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High Curie temperature and coercivity
performance of Fes_,Cr,Se4 nanostructures+

Shao-jie Li, Da Li,* Wei Liu and Zhidong Zhang

Monoclinic Fes_,Cr,Se4q nanostructures (0 < x < 2.5) were synthesized using a high-temperature solution
chemical method. With increasing the Cr doping, the peak positions in the X-ray diffraction (XRD) patterns
of Fes_,Cr,Se, nanostructures slightly shifted to lower 20 values due to the changes in lattice parameters.
Expansions in the unit cell volumes of Fes_,Cr,Se4 nanostructures (x > 0.3) may have been responsible for
enhancing the ferromagnetic (FM) interaction between magnetic ions, which resulted in a significant
increase in the Curie temperature (T¢) from 331 K for FeszSey to 429 K for FeCr,Sey, distinctly differing
from the magnetic properties of the corresponding bulk materials. A room-temperature coercivity (Hc)
analysis showed an obvious increase from 3.2 kOe for FesSe, to 12 kOe for Fe, 3Crg7Se4 nanostructure,
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Introduction

In the past few decades, magnetic nanostructures have
attracted a great deal of interest due to their magnetic pro-
perties being different from their bulk counterparts, which
offers various opportunities for extensive applications, such as
high density data storage and medical equipment. Compared
to the top-down physical processes, chemical synthetic
methods have been found to be highly effective to synthesize
uniform magnetic nanostructures with controlled size and
shape by varying the reaction conditions. Through chemical
methods, the as-prepared FePt nanoparticles generally take on
a disordered face-centered-cubic (FCC) structure without ferro-
magnetism at the nanoscale;" however, after high-temperature
salt-matrix annealing, the FCC FePt nanoparticles would
convert to the face-centered-tetragonal structure (L1,), which
achieved coercivity values of up to 30 kOe at room temperature
with a diameter of 8 nm.> To date, the chemical synthesis has
had very limited success in obtaining high coercivity values
and high purity specimens of the SmCo and NdFeB nano-
particles. A two-step synthetic approach was developed to
prepare nanocrystalline SmCo by high-temperature reductive
annealing of the Co@Sm,0; core/shell nanoparticles in ca’
At room temperature, the obtained SmCo nanocrystals showed
a coercivity value of 12 kOe. However, the FePt and SmCo nano-
structures contained noble metal and rare earth elements and
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but gradually decreased upon further increasing the Cr content.

with that comes the associated problems of cost and resource
scarcity. Additionally, the method is very complex and needs to
anneal at high temperatures. All these problems demand for a
search of new rare earth-free hard magnetic materials.

The iron selenide (FeSe,) compounds have been studied
since the 1950s.*”® They have the NiAs structure similar to pyr-
rhotite FeS,, and FeSe, with the composition between x = 1.00
to 1.35 being ferrimagnetic.>® The crystal structure of Fe;Se, is
monoclinic with ordered vacancies of Fe atoms along the
b-axis, and the lattice parameters of the unit cell with two
chemical units, Fe;Se,, are a = 0.6208 nm, b = 0.3541 nm, ¢ =
1.1281 nm and g = 91.807°.* The magnetic structure of Fe;Se,
has been investigated by high resolution powder neutron diffr-
action and the magnetic moments have been found to point
along the b-axis.” According to the phase diagrams, the
Fe;_,M,Se, (M = Ni, Co and Cr) systems can form a solid solu-
tion with Cr;S,-structures over the entire composition range.’
The substituted Ni and Co atoms in Fe;_,M,Se, have no loca-
lized magnetic moment and the ferrimagnetism of Fe;Se, is
weakened by Ni and Co substitutions."* The Curie temperature
Tc and the magnetization at a field of 18 kOe for Fe;_,M,Se,
(M = Ni and Co) decrease monotonously with increasing the
substitution of Ni and Co, and the ferrimagnetism disappears
at about x = 1.2 for Ni and x = 1.8 for Co. The Fe;_,Cr,Se,
system shows a ferrimagnetic transition in the susceptibility at
around 300 K in the composition range 0 < x < 1.5, and the
highest T¢ of these materials is about 370 K for x = 0.5, which
is higher than that of Fe;Se,."*" Fe;Se, nanowire arrays have
been investigated by selenizing the precursor Fe nanowires
with Se powder,"* which exhibits a high coercivity performance
and a positive magnetoresistance behavior at temperatures
below 100 K. Various Fe;Se, nanostructures with shapes from
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nanosheets and nanocacti to nanoplatelets showed giant
coercivity values up to 40 kOe at 10 K and 4.0 kOe at room
temperature."> " This giant coercivity has been attributed to
the uniaxial magnetocrystalline anisotropy of the monoclinic
Fe,Se, with ordered cation vacancies.'>'” However, the room-
temperature coercivity of Fe;Se, nanostructures was one order
magnitude smaller than that at 10 K, and the Curie tempera-
ture was a bit larger than 300 K, which limits the possible
applications of Fe;Se,. In order to enhance the room-tempera-
ture magnetic properties of Fe;Se,-based nanostructures, the
substitution of Fe atoms by other transition metal elements
has been brought forward.'”'® With the Co substitution, both
the Hc and the T of Fe;_,Co,Se, nanostructures decreased
and the room-temperature coercivity value becomes zero at a
Co dopant concentration of x = 0.2.° By doping Fe-sites with
Mn, the magnetization of Fe;_,Mn,Se, nanostructures at room
temperature increased from 4.84 emu g~ for the x = 0 to 7.54
emu g~ for the x = 0.03 sample, but the room-temperature
coercivity value decreased from 2.74 kOe for Fe;Se, to 1.94 kOe
for Fe, gMn, ,Se, and the T values were stable.'®

