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ABSTRACT: Negative thermal expansion (NTE) and zero thermal expansion %% % %% NTE -
(ZTE) properties are of great significance for the long-life stable operation of P:;OC O Oogoog:o (28080 K)_.'
precision equipment. However, there are still existing challenges in finding new [ Oogoogogq _._.--—\u‘.'
materials that exhibit NTE or ZTE over a wide temperature range. Here, we report cerEEE W T
negative, zero, and positive thermal expansion in NiAs-type, defective Cri_;Te, ;_o s o%%cogoooogoo = (1802_;50 % _.-"
containing three compounds: hexagonal CrTe, monoclinic Cr;Te,, and trigonal — c2/m OO§§§°§§§°OO %’ ____.____.-"
Cr;Teg. CrTe shows the NTE behavior from 280 to 340 K with the volume 0% 0% % < | a CrsTe,
coeflicient of thermal expansion ay = —27.6 X 1076 K7L Cr;Te, shows the ZTE 000000 PTE L
behavior over a wide temperature range of 180—320 K (ay = 0.16 X 10°K™!). And 5=0.375 %y s's Cgoo (100-500 K)__.-".

Cr Teg holds the PTE behavior over the whole temperature range (ay = 38.5 X 107° PR o Qooﬁ;oo > __.--"'

K™'). All of the samples show obvious anisotropic thermal expansion on heating. 05 P00 all CraTes

Combined with the magnetic measurements, it can be confirmed that the NTE and  ¢p,_;Te
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ZTE properties in ferromagnetic Cr;_sTe originate from the magnetovolume effect
(MVE). Such NiAs-type, defective compounds with similar compositions but different structures provide a new perspective for
tuning the NTE properties of materials and searching for new materials with ZTE over a wide temperature range.

B INTRODUCTION

Generally, most solid materials will exhibit length or volume
expansion due to the increase of average interatomic distance
on heating, that is, positive thermal expansion (PTE).
However, there is a part of materials that decreases or is
approximately constant in length or volume with increasing
temperature, which is negative thermal expansion (NTE) and
zero thermal expansion (ZTE). The thermal expansion of
materials can be quantitatively characterized by the coefficient
of thermal expansion (CTE)." NTE and ZTE behaviors have
received extensive research interest due to the great
significance for the stable and long-life operation of high-
performance devices.” ° Besides, NTE materials have also
been used as fluorescent host lattices in recent years to
suppress thermal quenching and enhance luminescence.”””
NTE can be induced by various mechanisms, such as
transversal vibration of bridged atoms for ZrW,0Os,"
spontaneous volume ferroelectrostriction for PbTiO;-fam-
ily,'"'* the magnetovolume effect (MVE) for antiperovskite
Mn;GaN-family,">'* and charge transfer for LaCusFe,Oy,."
These mechanisms provide guidelines for tailoring the NTE or
ZTE behavior of materials. It is urgent to find those with large
negative or zero CTE over a wide temperature range.
Cr;_sTe is a series of NiAs-type, defective ferromagnetic
compounds with periodic vacancies. Depending on the
vacancy concentration (5), the crystal structures and magnetic
properties of Cr,_sTe vary greatly.'”"” The vacancies and
vacancy concentrations mentioned in such structures are often
specific to the hexagonal NiAs-type structure. CrTe (6 = 0)
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crystallizes in hexagonal space group under ambient con-
ditions, while CryTe, (6 = 0.25) and Cr,Te; (6 = 0.333)
crystallize in monoclinic and trigonal space groups, respec-
tively. Due to the slight difference in Te content, Cr;Teg (6 =
0.375) has monoclinic and hexagonal phases.'® Curie temper-
ature can be reduced from 360 to 160 K with the increasing
vacancy concentration (8)."” Among them, hexagonal CrTe
has been reported to decrease in volume on heating near its
Curie temperature.”’ By analyzing the relationship between
NTE and magnetic properties in detail, it was found that NTE
in CrTe originated from the magnetovolume effect.”’ Also,
NTE temperature range can be expanded by replacing Te with
Se. Since Cr,_gTe with different vacancy concentrations are all
ferromagnetic compounds, it would be interesting to explore
whether Cr,_sTe with other vacancy concentration (§) also
has NTE. These compounds with similar compositions and
different structures provide an excellent platform for studying
the structure—activity relationship of materials.

