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The Cr-based tellurides are attractive material systems for
fundamental studies and potential applications. Colloidal syntheses
of ferromagnetic Cr,Te; and CuCr,Te4 nanocrystals with uniform
morphology and narrow size distribution are reported together
with their detailed magnetic characterisation.

Nanoscale magnetic materials are being intensively investi-
gated because of both their unique properties and potential
applicability in different fields, including spin-based electronics,
recording media, magneto-optics, magneto-caloric refrigeration,
biomedical imaging, efc.! Chromium-based tellurides in the bulk
are known to be ferromagnetic with variable Curie temperatures
(T¢s). Chromium telluride itself exists in various stoichiometries,
including Cr;_,Te, Cr,Te;, CriTey, CrsTeg and CrsTes. All
these compositions crystallize in the hexagonal NiAs-type
structure with ordered Cr vacancies.? Ferromagnetism in these
compounds, with Tcs ranging from 180 to 340 K, results
primarily from ordering of the magnetic moment localized at
the Cr sites.> Because of its unusual magnetic properties,
metallic Cr,Te; (Tc ~ 180 K) is one of the better studied
systems in this family,* but a detailed understanding of its
complex magnetic structure is still lacking.

Ferromagnetic ordering also occurs in a remarkable class of
Cr-based chalcogenide spinels (chalcospinels) that display
metallic, semiconducting, or insulating characteristics.® In
particular, the compounds CuCr,S,, CuCr;Ses and CuCr,Tey
are metallic with Tcs of 377, 430 and 360 K, respectively.6
Because of their high Curie temperatures, these materials are
potential candidates for spin-based electronics and other
applications. Furthermore, recent band structure calculations
suggest the exciting possibility of inducing half-metallicity, i.e., a
material in which there is a gap in one spin band at the Fermi level
and no gap in the other spin band, in some of the mixed Cu,Cd
chalcospinels.” Thus far only a few tellurospinels (MCr,Tes,
M = Cu, Ag, Fe) have been identified, among them the Cu and Ag
analogues are reported to be ferromagnetic at room temperature.®
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Thus, metallic behavior and ferromagnetism with T above
room temperature are the significant characteristics of
CuCr,Tey. The material has also been reported to exhibit a
pronounced room temperature magneto-optical Kerr effect.’

Unlike other semiconducting and metallic tellurides, the

synthesis of Cr-based tellurides is limited. Conventional solid
state methods have been developed for the bulk synthesis
of Cr,Te; and CuCr,Tes using elemental precursors.
However, solution-based synthesis of these compounds in any
form (either bulk or nano-sized) remains largely unexplored.
This can be attributed in part to difficulties in controlling the
oxidation state of chromium and limited known Te precursors
for phase selective synthesis of Cr,Te; and CuCr,Te,.
The utility of these unique materials can undoubtedly be
augmented if they can be synthesized with highly controlled
dimensions, such as colloidal nanocrystals. We recently
reported chemical routes for the synthesis of phase-pure
CuCr,S, and CuCr,Se4 nanocrystals.'! Building on our experience
with solution-phase synthesis of these magnetic chalcospinels,
herein we report the first colloidal syntheses of Cr,Te; and
CuCr,Te,s nanocrystals. The syntheses involve reduction of
tellurium with sodium borohydride in boiling trioctylamine to
produce telluride ions, followed by reaction with chloride salts
of the cation(s).

4,10

For the synthesis of Cr,Te; nanocrystals, 0.4 mmol of Te

powder and 0.4 mmol of NaBH,4 in 25 mL of TOA (98%) were
heated to 170-180 °C under vacuum and then to 350-355 °C
under N,, and maintained at this temperature for 1 h.
In another vessel, 0.4 mmol of CrCl;-6H,O and 2 mL of
oleylamine (OLA) were placed under vacuum for 10 min and
then in a N, atmosphere for 10 min at room temperature. The
vessel was heated in stages to 80-90 °C under vacuum and then
to 180-190 °C under N,. The CrCl5-6H,O and oleylamine
mixture was then rapidly injected into the Te-containing
vessel. The vessel was then quickly reheated to the original
temperature (350-355 °C), and the resulting mixture conti-
nually stirred for 30 min. Following this, the mixture was
cooled to 6070 °C and a 1 : 3 mixture of hexane and ethanol
was added to precipitate the nanocrystals. A similar procedure
was used for the synthesis of CuCr,Te, nanocrystals but using
excess of tellurium powder (0.8 mmol) and NaBH4 (0.8 mmol),
and a mixture of CuCl, and CrCl;-6H,0O (with 1 : 2 stoichiometry
of Cu : Cr) in oleylamine was injected into the Te-containing
vessel.