Herein, we synthesized Fe;_,Cr,Se, nanostructures by a
high-temperature solution chemical method. With the substi-
tution of Fe by Cr ions, the T¢ of Fe;_,Cr,Se, nanostructures
showed a large increase from 331 K for Fe;Se, to about 429 K
for FeCr,Se,, which are very different from the magnetic pro-
perties of the corresponding bulk materials. Room tempera-
ture He of Fe;_,Cr,Se, nanostructures showed an obvious
increase from x = 0 to x = 0.7, but gradually decreased on
further increasing the Cr content. At an optimal Cr dopant of
x = 0.7, a T¢ value of 405 K and the room-temperature H value
of 12 kOe were obtained, which are considerably larger than
those values of 331 K and 3.2 kOe for the undoped Fe;Se,. Heat-
treatment at high temperatures can irreversibly change the
crystal structures of the as-prepared Fe;_,Cr,Se, nanostructures
and degrade their magnetic properties. Enhanced 7 and H per-
formance of Fe;_,Cr,Se, nanostructures may be ascribed to the
expanded unit cell volume, enhancing the magnetic interactions.

Experimental
Materials

The Fe;_,Cr,Se, nanostructures were synthesized using com-
mercially available reagents. Iron acetylacetonate [Fe(acac)s,
98%)] and oleylamine (OLA, 80%-90%) were supplied by
Shanghai Aladdin reagent Co. Ltd. Selenium powder (Se,
99.999%), chromium(m) acetylacetonate [Cr(acac);, 98%],
hexane (98%), methanol (99.7%) and ethanol (99.7%) were
purchased from Sinopharm Chemical Reagent Co. Ltd. (Shen-
yang, China). All the chemicals were used as received without
any further purification.

Synthesis of Fe;_,Cr,Se, nanostructures

The synthesis of Fe;_,Cr,Se, nanostructures with a series of
Fe/Cr mol ratios (0 < x < 2.5) was performed by a high temp-
erature organic solution phase method using a Schlenk line
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under air-free conditions and magnetic stirring throughout
the entire reaction process. In a typical reaction for the
Fe, sCro5Se; nanostructure, 1.25 mmol Fe(acac); and
0.25 mmol Cr(acac); were added into 20 ml of OLA in a 250 ml
four-neck flask, under a nitrogen flow, which was heated to
180 °C with a 2 °C min™" ramp rate and maintained at 180 °C
for 20 min to obtain a mixed solution. At room temperature,
2 mmol Se powder was added into the mixture solution. Under
nitrogen flow the mixture was heated to 120 °C and main-
tained at this temperature for 1 h to remove moisture and air.
Then, the temperature was slowly raised to 200 °C with a 2 °C
min~" ramp rate and maintained at 200 °C for 1 h. Finally, the
solution was heated to 300 °C with a 5 °C min™" ramp rate and
maintained at 300 °C for 1 h. After that, the solution was
cooled to room temperature by removing the heating source.
The Fe;_,Cr,Se, nanostructures were precipitated by adding
20 ml ethanol and centrifuged at 6000 rpm for 5 min. The pre-
cipitates were rewashed three times with 10 ml of hexane and
20 ml of ethanol.