In this work, we prepared three Cr,_sTe compounds by
solid-state synthesis, including hexagonal CrTe, monoclinic
Cr;Te, and trigonal CrTes Interestingly, as the vacancy
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concentration (&) increases, their thermal expansion behaviors
change from NTE in CrTe to ZTE in Cr;Te, and then to PTE
in CryTeg. Besides, all of the three compounds exhibited
anisotropic thermal expansion upon cooling or heating.
Combined with the analysis of variable-temperature X-ray
diffraction (XRD) and magnetic measurements, it can be
inferred that both NTE and ZTE in Cr;_gTe originate from the
magnetovolume effect (MVE).

B EXPERIMENTAL SECTION

Material Syntheses. Cr (Aladdin, 99.9%) and Te (Aladdin,
99.99%) powders with different stoichiometric amounts were
thoroughly mixed in an argon-filled glovebox and then sealed into
evacuated quartz tubes. After that, the tubes were heated at 800 °C for
2 days with intermediate grinding and reannealing to synthesize
Cr;Te, and Cr;Teg For the synthesis of CrTe, the quartz tube
containing raw materials was first heated at 1100 °C for 2 days with
intermediate grinding and reannealing. After the obtained sample was
thoroughly ground and reheated at 1200 °C for 40 min, it was cooled
to 1100 °C slowly and then quenched to room temperature in cold
water.

Characterizations. The phase purity was checked by powder X-
ray diffraction (XRD) at room temperature using a PANalytical
Empyrean diffractometer on Cu Ka radiation (4 = 1.5406 A). The
elemental composition was confirmed by energy-dispersive X-ray
spectroscopy (EDS) attached to a JSM-7900F field emission scanning
electron microscope (SEM). Raman spectra were recorded at room
temperature using a Renishaw inVia reflex micro-Raman spectroscope
with a 532 nm laser. X-ray photoelectron spectroscopy (XPS) was
performed using a Thermo Fisher ESCALAB 250Xi photoelectron
spectrometer with an Al Ka X-ray source. Binding energy is corrected
using the C 1s peak fixed at 284.8 eV. Variable-temperature XRD
patterns were collected using a Tongda TD-3700 diffractometer on
Cu Ko radiation with a temperature control system. Magnetic
properties were measured by a superconducting quantum interference
device of quantum design with the vibrating sample magnetometer
(SQUID-VSM). Structure refinements for all of the ;)owder XRD
patterns were performed using FullProf Suite software.””

B RESULTS AND DISCUSSION

Syntheses and Crystal Structures of Cr,_sTe. Three
phase-pure compounds CrTe, Cr;Te, and Cr;Teg; were
obtained by direct high-temperature solid-state method. Figure
1 shows the powder XRD patterns of the as-obtained CrTe,
Cr;Te,, and CrsTeg which can be well indexed in hexagonal
P6y/mmc (ICSD #81719), monoclinic C2/m (ICSD
#626874), and trigonal P3m1 (ICSD #50015), respectively.
The refined parameters for CrTe are a = b = 4.0048(1) A and ¢
= 6.2402(3) A with R, = 5.12% and R, = 6.65%. CrTe has a
typical NiAs-type structure, which is composed of face-shared
[CrTes] octahedra layers stacked along the c-axis to form a
three-dimensional structure. For Cr;Te,, the refined parame-
ters are a = 13.9646(2) A, b = 3.9245(1) A, ¢ = 6.8517(1) A,
and f = 118.307(1)° with R, = 5.75% and R, = 7.09%.
Compared with CrTe, the [CrTes] octahedra in Cr;Te, are
distorted, and periodic metal vacancies appear every two layers
of atoms. Thus, the structure of Cr3Te, can be considered as a
1 X 2 X 2 supercell of the CrTe structure. For CrsTeg, the
refined parameters are a = b = 7.7887(1) A and ¢ = 11.9735(1)
A with R, = 6.22% and R,, = 8.07%. It forms a 2 X 2 X 2
supercell due to parts of Cr sites are not fully occupied besides
periodic metal vacancies.

