Néel temperature), the CTE along the a-axis of CrSb should be
still negative. However, a strong PTE is found along the c-axis
over the whole temperature range, and the CTE is as high as αc
= 56.97 × 10−6 K−1 (360–600 K), which is about one order of
magnitude higher than the absolute value of αa, agreeing with

Fig. 1 Temperature dependence of (a) the lattice parameters and (b)
unit cell volume of the CrSb intermetallic compound.
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the previous literature results.51 As a result, the whole unit cell
of CrSb presents a large PTE determined as αV = 3.32 × 10−5

K−1 (5–600 K) (Fig. 1b). Obviously, the uniaxial NTE appears in
the high temperature region and is maintained over a wide
range of temperatures, which is quite uncommon among the
numerous NTE materials families that have been discovered.
For example, the anisotropic NTE along the a direction when it
is below about 150 K was observed in the bulk CuO which was
attributed to the preferable enhancement of the superex-
change interaction along [10 1̄ ].60 In addition, abnormal NTE
occurs in the c-axis of Cr2GaN when the temperature is lower
than 170 K.54 It should be noted that the dimensions of the
ferromagnetic compounds change with the external magnetic
field, while those of the antiferromagnets are not affected.
More importantly, in recent years, a large number of studies
have shown that antiferromagnetic materials are outstanding
candidates in the context of spintronic applications.61

Similarly, antiferromagnetic NTE materials are expected to be
applied in the field of spintronics due to their anti-interference
to a magnetic field.

In order to reveal the reason for the shrinkage of the a-axis
in CrSb intermetallics, the crystal structure extracted from the
variable temperature NPD data was analysed in depth. As indi-
cated in Fig. 2a, CrSb has a hexagonal crystal structure of NiAs
type (space group: P63/mmc), in which Cr and Sb atoms occupy
the Wyckoff sites of 2a (0, 0, 0) and 2c (1/3, 2/3, 1/4), respect-
ively. The reason for a-axis contraction and c-axis expansion
can be intuitively given as the temperature dependence of
bond lengths and angles. The crystal structure from the per-
spective of the bc plane of CrSb is shown in Fig. 2b. The Cr
and Sb atoms are connected and interacted by the Cr–Sb bond
to form two bond angles, Sb–Cr–Sb and Cr–Sb–Cr angles. It is
noteworthy that the distance between the nearest neighbour
Cr atoms is half of the lattice parameter c,49 which is governed
by the fact that the Cr atoms occupy the midpoint of the c axis

in the unit cell of CrSb. The temperature dependence of the
adjacent Cr–Sb distance and the nearest Cr–Cr distance
obtained from the NPD data analysis are shown in Fig. 2c. It is
incredible that both the Cr–Sb distance and the nearest Cr–Cr
distance increase with increasing temperature in the whole
temperature range. Additionally, it can also be seen obviously
that the distance of the closest Cr–Cr atoms increases more
rapidly than that of the Cr–Sb atoms. As a consequence, a
large PTE can be found along the c-axis. On the other hand, it
is not difficult to understand the cause of NTE along the a-axis
by analysing the change of the bond angle with temperature.
Combined with the crystal structure shown in Fig. 2a and b,
the Cr–Cr distance along the c-axis expands with increasing
temperature, so the chemical bond angle of Cr–Sb–Cr
increases and that of Sb–Cr–Sb decreases (Fig. 2d), which
indirectly leads to the Sb atoms in the ab plane coming closer
and closer. In other words, the NTE of the a-axis originates
from the shrinkage of the Cr2Sb3 hexahedron in the ab plane.
Meanwhile, the elongation of the Cr2Sb3 hexahedron along the
c-axis induces the PTE of the c-axis.