Characterization methods

The XRD patterns of the nanostructures were collected with
the use of a Rigaku D/Max-2400 diffractometer equipped with
a Cu Ka radiation source (4 = 0.154056 nm) in the 20 range of
10°-60° with a step size of 0.02°. The in situ high temperature
XRD data were obtained on a Bruker D8 Advance diffract-
ometer configured with a tantalum heater as the stage for the
powder sample, in which the data were collected by in situ
heating the samples in a temperature range between 300 K
and 450 K under vacuum. The size and morphology of the
Fe,;_,Cr,Se, nanostructures were characterized using a JSM
6301F field-emission scanning electron microscope (SEM)
system and a JEOL 2010 transmission electron microscope
(TEM). Elemental compositions of the Fe;_,Cr,Se; nano-
structures were analyzed by an Oxford energy dispersive X-ray
spectroscopy (EDX). Magnetic measurements of the as-pre-
pared Fe;_,Cr,Se, nanostructures were performed using a
vibrating sample magnetometer (VSM) standard option in a
physical property measurement system (PPMS) equipped with
a superconducting magnet with a maximum magnetic field of
14 T in a temperature range between 5 and 400 K using the
standard VSM mode. Compacted Fe;_,Cr,Se, pellets were
obtained by compacting the as-prepared Fe;_,Cr,Se, nanostru-
cutres with a diameter of 10 mm using a 1.2 GPa axial pressure
with a steel die. The magnetization versus temperature curve
measurements of the pellets of Fe;_,Cr,Se, nanostructures in
a temperature range between 300 and 500 K were collected
using the VSM with the oven option in a high vacuum state
during the oven operation.

Results and discussion

The powder XRD patterns in Fig. 1(a) show that all the
Fe;_,Cr,Se, nanostructures were in a single phase with the
pseudo NiAs-type crystal structure. For x = 0, all the XRD peaks
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Fig. 1 (a) Powder XRD patterns of the as-prepared Fes_,Cr,Ses nano-
structures and the JCPDS XRD cards of FezSe,; and Fe,CrSey, (b) lattice
parameters (the solid symbols) vs. the Cr content x. The open symbols
correspond to the lattice parameters of FesSe,, Fe,CrSe, and FeCr,Sey,
respectively. The red lines in (b) are guides to the eye.