The elemental compositions of the as-synthesized CrTe,
Cr;Te,, and Cr;Teg samples are confirmed by EDS. As shown
in Figure 2a, the elemental compositions of all samples are
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Figure 1. Structure refinements of powder XRD patterns for (a) CrTe
(with a small amount of Cr,O5 impurity), (b) CryTe,, and (c) Cr;Tes.
Inset: crystal structures of CrTe, Cr;Te, and CrsTeg at room
temperature.

close to their respective chemical formulae. Notably, the
synthesized CrTe is not in a perfect 1:1 stoichiometric ratio. It
is reported that a certain amount of Cr vacancies in CrTe helps
to hold the NiAs-type structure.”” The results of EDS mapping
show that the element distribution of the synthesized samples
is relatively uniform (Figure S1). Despite sufficient grinding,
there are still many flakes in CrTe and CrgTeg, which leads to a
certain preferred orientation in XRD. Raman spectra show that
the three compounds have two distinct characteristic peaks
with almost the same Raman shift, corresponding to the out-of-
plane A;; and in-plane E, vibrational modes. * Ay and E;
modes are often shared in the transition-metal chalcogenides
crystallized in the trigonal or hexagonal system, corresponding
to the atomic vibrations perpendicular to the ab plane and
those in the ab plane, respectively.”> Specifically, in CrTe and
Cr;Teg, the two Raman peaks corresponding to A, and E, are
located at around 123 and 140 cm™’, respectively. Due to the
lattice distortion in Cr;Te,, the positions of Raman peaks
slightly shift to 124 and 142 cm™', respectively. XPS spectra
show that the positions of binding energy peaks of the three
samples are almost the same, consistent with that reported by
Shimada et al.'” The peaks located at around 575.5 and $85.9
eV are attributed to Cr 2p,,; and Cr 2p, ,, while those located
at around 572.2 and 582.4 eV are attributed to Te 3d;/, and Te
3d;,,, respectively. However, it is difficult to obtain reliable
composition and valence information from XPS spectra as in
the two-dimensional Cr,_sTe films.***°™* It can just be
observed that the Cr content of Cr;Te, and CriTeg is lower
than that of CrTe. For Cr;Te,, Chua et al. assigned the two
broad peaks at 572 and 582 eV to three components
containing Te 3ds,, (Te 3d;/,), Cr 2ps,, (Cr 2py),), and Te
from TexOy,26 but it seems to be more appropriate to assign
them to different valence states of Cr instead of Te,COy.g’0
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Figure 2. (a) EDS, (b) Raman, and (c) XPS spectra for CrTe, Cr;Te,, and Cr;Teg at room temperature.
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Figure 3. Temperature-dependent crystallographic parameters of (a) CrTe, (b) Cr;Te,, and (c) Cr;Tes. The blue ranges in (a) and (b) highlight

the NTE and ZTE behaviors of CrTe and Cr;Te,.

NTE, ZTE, and PTE Properties of CrTe, Cr;Te,, and
CrsTeg. To explore the possible NTE properties of CrTe,
Cr;Te,, and CriTeg, the as-obtained samples are characterized
by variable-temperature XRD (Figure S2). By performing
refinements for all of the XRD patterns at different
temperatures, the temperature-dependent lattice crystallo-
graphic parameters of CrTe, Cr;Te,, and CriTeg are shown
in Figure 3. The results of refinements are partly shown in
Figure S3. It can be obviously observed that CrTe shows the
NTE behavior from 280 to 340 K, Cr;Te, shows the ZTE
behavior from 180 to 320 K, while Cr;Teg shows the PTE
behavior in the whole temperature range. Specifically, the
thermal expansion coefficient of volume (ay) of CrTe is —27.6
x 1078 K™! (280—340 K), close to that reported by Xu et al.”!