The above studies on the NTE mechanism of CrSb are
carried out from the perspective of the crystal structure, but
what is the essential reason for such an abnormal thermal
expansion behavior? Due to the MVE, the NTE phenomena of
most magnetic materials are related to magnetic
ordering.2,62,63 For example, the giant NTE in anti-perovskite
manganese nitrides is associated with the gradual increase of
the Γ5g antiferromagnetic ordering moment.12,37–45 Therefore,
the magnetic structure information was extracted by carefully
processing the variable temperature NPD data. The tempera-
ture dependence of NPD patterns for CrSb in the range of
30–120° and 5–600 K are plotted in Fig. 3a. The (100) and (002)
peaks are marked particularly in Fig. 3a. It can be roughly seen
that with the increase of temperature (above 360 K), the diffrac-
tion peak of (100) slightly shifts to the higher diffraction angle,
while that of (002) gradually moves to the lower diffraction
angle, which directly reflects the anisotropic thermal expan-
sion characteristics of CrSb. In order to clarify the details of
the evolution of the magnetic structure, the variation of mag-
netic peak intensity with temperature was studied. Obviously,
as the temperature increases, the intensity of (002) almost
remains unchanged, but that of (100) decreases gradually,
especially around 360 K (Fig. 3b). This directly means that the
direction of the magnetic moment in the magnetic structure is
parallel to the c axis, which is basically in accordance with the
past research studies.49,59 Moreover, the decrease of the inten-
sity of the (100) magnetic peak is caused by the transition
from magnetic order to disorder. It can be observed that when
the intensity of (100) decreases obviously at 360 K, the NTE be-
havior begins to appear, which directly indicates that the NTE
phenomenon is profoundly complicated with the magnetic
behavior.

The magnetic structure refinements of the NPD patterns of
CrSb are shown in Fig. 4a. The previously conjectured mag-
netic structure model can fit the experimental data well, which
suggests that the magnetic structure is antiferromagnetic. As

Fig. 2 (a) The hexagonal structure of CrSb (space group, P63/mmc). (b)
Crystal structure in the bc plane of CrSb. Temperature dependence of
(c) the bond distance of Cr–Sb and Cr–Cr and (d) bond angles including
Sb–Cr–Sb and Cr–Sb–Cr.
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indicated in Fig. 4a, the refined NPD patterns contain two
diffraction peaks of different signals, which come from
nuclear scattering and magnetic scattering, respectively. The
refined magnetic structure of CrSb is shown in Fig. 4b. It is
antiferromagnetic below TN and the Cr atoms located at the 2a
site carry a moment which is coupled ferromagnetically within
a given (001) layer and antiferromagnetically between succes-
sive layers, while the Sb atoms at the 2c site have no magnetic
moment. In order to further verify the antiferromagnetic struc-
ture of CrSb, the macroscopic magnetic behavior of CrSb was
studied. As shown in Fig. 5a, the macroscopic magnetization is
very small and increases with the increase of temperature
before the magnetic transition temperature. Unfortunately,
due to the limitations of the measurement conditions, the
temperature can only be measured to 400 K. Theoretically, if a
higher temperature can be measured, the magnetization
should increase first and then decrease, and a maximum
inflection point will appear near the magnetic transition temp-
erature. The M–H curve is almost linear and has no magnetic
hysteresis (Fig. 5b). Moreover, the magnetization of M–H is
relatively small, and it does not reach saturation even at H = 5

T, which is exactly the characteristic of antiferromagnetism.
Based on the analysis of the M–T curve and M–H curve, it can
be concluded that CrSb is antiferromagnetic, which is consist-
ent with the antiferromagnetic structure obtained by NPD
refinement. The temperature dependence of Cr magnetic
moment is depicted in Fig. 4b. With increasing temperature,
the magnetic moment of the Cr atom decreases nonlinearly
from approximately 2.5μB to about 2.15μB. Since the tempera-
ture can only be measured to 600 K, it had not dropped to
zero. However, it has no influence on revealing the uniaxial
NTE mechanism of CrSb.