are in good agreement with the Joint Committee on Powder
Diffraction Standards (JCPDS) XRD card (71-2250) for Fe;Se,,
which has a monoclinic structure with a space group of 12/m
(12) and the unit cell lattice parameters a = 0.6208 nm, b =
0.3541 nm, ¢ = 1.1281 nm and f = 91.807°. According to the
XRD pattern, the grain size of the Fe;Se, nanostructures is
about 40 nm as estimated by the full width of the (011) diffrac-
tion peak at half maximum, calculated with the Scherrer
equation D = KA/Bcos, with D being the average size of
crystallites, K the dimensionless shape factor assumed to be
0.89 for the spherical shape, 4 = 0.15405 nm the wavelength
for the Cu Ka radiation source, 6 is the Bragg angle and B the
full width of the diffraction peak at half maximum located at
26. As shown in Fig. 1(a), with a slight substitution for Fe with
Cr atoms, the XRD patterns of Fe;_,Cr,Se, nanostructures with
the Cr content of x = 0.1 and 0.3 are quite similar to that of the
undoped FezSe, nanostructure, but the detailed diffraction
data show that the individual peaks are slightly different. As
the Cr content was increased, more Fe sites in Fe;_,Cr,Se,
nanostructures were substituted by Cr atoms and the peak
positions of Fe;_,Cr,Se, nanostructures with x > 0.5 signifi-
cantly shifted to lower 26 values due to the larger ionic
radiuses of Cr*>* (73 pm) and Cr** (61.5 pm) than those of Fe**
(61 pm) and Fe** (55 pm). Upon continuously increasing the
Cr content, the peak positions gradually approached those of
Fe,CrSe,s. The lattice parameters of the Fe;_,Cr,Se, nano-
structures were calculated from the diffraction peaks of (002),
(101), (011), (004), (013) and (211) crystal planes using the
UnitCell program.' The calculated lattice parameters of
Fe;_,Cr,Se, nanostructures and the values extracted from the
JCPDS cards of FesSe, (71-2250), Fe,CrSe; (89-1966) and
FeCr,Se, from ref. 21 are shown in Fig. 1(b). It can be seen
that the lattice parameters of Fe;_,Cr,Se, nanostructures are
almost unchanged with the Cr content of x < 0.3, which are
very close to those for undoped Fe;Se,. The lattice parameter a
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has slight changes in all the range of the Cr content in
Fe;_,Cr,Se, nanostructures, but the lattice parameters » and ¢
obviously increased as the x became larger than 0.5. b and ¢
increase from 0.352 nm and 1.128 nm for the Fe;Se, nano-
structure to 0.357 nm and 1.156 nm, respectively, for the x =
0.5 nanostructure. The lattice parameters (a, b and c) vs. the Cr
content are almost the same as for the Fe;_,Cr,Se, solid solu-
tion.>>*! The angle f of the Fe;_,Cr,Se, nanostructures gradu-
ally decreased from 91.7° to around 89.1° with increasing the
Cr content from x = 0.3 to x = 2. There is a distinct difference
in the lattice parameter f values derived from our present
nanostructures and the polycrystalline bulk counterparts, such
as Fe,CrSe, and FeCr,Se,;.”**" The obvious changes in the
angle g for the Fe;_,Cr,Se, nanostructures may be ascribed to
both the larger ionic radius of Cr than Fe and the small size
effect, because the chemical synthesis route for the present
nanostructures is very different from the high temperature
reaction for polycrystalline bulk materials.*

Nanostructures with interesting morphologies could be
obtained using oleylamine as both the solvent and surfactant.
Fig. 2(a) shows the SEM image of the undoped Fe;Se, nano-
particles, which are generally a spherical shape, with numer-
ous spikes grown on the surface pointing radically outward,
similar to the previous Fe;Se, nanocacti synthesized by Zhang
et al."® The average size of these nanocacti was about 1 pm.
With slight substitution for Fe by Cr atoms, the nanostructures

Fig. 2 SEM images for the Fes_,Cr,Se4 nanostructures.
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with the Cr content of x = 0.3 shown in Fig. 2(b) were also in
the nanocacti shape. However, the sheet-shape nanostructures
appear in Fig. 2(c) as the Cr content was increased up to x =
0.7 with a thickness around 50 to 80 nm revealed from the
edges of the rolled up nanosheets. The amount of the
Fe;_,Cr,Se, nanosheets seemed to increase upon increasing
the Cr content to x = 1 (Fig. 2(d)) and the length of the spikes
on the surface of nanocacti became short. With continuous
increase in of the Cr content to x = 2 and 2.5, Fig. 2(e) and (f),
shows that the spikes on the surfaces of the Fe;_,Cr,Se, par-
ticles disappeared and their shape became irregular with a
small increase in the particle size. Compositional line profiles
of a Fe,;Cry,Se, nanocactus and several Fe,;Cr,,Se,
nanosheets showed even elemental distributions of Fe, Cr and
Se in the nanostructures (Fig. S1(a), ESI). The relative atomic
ratios of Fe, Cr and Se in the Fe, ;Cr, ,Se, nanostructures were
examined by the EDS spectra and are shown in Fig. S1(b) and
S1(c).t The Fe/Cr/Se average molar ratio was 32.1/9.2/58.7 for
the nanocactus and 30.4/10.5/59.1 for the nanosheets, respect-
ively, and both of them were in good agreement with the com-
position for the nominal Fe,;Cry,Se, compound to the
detection limit of the instrument.