Correspondingly, the thermal expansion coefficients are
calculated to be @, = a, = —18.2 X 107° K™! and a, = 8.84
X 107 K™! in the temperature range of 280—340 K, which
indicated that the NTE behavior of CrTe origins from the
shrink of the a-axis. In Cr;Te,, the # angle remains constant
almost over the whole temperature range (Figure S4). The
lattice parameters b and ¢ decrease on heating from 180 to 320
K, while the lattice parameter a increases, resulting in that the
unit cell volume of Cr;Te, hardly changes from 180 to 320 K.
The thermal expansion coefficients are @y, = 0.16 X 107¢ K™,
a,=114x10°K™, @, = =491 X 10°* K™, and @, = —6.69
X 107 K™! in the temperature range of 180—320 K. Although
the a-axis also shrinks on heating, due to the large elongation
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Table 1. Thermal Expansion Properties of CrTe, Cr;Te,, and Cr;Teg in Selected Temperature Ranges

Sample ay/ X 1076 K7t a,/ x 107 K a,/ X 107 K a,/ X 1078 K! Temp. range/K
CrTe -27.6 -182 -182 8.84 280—340
Cr;Te, 0.16 11.4 —491 —6.69 180320
CryTeg 385 —-6.40 —6.40 515 100—500
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Figure 4. (a) Temperature-dependent magnetization (per mol Cr atom) for CrTe, Cr;Te,, and Cr;Teg measured in the external magnetic field H =
1 kOe. The dashed lines are fitted by the modified Curie—Weiss law, and the fitted Weiss temperatures of CrTe, Cr;Te,, and CrsTeg are 351, 321,
and 244 K, respectively. (b) Field-dependent magnetization for CrTe, Cr;Te,, and Cr;Tes measured at 2 and 400 K.

of the c-axis, Cr;Teg exhibits the PTE behavior in the whole
temperature range (100—500 K).

All of the coefficients of thermal expansion (CTE) of CrTe,
Cr3Te,, and Cr;Teg are shown in Table 1. For all of the
samples, the volume CTE is equal to the sum of the uniaxial
CTE, ie, ay = @, + @, + a.. And all of the samples exhibit
obvious anisotropic thermal expansion behaviors. With the
increase of Cr vacancy concentration (§), the thermal
expansion coefficients of volume (ay) of the samples change
from a negative value to a near-zero value and up to a positive
value finally. From the crystal structures of CrTe, Cr;Te,, and
Cr;Teg, the heating leads to the shortening of the distance
between atoms within the layers, while the normal thermal
expansion law between the layers is maintained, which leads to
the NTE behavior of CrTe and the ZTE behavior of Cr;Te,.
Due to the existence of more vacancies, the NTE behavior
within the layers is suppressed, while the PTE behavior
between the layers is enhanced. This results in that the degree
of uniaxial NTE of Cr;Te, and Cr;Teg is smaller than that of
CrTe, while the PTE of c-axis in CriTeg (a, = 51.5 X 107°
K™') is much larger than that in CrTe (a, = 8.84 X 1076 K1),
From the obtained thermal expansion coeflicients, the vacancy
concentration (§) has a strong impact on the thermal
expansion behaviors of CrTe, Cr;Te,, and CryTeg. Not only
that, but the magnetic properties of the system can also be
greatly affected.