5656 | Chem. Commun., 2012, 48, 5656-5658

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2cc32021e
http://dx.doi.org/10.1039/c2cc32021e
http://dx.doi.org/10.1039/c2cc32021e
http://pubs.rsc.org/en/journals/journal/CC
http://pubs.rsc.org/en/journals/journal/CC?issueid=CC048045

Published on 17 April 2012. Downloaded by Southern Illinois University Carbondale on 21/01/2015 20:32:31.

View Article Online

We also investigated the use of other commonly used tellurium
precursors, such as trioctylphosphine telluride (TOP-Te) and
diphenyl ditelluride (DPDT). The formation of a Cr-coordination
complex with excess phosphine was observed in the experiment
carried out using TOP-Te, while a large amount of elemental
tellurium was isolated using DPDT. We further established that a
temperature range of 180-190 °C for the Cr—OLA or CuCr-OLA
mixture before injection was crucial for obtaining the desired
products. The formation of an alkylammonium selenide complex
was previously noted during reduction of selenium with NaBH4
in hydrophobic alkylamines.'? Based on this result, we envision
the formation of a trioctylammonium telluride complex in our
method of synthesis when the tellurium is refluxed with NaBH, in
trioctylamine. A possible sequence of reactions in the syntheses
of Cr,Te; and CuCr,Te4 nanocrystals is given in Schemes S1
and S2 (ESIf).

X-ray diffraction (XRD) measurements confirm the phase
purity of the as-synthesized Cr,Te; nanocrystals, as shown in
Fig. 1a, and the diffraction pattern matches very well with the
NiAs-type hexagonal structure with the P31c (163) space
group (shown in the Fig. 1a inset). The diffraction peaks are
indexed as the (112), (114), (300), (116) and (222) planes of the
hexagonal Cr,Tes phase (ICDD no. 029-0458). Based on the
peak positions the estimated lattice parameters are a = 6.82 A
and ¢ = 12.08 A, which are consistent with the values reported
for bulk Cr,Tes.!> Furthermore, the XRD pattern rules out
the presence of other known chromium telluride phases or
impurities. The transmission electron microscopy (TEM)
image in Fig. 1b shows oval-shaped Cr,Te; spheroid nano-
crystals with an average length of 12 4+ 2 nm, which is in
agreement with the particle size (14 nm) estimated from the
width of the (112) peak using the Scherrer equation. The high-
resolution TEM (HRTEM) image in Fig. 1c shows lattice
fringes with measured d spacing of 0.29 nm, corresponding to
the (112) reflection of hexagonal Cr,Tes. The bright spots seen
in the fast Fourier transform (FFT) pattern (Fig. 1¢ inset) can
be indexed to the (112) planes. Energy dispersive X-ray
spectroscopy (EDX) measurements confirm the Cr/Te ratio
to be close to 2 : 3.

The structure of solution-synthesized CuCr,Te4 nanocrystals
has also been confirmed by XRD analysis. The XRD pattern
in Fig. 2a shows diffraction peaks corresponding primarily to
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Fig. 1 (a) XRD pattern of Cr,Te; nanocrystals. Inset shows the
crystal structure of Cr,Te;. (b) TEM image of Cr,Te; nanocrystals.
(c) HRTEM image of a typical Cr,Te; nanocrystal. Inset shows the
fast Fourier transform (FFT) image extracted from image (c).
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Fig. 2 (a) XRD patterns of CuCr,Tes spinel nanocrystals. Inset
shows crystal structure of CuCr,Tey. (b) and (c¢) TEM images of
CuCr,Te4 nanocrystals. (d) HRTEM image of a CuCr,Tey nanocrystal.
Inset of panel (d) shows the FFT image extracted from image (d).

the cubic spinel CuCr,Te, phase, along with small amounts of
Cu;_,Te, and Cr,Tes impurity phases. The Cr,Te; impurity
phase has also been observed in conventional solid state
synthesis.'® Besides phase stability, one of the main difficulties
involved in the synthesis of phase-pure CuCr,Te4 nanocrystals
is the lack of high temperature (> 360 °C) coordinating agents
or solvents. The major diffraction peaks in Fig. 2a are indexed
as (222), (400), (333), (440), (622) and (444) reflections of the
spinel CuCr,Tey phase (fcc, space group Fd3m) that can be
matched with ICDD pattern no. 058-0254 (crystal structure
shown in the Fig 2 inset). The calculated lattice parameter
a = 11.19 A is in agreement with that observed for bulk
CuCr,Tey (11.13 A).w An average particle size of 21.1 nm is
estimated from the width of the (440) peak using the Scherrer
equation. This is comparable with the size measured using
TEM. Fig. 2b and ¢ show TEM images with close to perfect
cube-shaped particles with an average size of 23 £+ 2 nm. The
lattice fringe spacing seen in the HRTEM image (Fig. 2d) is
0.33 nm, which corresponds to the distance between (311)
planes of spinel CuCr,Te,. EDX analysis of the nanocrystals
provides a Cu/Cr/Te ratio of 1 : 2 : 4.4. There is no evidence
of the presence of other possible impurities, such as sodium,
chlorine or boron (Fig. S2, ESI¥).