TEM and HRTEM images in Fig. 3 reveal a more detailed
morphology of the Fe, ;Cr, ;Se, nanocacti. Fig. 3(a) shows that
the nanocacti are composed of large numbers of spikes point-
ing radically outward with a generally spherical shape. The
average size of the nanocacti was about 1 pm with the spikes
in a diameter between 60 to 80 nm and a length range from
200 to 500 nm. The HRTEM image of Fe, ;Cr,-Se, nanocacti
shows the spike features growing perpendicularly from their
surfaces in detail (Fig. 3(b)) in a single crystal form with a
lattice fringe spacing of 0.28 nm, which represents the (202)
planes of the monoclinic Fe, ;Cr, 5Se,.

Fig. 4 represents the temperature dependence of the field-
cooled (FC) magnetization (M) of the Fe;_,Cr,Se, nanostructure
measured in a magnetic field of 1 kOe in the temperature range
from 400 to 5 K. T¢ values of the Fe;_,Cr,Se, nanostructures
were determined by the point of intersection of the two tan-
gents around the inflection point of the MT curves. The T of

Fig. 3 TEM images of (a) a Fe,3Crp5Ses nanocactus, (b) the spike
feature growing perpendicularly to the surface of the Fe;3Crg7Ses
nanocactus in (a). The inset in (b) shows a HRTEM image of the selected
area in a rod with the lattice fringe spacing of 0.28 nm representing the
(202) planes of Fe, 3CrgsSes.
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Fig. 4 FC magnetization of the as-prepared Fes_,Cr,Se4 nanostructures
as a function of temperature. The inset shows the MT curves of the
Fes_,Cr,Se, pellets in a heating process from 300 to 450 K.

Fe;Se, nanostructure was found to be 330 K based on Fig. 4 in
the FC process, which is in good agreement with the earlier
reports.'® It slightly increased to 343 K for the nanostructure
with x = 0.3. In the earlier reports of Co doping in Fe;Se,, the
Tc of Fe;_,Co,Se, nanostructures decreased with increasing Co
content, in which the T was 290 K for Fe, 3Co,,Se, and less
than 200 K for Fe,CoSe,."® As a result, the hysteresis loops of
the Fe,3Coy,Se, and Fe,CoSe, nanostructures showed para-
magnetic behavior and the coercivity value decreased to zero at
300 K. With Mn doping (0 < x < 0.2), the T of 328 K does not
change and the coercivity value at room temperature decreased
with the increase in the Mn content.'® In our present case,
beyond x = 0.3 (x > 0.5) the T values of the Fe;_,Cr,Se, nano-
structures have obviously been enhanced and the ferrimag-
netic-paramagnetic transitions are not completed at 400 K,
which is beyond the measurement range of the standard mode
of the VSM measurements. The T values of the Fe;_,Cr,Se,
pellets were measured in a heating process from 300 to 500 K,
and then in a magnetic field cooling process from 500 to
300 K using the oven mode of the VSM. The curves measured
in the heating process are shown in the inset of Fig. 4. The T
values of the Fe;Se, and the Fe, ,Cr, ;Se, nanostructures were
determined to be 331 K and 343 K from the compacted pellets
in the heating process, which are very close to those obtained
from the as-prepared nanostructures in the FC process.
However, when the measurement temperature was higher than
400 K, the transition temperatures for the Fe;_,Cr,Se, nano-
structures obtained from both the heating and cooling pro-
cesses become different, indicating that some irreversible
changes of the Fe;_,Cr,Se, nanostructures took place at high
temperatures, which are discussed below in detail. Herein, the
transition temperatures obtained from the heating process are
defined as the 7T¢ of the as-prepared Fe;_,Cr,Se;, nano-
structures, whereas the transition temperatures obtained from