Magnetic Properties of CrTe, Cr;Te,, and Crs;Teg. As
shown in Figure 4a, all of the three samples show obvious
ferromagnetic (FM)-to-paramagnetic (PM) transitions during
both of zero-field-cooling (ZFC) and field-cooling (FC)
processes. For the sample of CrTe, since Cr,O; is
antiferromagnetic with a Neel temperature of about 318 K,*'
a small amount of Cr,O; impurity has little effect on the
measured magnetization. With the increase of vacancy
concentration (§), the Weiss temperature of CrTe, CryTe,,
and Cr;Teg gradually decreases, that is, 351 K for CrTe, 321 K
for Cr;Te,, and 244 K for Cr;Teg. Since the Weiss molecular
field near the transition temperature is not accurate enough,
the transition temperature values obtained by fitting the

14644

Curie—Weiss law are slightly larger. According to the
minimum of the derivative curve of the magnetization dM/
dT (Figure SS), the Curie temperatures (T.) of CrTe, CryTe,,
and Cr;Teg are determined to be 339, 313, and 235 K,
respectively. Meanwhile, the magnetization of the samples also
decreases with the increasing vacancy concentration (§).
Dijkstra et al. have reported that direct metal—metal
interaction and Cr—Te covalency determine the magnitude
of the moment on Cr atom in Cr;_gTe.”” It is found by band
structure calculations that the Te Sp bands become magneti-
cally polarized due to the strong Cr—Te covalent. The increase
of vacancy concentration (§) not only weakens the metal—
metal interaction but also makes the Te polarization gradually
change from positive to negative, resulting in a decrease in
magnetization of CrTe, Cr;Te, and Cr;Te; Besides the
obvious FM—PM transition, the obvious tuning points of
magnetization from the ZFC and FC curves for CrTe and
Cr;Te, at 66 and 41 K can be attributed to the transitions from
FM to canted antiferromagnetic (AFM) phases. Similar
behaviors were also reported in single-crystalline Cr,Tes.”* In
CrsTeg, a significant separation of ZFC and FC curves at low
temperature indicates a strong magnetocrystalline anisotropy
or the canting of spins of Cr.** This is consistent with the
behaviors of CryTeg single crystals and has been confirmed by
neutron diffraction data.”>™>” From the M—H curves (Figure
4b), it is enough to saturate the magnetization of CrTe and
Cr;Te, under the magnetic field of H = 30 kOe. And the M—H
curves show little hysteresis with the coercivity H. = 0.28 kOe
for CrTe and H. = 0.15 kOe for Cr;Te,. In CrsTeq, the
coexistence between canted AFM and FM leads to an
unsaturated magnetization at 2 K.*® This also corresponds to
the strong magnetocrystalline anisotropy in CrsTez, which
results in a large hysteresis with the coercivity H, = 2.73 kOe,
much larger than that of CrTe and Cr;Te,. These results from
M—H curves can be corroborated with the temperature-
dependent magnetization for CrTe, Cr;Te,, and CrsTes.
Magnetovolume Effect (MVE) Responsible for the
NTE/ZTE Behaviors in CrTe, Cr;Te,;, and CrsTeg. By the
analysis of the results of the magnetic measurements for the

https://doi.org/10.1021/acs.inorgchem.2c01826
Inorg. Chem. 2022, 61, 1464114647


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c01826/suppl_file/ic2c01826_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01826?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01826?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01826?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c01826?fig=fig4&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c01826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry pubs.acs.org/IC
10 6
(@) 5] W,y CrTe (b) W,y Cr;Te, © 4 o c?
° {_ee /
c17%e 4110%%e Cr,Te, O O
% °
4] 2 ¢ w0 =3 o P
«g 5] Weyp = AVIV - «,TO‘ Wexp 0. o % /,O /o CrTe
- 0 ..... :0— ......./. T 24 /, Q
— - a ’ 4
3_2_ -7 3_2_. - 3m /O/
] //’ e 1 4 //@/
41 wnm/z - 4 wnm// /O//
64 -~ e 04 0p”
-8 6 .

T T T T T T T T T T T
150 200 250 300 350 400
Temperature (K)

T T T T T T T T T T T
150 200 250 300 350 400
Temperature (K)

T T T T T T T T T T T T
0 10 20 30 40 50 60
M? (emu?/mol?-Oe?)