To further elucidate the correlation between magnetism
and anomalous thermal expansion, the variation trend of the
lattice parameter a and magnetic moment of the Cr atom with
temperature are plotted in Fig. 6. It can be obviously seen that
the thermal expansion can be divided into two independent
regions. Taking 360 K as the boundary temperature, PTE is dis-
played below this temperature and NTE is displayed when it is
higher than this temperature. When the magnetic moment of
Cr decreases very slowly, almost unchanged below 360 K, the
lattice parameter a expands, i.e., PTE occurs; however, when

Fig. 3 (a) Temperature dependence of the neutron powder diffraction
patterns of CrSb in the temperature range of 5–600 K. (b) Temperature
dependence of the contour plots of the NPD profile intensity for the
CrSb antiferromagnetic compound.

Fig. 4 (a) Magnetic structure refinements of the NPD patterns of CrSb
at T = 300 K. (b) Temperature dependence of the magnetic moment of
the Cr atom for the CrSb intermetallic compound. The inset shows the
magnetic structure of CrSb intermetallics.
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the magnetic moment drops sharply (360–600 K), a begins to
shrink, i.e., NTE occurs. Moreover, it is interesting to note
that the variation curves of the lattice parameter a and mag-
netic moment of the Cr atom nearly overlap and show a non-
linear decreasing trend. According to the MVE theory,64 the
volume of magnetic materials with an ordered magnetic con-
figuration is larger than that of magnetic materials with a
disordered magnetic structure, which means that the contri-
bution of magnetic order to thermal expansion is negative.65

Because the magnetic moment of Cr decreases very slowly
below 360 K and MVE is relatively weak, the positive contri-
bution to thermal expansion from anharmonic phonon
vibration exceeds the spontaneous magnetostriction. In
the temperature range of 360–600 K, the magnetic
moment decreases rapidly, which indicates a stronger tran-
sition from antiferromagnetic order to paramagnetic disorder.
As a result, the negative contribution of the spontaneous mag-
netostriction from antiferromagnetic ordering to thermal
expansion overwhelms the positive contribution from anhar-
monic phonon vibration. Therefore, the contraction of the
lattice parameter a can be attributed to the significant
reduction of the Cr magnetic moment. Since the Cr atom has
a magnetic moment but Sb does not, the nearest neighbour Cr
atoms dominate the antiferromagnetic exchange interaction of
CrSb. Therefore, the shrinkage in the ab plane and the elonga-
tion along the c-axis of the Cr2Sb3 hexahedron are controlled
by the distance between the nearest Cr–Cr atoms. It should be
noted that the thermal expansion behavior controlled by the
inherent magnetic moment should be the mutual origin of
NTE in magnetic materials. The present abnormal thermal
expansion phenomena controlled by the magnetic moment
have been found in other magnetic materials systems as well,
such as the classic anti-perovskite manganese nitrides
Mn3XN.

12,37–45

Conclusions

In summary, the intrinsic mechanism of anisotropic NTE in
CrSb is revealed for the first time. The uniaxial NTE property
in the high temperature region and over a relatively broad
temperature window has been found in the CrSb compound
(αa = −6.55 × 10−6 K−1, 360–600 K). The crystal structure
and antiferromagnetic structure of CrSb are extracted by
the Rietveld method from variable temperature NPD data.
The direct experimental evidence of variable temperature
NPD reveals that the contraction of the a-axis is controlled by
the Cr magnetic moment. The sharp decrease of the Cr
magnetic moment causes the expansion of the nearest-neigh-
bour Cr–Cr distance, which results in the Cr2Sb3 hexahedron
shrinking in the ab plane and elongating along the c-axis, so
that the anisotropic NTE occurs. Furthermore, the dimension
of CrSb compound is not affected by the external magnetic
field due to its antiferromagnetic property, which makes it
have a broader application prospect in the field of spintronics.
The present study on the magnetic moment controlled NTE in

Fig. 5 (a) Temperature dependence of zero-field-cooling (ZFC) and
field-cooling (FC) magnetization (M) at a magnetic field of H = 1 T for
CrSb intermetallics. (b) The magnetic hysteresis loops (M–H) at selected
temperatures for CrSb intermetallics.

Fig. 6 Temperature dependence of the lattice parameter of a and mag-
netic moment of the Cr atom for the CrSb intermetallic compound.
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CrSb will prompt the discovery of NTE in other magnetic
materials.
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