This journal is © The Royal Society of Chemistry 2015
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the cooling process are defined as the T¢ of the heat-treated
Fe;_,Cr,Se; nanostructures, which are plotted in Fig. 7(a).
On further increasing the Cr doping, the T of the as-prepared
Fe;_,Cr,Se, nanostructures gradually increased from 382 K for
x = 0.5 to 429 K for x = 2.5. It is very surprising that the as-
prepared Fe;_,Cr,Se, nanostructures (1 < x < 2.5) are ferrimag-
netic at room temperature, which differs from their bulk
counterparts, with 1.5 < x < 3, which order antiferromagneti-
cally between 170 and 230 K and ferrimagnetically at lower
temperatures.'? Neutron powder diffraction studies indicated
that weak ferrimagnetism occurs in the FeCr,Se, system result-
ing from a different structural distortion of the Fe and Cr octa-
hedra.>® Moreover, there is a significant enhancement of the
Tc of the as-prepared Fe;_,Cr,Se, nanostructures in compari-
son with their bulk counterparts, in which the highest T is
about 370 K for the x = 0.5 compound.” This may be ascribed
to the different unit cell lattice parameters between the nano-
structures and bulk specimens. The ferrimagnetism of Fe;Se,
originates from the ferromagnetically aligned spins within the
c-plane coupled antiferromagnetically between adjacent
Fe planes with ordered iron vacancies.””* With increasing
Cr content, large changes in the lattice parameters (b, ¢ and f)
of the as-prepared Fe;_,Cr,Se, nanostructures were observed
and are shown in Fig. 1(b), which may have resulted in
changes in the distances between the magnetic cations of
Fe and Cr, and significantly influenced the ferromagnetic
interaction of the spins in the c-plane and antiferromagnetic
interaction of the spins between adjacent planes of
Fe;_,Cr,Se,.

Fig. 5 shows the dependence of the unit cell volume (V) of
the as-prepared Fe;_,Cr,Se, nanostructures on the Cr content.
The unit cell volumes of the Fe;_,Cr,Se, nanostructures,

265
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Fig. 5 Cr content dependence of the unit cell volumes of the as-pre-
pared Fes_,Cr,Ses nanostructures. The inset shows a linear fitting
between the T and the unit cell volume. The lines are guides to the eye.
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which were calculated by the formula of V = abc sin f3, gradually
expanded with an increase in the Cr content. Both the T
(Fig. 7(a)) and the V of the as-prepared Fe;_,Cr,Se, nano-
structures change slightly for the Cr content x < 0.3, and
increased sharply for x > 0.3, and slowly increased beyond x =
0.8. The similar behaviors may demonstrate a close relation-
ship between the T and the V of the as-prepared Fe;_,Cr,Se,
nanostructures. The inset in Fig. 5 shows a linear fit between
the V and the 7. In RyFe;; (R standing for rare-earth
elements) type compounds, the T decreases strongly under
applied pressure®! and increases with increasing the lattice
parameters of a and ¢ by the nitrogen atoms occupying the
interstitial position in R,Fe;,N,.>* Similarly, the superconduct-
ing critical transition temperatures are modulated by the
applied pressure and the doping rare-earth atoms in the iron-
based superconductors®®>” due to the change of the lattice
parameters and the internal pressure. The unit cell volumes of
the as-prepared Fe;_,Cr,Se, nanostructures expanded upon
increasing the Cr-doping content, which may change the dis-
tances between the magnetic cations of Fe-Fe, Fe-Cr and/or
Cr-Cr. According to the Bethe-Slater curve, both the ferro-
magnetic and the antiferromagnetic interactions between the
magnetic ions can be tuned by the distances of the magnetic
ions. As a result, a slight increase in the lattice parameter c
due to the Cr-doping in Fe;Se, may decrease the antiferro-
magnetic interaction of magnetic ions between the adjacent
planes of Fe;_,Cr,Se, nanostructures, and result in the high T
values.

All of the Fe;_,Cr,Se, nanostructures exhibited hard mag-
netic properties, and the magnetic hysteresis loops at 300 K
and 5 K are shown in Fig. 6. The hysteresis loops did not reach
saturation even at a high field up to 90 kOe, in which the mag-
netization of the as-prepared Fe;_,Cr,Se, nanostructures
increases almost linearly with magnetic fields in the high field
range at room temperature. This linear contribution may arise
from the spin canting at grain boundaries and particle sur-
faces.'® Assuming that the spins in the particle interior remain
collinear and reach saturation at the high magnetic field of
90 kOe, we can subtract the paramagnetic component from
the magnetic hysteresis to extract the ferrimagnetic part. For
the Fe;Se, nanostructures, the saturation magnetization (Ms)