The Raman spectra of CuCr,Te4 nanocrystals (excitation at
633 nm) in Fig. S3a (ESIT) show three major peaks at 103, 123,
160 cm ™!, corresponding to the F,, E,, F>, modes of the spinel
structure. Fig. S3b (ESIY) illustrates the atomic displacements
corresponding to the different Raman modes, with the Fy,, E,,
F>, modes corresponding to Cu-translation, Te-Cu-Te bending
and Cu-translation against Te, respectively.

We analyzed the magnetic properties of the Cr,Te; and
CuCr,Te, nanocrystals using a SQUID magnetometer in
order to determine the Curie temperature and saturation
magnetization. Field-cooled (FC) and zero-field-cooled (ZFC)
measurements of the nanocrystals, with the applied magnetic
field of 100 Oe and 50 Oe, are shown in Fig. S4a and b (ESI¥).
Low-field (50 Oe) measurements on Cr,Te; and CuCr,Tey
nanocrystals provide Curie temperatures (7¢s) of ~190 K and
~330 K respectively. The measured 7cs for both nanocrystals
are in good agreement with reported bulk values (~ 183 K for
Cr,Tes; ~326 K for CuCr,Tey).*!® Magnetization measure-
ments as a function of magnetic field for the Cr,Te; nano-
crystals show superparamagnetic (SP) behavior at 180 K and
ferromagnetic behavior at 5 K (Fig. 3a). It is interesting to
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Fig. 3 Magnetization (M) as a function of applied field (H) measure-
ments for (a) Cr,Te; at 5 K and 180 K; (b) CuCr,Tey at 5 K and
300 K. Enlarged portions showing the coercivity (insets of (a) and (b)).

note that a sharp switching is observed at 5 K with low
coercivity (Hc ~ 270 Oe) and a remanent magnetization of
2.93 emu g, but the magnetization does not saturate even at
3 Tesla. Non-saturation of magnetization even at high magnetic
fields has also been observed in bulk samples, for which the T
and magnetization also decrease with applied pressure.* These
unusual characteristics have been attributed to noncollinear
spin ordering likely originating from near-degeneracy of ferro-
magnetic and ferrimagnetic alignment in the Cr-deficient
layer.** Measurements on CuCr,Tes nanocrystals indicate
ferromagnetic and near-superparamagnetic behavior at 5 K
and 300 K, respectively (Fig. 3b). Unlike Cr,Tes, a saturated
hysteresis loop is obtained at 5 K for CuCr,Te, with a
saturation magnetization value of 24 emu g~ ' (2.95 ug fu.™ ).
Moreover, a relatively low Hc value of ~ 165 Oe, indicative
of a soft ferromagnet, and a remanent magnetization of
~89 emu g~' are observed. The measured magnetization
values for both nanocrystals are lower than their bulk counter-
parts (~5 pg fu~' for both Cr,Te; (at 10 Tesla) and
CuCr,Tey).*!® This decrease is not unexpected since with
reduced dimensions of nanoscale materials the number surface
atoms increases, which introduces surface disorder, defects,
dangling bonds and vacancies at anion and/or cation sites.
These effects will significantly reduce the number of spins,
leading to a decrease in the net magnetization.'* We have also
measured the isothermal magnetization at temperatures
around T¢ for both nanocrystals and the results are shown

in Fig. S5a and S6a (ESIt). The Arrott plots near the transi-
tion temperatures for Cr,Te; and CuCr,Te4 nanocrystals show
nonlinearity with downward curvature. The observed non-
linearity likely represents deviation from the Landau model
for both these systems.'®

In summary, we have synthesized nanocrystals of Cr,Te;
and CuCr,Te4 by reduction of tellurium with sodium boro-
hydride in boiling trioctylamine to produce telluride ions,
followed by reaction with chloride salts of the cations. The
synthesis yields oval-shaped hexagonal Cr,Te; and cube-
shaped spinel CuCr,Te,; nanocrystals. Magnetic measure-
ments indicate Curie temperature (7c) of ~190 K and
~330 K for Cr,Te; and CuCr,Te4 nanocrystals, respectively.
Nanocrystals of both the tellurides exhibit ferromagnetic
behavior at low temperatures. For Cr,Te; the magnetization
at 5 K does not saturate even with a magnetic field of 3 Tesla,
while CuCr,Tey yields a saturation magnetization (Ms) value
of 24 emu g ' (2.95 up f.u.™'). A detailed investigation of the
syntheses and magnetic properties of Cr,Te; and CuCr,Tey
nanocrystals with different size and shape is underway and will
be reported elsewhere.
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