Figure 5. Temperature-dependent @,,, @, and @,,, for (a) CrTe and (b) Cr;Te,. (c) Linear relationships between @, and M>.

samples, the temperatures at which the NTE and ZTE
behaviors disappear correspond to the Curie temperature T, =
339 K for CrTe and T, = 313 K for Cr;Te,. The weakening of
the ferromagnetic interaction leads to a decrease in the
interlayer atomic distance on heating, leading to the NTE and
ZTE behaviors of CrTe, CryTe,, and Cr;Teg. Near T, the a-
axes of CrTe and CrgTeg shrink rapidly, while the b- and c-axes
of Cr;Te, begin to shrink; in fact, they both represent a
decrease in the atomic distance within the layers. It has been
recently discovered that the relationship between the a-axis
and magnetism stems from the strong mixed bond between the
nearest-neighbor Cr and Te atoms in CrTe.””***” Notably, the
a- and b-axes of CrsTey are still slowly shortening above the
Curie temperature, which may be due to the existence of
disordered Cr vacancies in the ab plane that counteract the
contribution of the increased atomic vibrational amplitude to
thermal expansion on heating. The decrease of magnetization
and disordered vacancies together lead to g-axis and b-axis
exhibiting linear NTE behaviors almost over the full temper-
ature range. Based on the above discussion, it can be inferred
that the NTE and ZTE behaviors exhibited in CrTe, Cr;yTe,,
and CrsTeg are closely related to the magnetic transitions,
more precisely, the magnetovolume effect (MVE).

Many magnetic materials have been found to exhibit NTE or
ZTE behaviors originated from the MVE, such as the Invar
alloys of Fe—Ni,* (Zr,Nb)Fe2,41 Tb(Co,Fe)z,42 and the
antiperovskites Mn;(Zn, M), N (M = Ag, Ge).” To clearly
reveal the relationship between NTE, ZTE, and magnetic
properties in CrTe, Cr;Te,, and Cr;Teg as shown in Figure
Sa,)b, we calculate the spontaneous volume magnetostriction
(wy) with the following formula

Wyp = Weyp — Wy

(1)

where @,, is the contribution of MVE for the anomalous
thermal expansion,*** @, is the experimental data from
XRD, and w,, represents the normal thermal expansion
obtained by fitting the data from the high-temperature range.
Meanwhile, according to the MVE theory, w, has the

following relationship with the local magnetic moments

xp

wy, = kCM(T)? 2)
where k is the compressibility, C is the magnetovolume
coupling constant, and M(T) represents the local magnetic
moments as a function of temperature.l’46_48 As shown in
Figure Sc, a clear linear relationship is observed after using the
magnetization to approximately replace the local magnetic
moment, which also effectively indicates that the NTE and
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ZTE behaviors in CrTe and Cr;Te, originate from MVE.
When the contribution of MVE on the thermal expansion is
larger than that of normal thermal expansion, the material
exhibits the NTE behavior.

B CONCLUSIONS

In summary, we report the NTE, ZTE, and PTE behaviors in
NiAs-type, defective Cr;_sTe compounds CrTe, Cr;Te,, and
Cr;Teg. Hexagonal CrTe shows the NTE behavior from 280 to
340 K with the volume coefficient of thermal expansion (ay) of
—27.6 x 107° K. Monoclinic Cr;Te, shows the ZTE
behavior over a wide temperature range of 180—320 K with ay,
= 0.16 X 107° K™". While trigonal CrTeg exhibits the PTE
behavior over the full range from 100 to 500 K with o, = 38.5
X 107¢ K™'. The presence of more vacancies in the system can
suppress NTE within layers and enhance PTE between layers.
Combined with the magnetic measurements of the samples, it
can be inferred that the NTE and ZTE behaviors exhibited in
ferromagnetic CrTe, Cr;Te,, and Cr;Teg originate from MVE.
The diverse thermal expansion behaviors of CrTe, Cr;Te,, and
CrsTeg provide a new way to tune the NTE properties of the
materials and find new wide-temperature-range ZTE materials.
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