) )
35 >5
go g
K o
s s
-5
-20 . . . .
-150 -100 -50 O 50 100 150
H (kOe)

Fig. 6 Hysteresis loops of the as-prepared Fes_,Cr,Se, nanostructures
measured at (a) 300 K and (b) 5 K. The inset in (a) shows the magnetiza-
tion curves of the Fe, 3Crg 7Se4.
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and the remanence magnetization (M,) are 4.2 emu g~ and
2.2 emu g~ ! at room temperature, respectively, which increase
to 15.9 emu g~ ' and 9.5 emu g~ at 5 K. Room-temperature Mg
of the Fe;Se, nanostructures was slightly different from the
values of 5 emu g ' and 4.84 emu g ' from the earlier
reports'®'® due to a slight difference in the Fe/Se ratio. The
dependences of Mg and M, values on the Fe;_,Cr,Se, nano-
structures on the Cr content (0 < x < 2.5) had similar ten-
dencies, as shown in Fig. 7(b) and (c). On increasing the Cr
doping, the Mg value of the Fe;_,Cr,Se, nanostructures pro-
gressively decreased due to the weaker localized magnetic
moments of the Cr cations compared to the Fe cations, which
is similar to the case of the substituted Ni and Co atoms in
Fe;_,M,Se,,"" and/or the antiferromagnetic exchange inter-
action between Cr ions. Fig. 7(d) shows that the coercivity of
the Cr-doped Fe;_,Cr,Se, nanostructures at 5 K was almost
monotonously reduced with the increasing Cr content. For the
Fe;Se, nanostructures, the coercivity value is 33 kOe at 5 K, is
in good agreement with earlier value of Fe;Se, nanocacti,'®
while the coercivity value of the x = 2.5 nanostructures
decreased to 3 kOe, over one order magnitude smaller than
that of Fe;Se,. However, it is surprising that the room-tempera-
ture coercivity of the as-prepared Fe;_ ,Cr,Se, nanostructures
obviously increased with the Cr content from x = 0 to x = 0.7,
and then decreased on further increasing the Cr content. The
high room temperature H¢ of Cr doped nanostructures may be
a result of their different anisotropies and different shape and
size of Fe;_,Cr,Se, nanostructures. Room-temperature H¢ of
the Fe, ;Cr, ,Se, nanostructures is found to be about 12.0 kOe,
which is the largest value in the presently reported Fe;_,M,Se,
(M = Fe, Co and Mn) nanostructures.'®'® The inset in Fig. 6(a)
shows the magnetization curve of the as-prepared Fe, ;Cr, ,Se,
nanostructures, in which the magnetization is increased slowly
at the low field range, and then increases abruptly at the field
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Fig. 7 (a) Tc values of the Fes_,Cr,Se; nanostructures obtained from
the heating process (solid symbols) and cooling process (open symbol),
(b) Ms, (c) M, and (d) Hc of the Fes_,Cr,Ses nanostructures measured at
5 Kand 300 K. The lines are guides to the eye.
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around the Hc, indicating the pinning mechanism of the mag-
netization reversal for the nanostructures.

It has been mentioned before that when the measurement
temperature is higher than 400 K, the as-prepared Fe;_,Cr,Se,
nanostructures experience an irreversible change at high temp-
eratures. As an example, Fig. 8(a) shows the temperature
dependence of the magnetization (MT) curve of the
Fe, ;Cr, ;Se, pellet measured in a heating process from 300 K
to 500 K under a magnetic field of 1 kOe and Fig. 8(e) shows
the MT curve in a field cooling process for comparison. The
transition temperature of the as-prepared Fe, ;Cr,,Se; nano-
structures in the heating curve is 405 K, but 318 K in the
cooling process. Fig. 8(b)-(d) present the temperature depen-
dence of the FC magnetization of the Fe, ;Cr,,Se, nano-
structures from different temperatures of 350 K, 400 K and
450 K, respectively, to 300 K. It is clear that the transition
temperatures gradually decreased with an increase in the
cooling temperatures, which indicates that the irreversible
change of the Fe, ;Cr,,Se, nanostructures took place gradu-
ally. The inset in Fig. 8 shows the hysteresis loops of the
Fe, ;Cry ;Se, pellet cooled down from different temperatures to
300 K. The hysteresis loop of the Fe, ;Cr,,Se, pellet cooled
from 350 K is almost the same as that of as-prepared powder
specimen. With increasing the heating temperature, both the
Mg and the M, of the heated Fe, ;Cr,,Se, pellet had signifi-
cantly decreased. It has been reported that the size and dimen-
sions may greatly influence the magnetic properties of Ni
nanostructures.”® In the present case, the SEM image in
Fig. S2 (ESIt) shows that the size and shape of the Fe, 5Cr, ,Se,
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Fig. 8 Temperature dependence of the magnetization of the com-
pacted Fe, 3Crg ;Se, pellet measured (a) in a heating process from 300 K
to 500 K and in a cooling process from different temperatures of (b)
350 K, (c) 400 K, (d) 450 K and (e) 500 K, respectively, to 300 K. The
inset shows the room-temperature hysteresis loops of (A) the
Fe,3Crg;Se4 pellet and those cooling from different temperatures of (B)
350 K, (C) 400 K and (D) 450 K.
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Fig.9 (a) In situ XRD patterns of the Fe,3Crg;Ses nanostructures
recorded at different temperatures. (b) Room-temperature XRD patterns
of the as-prepared Fe; 3Crg 7Se4 nanostructures and the nanostructures
after heating at 500 K.

nanostructures underwent slight change after the heating
process at 500 K, which suggests that the size and dimensions
have no relationship with the change in the magnetic pro-
perties of the heated Fe, ;Cr, ;Se, nanostructures. In order to
clarify the influence of the heating temperature on the crystal
structure of the Fe, ;Cr, ;Se, nanostructures, in situ high-temp-
erature XRD measurements were carried out at different temp-
eratures and the XRD patterns are shown in Fig. 9(a). As the
heating temperature increased from 350 K to 390 K, the XRD
patterns are similar to the as-prepared Fe,;Cr,,Se, nano-
structures. When the heating temperature was further raised
higher than 400 K, the peak positions of the nanostructures
shifted to high values of 26, whereas the peak position of the
Tantalum substrate at 26 = 38.5° was stable. This indicates that
the phase of the as-prepared Fe,;Crq,Se, nanostructure is
stable below 390 K, but becomes unstable at temperatures
above 400 K with a contraction in the lattice parameters. After
cooling from 500 K, the change in the lattice parameters was
maintained, indicating the irreversible change in the crystal
structure due to the heating process. Fig. 9(b) shows the differ-
ence in the XRD patterns of the as-prepared Fe, ;Cr, ;Se, nano-
structures and the heated nanostructures after the magnetic
measurements up to 500 K. The degenerative magnetic para-
meters, i.e. Tg, Mg and Hg, of the heated Fe;_,Cr,Se, nano-
structures may be attributed to the changed lattice parameters
after the heat-treatment.

Conclusions

In conclusion, we synthesized a series of Fe; ,Cr,Se, nano-
structures with a single phase of the pseudo NiAs-type crystal
structure with a high-temperature organic solution phase
method. With increasing the Cr content, the peak positions in
the XRD patterns of the as-prepared Fe; ,Cr,Se, nano-
structures slightly shift to lower 26 values indicating an expan-
sion in the unit cell volume, which tuned the magnetic
exchange interaction between the magnetic cations in
Fe;_,Cr,Se, and resulted in a significant increase in the T of
the Fe;_,Cr,Se, nanostructures. Room-temperature Hc of the

This journal is © The Royal Society of Chemistry 2015

View Article Online

Paper

as-prepared Fe;_,Cr,Se, nanostructures also showed an
obvious increase from 3.2 kOe for Fe;Se, to 12 kOe for the
Fe, ;Cry,Se, nanostructures, but gradually decreased with
further increase in the Cr content. The T is 405 K and the
room-temperature H reaches 12 kOe for the optimal
Fe, ;Cry ;Se, nanostructure, which is considerably higher than
the values of 331 K and 3.2 kOe for the Fe;Se, nanostructures.
These findings suggest that the investigated materials, and
possibly materials with other substitutions for Fe in Fe;Se,,
could constitute a promising category of alternative low-cost
hard-magnetic materials.
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