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Optical and magnetic properties have been investigated for the structurally confined amorphous mag-
neto-semiconductor, ternary chalcogenide, within the nanochannels of the mesoporous host. The struc-
tural confinement induced a weak crystallographic ordering of the magneto-semiconductor within the
nanochannels. Unique optical properties were observed for this nanocomposite, which were possibly due
to the size and energy quantization of the confined guest chalcogenide within the nanochannels. The struc-
tural confinement also induced the suppression of the phonon coupling to the photoexcited carriers during
the carriers’ recombination process. The spin-glass freezing temperature (Ty= 4.2 K) which was the char-
acteristic magnetic transition temperature for the amorphous bulk was shifted to 2.3 K for the confined
system, possibly due to the generation of the superparamagnetic domains induced by the quantum con-

finement effect.
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INTRODUCTION

In the field of nano-science and technology, the preci-
sion controls of size and shape and the maintenance of the
nanostructure are important research subjects for providing
specific and stable nanoproperties. For these purposes,
nanotemplating has been suggested as one promising
method.'” Recently, various mesoporous materials have
been utilized as templating nanomolds for nanocomposites
and free-standing nanomaterials, which can provide stable
and highly-ordered nanostructures.*'® To date, several dif-
ferent types of mesoporous materials have been fabricated
to have the various porous structures which have controlled

11,12 : ce: 13-1
12 variable compositions,"*'” and de-

pore diameters,
signed morphologies.'®* Such utilization of mesoporous
templates have produced unique nanomaterials of semi-
conductors, metals, magnets, and organic compounds, and
which present interesting nano-chemical and physical

s 2331
properties.

As one of the quantum confined systems, the semi-
conductor quantum dot has been investigated intensively
due to its tunable band-gap property of quantum size effect.
However, the bare semiconductor quantum dots typically
have a wide range of emissions which originate from sev-
eral recombination pathways such as direct band-to-band
recombination, shallow-trapped recombination, and deep-
trapped recombination in surface defects, etc. Especially,
the precision control of the emissions originating from the
surface defect states is somewhat difficult due to the com-
plex bonding nature on the surface of the quantum dot. Re-
cently, mesoporous materials have been utilized as tem-
plates for the emission control which is induced by the
structural confinement of the semiconductor quantum
dots.***** The previous studies suggest that the surface
state emission could be removed by the selective elimina-
tion of the surface defect sites with the functionalized
mesoporous nanochannels, which provide the controllable
direct excitonic emission induced by unique nanopatterned
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. 2
morphologies.’**

Although the various fabrication methodologies have
continuously been developed for structurally confined
nanocomposite systems, controlled studies of the energetic
properties are limited to a few trials for the nanocomposite
systems including the monofunctional materials such as

24,32,33

semiconductors and organic compounds.”' Since

the magneto-semiconductors show multiple responses de-
pending on the applied optical and/or magnetic fields,***
they can be utilized to be potential materials for multi-
functional nanodevices. Therefore, in this study, the amor-
phous magneto-semiconductor is incorporated into the
nanochannels of the mesoporous host template in order to
investigate the unique optical and magnetic properties
which are possibly induced by the confinement within the
long-range ordered nanochannels. From the study, it is ob-
served that the structural nano-confinement appears to in-
duce unique physical properties such as enhanced crystal-
linity, suppressed phonon coupling, and superparamag-
netic coupling in the controlled nanodomain of the mag-
neto-semiconductor confined within the mesoporous host
nanochannels.

EXPERIMENTAL

Preparation

The magneto-semiconductor of the ternary chalco-
genide, Co3(SbTe;),, was prepared from the metathesis re-
action between cobalt(II) chloride and the Zintl phase pre-
cursor of K3SbTe; in polar solvent.*® The fast precipitation
reaction resulted in an amorphous structure which showed
the magnetically interesting spin-glass behavior at the ex-
tremely low temperature of 4.2 K3

The brief incorporation strategy of the guest Co;(SbTes),
into a mesoporous host was as follows: Initially, divalent
cobalt ions were deposited within the mesoporous nano-
channels through electrostatic interactions, and the subse-
quent rapid precipitation with the injected K;SbTe; precur-
sor produced ternary chalcogenide within the nanochan-
nels. For the efficient loading of the guest chalcogenide
within the mesoporous host, the negatively charged alumi-
nosilicate of AIMCM-41 (with MCM-41 structure; typical
Si/Al ratio was 7-14*?") was utilized as the mesoporous
host template due to the enhanced ion-exchange capacity:
Since the aluminum substituted silica framework exhibited
a negative charge, its ion-uptake capacity was enhanced
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compared with the pure siliceous MCM-41 of which the
nanochannel surface was typically covered with the hy-
droxyl groups.

In this study, the utilized mesoporous host of the
AIMCM-41 was prepared by following previous reports.**’
The Zintl phase precursor of K;SbTe; was synthesized by
the solid state reaction of the respective elements in a
sealed quartz tube at the temperature of 550 °C.*® Anhy-
drous cobalt(II) chloride (98%, Aldrich) was used as re-
ceived.

As the fabricated host of the AIMCM-41 (0.2 g) was
mixed with 20 mL of 0.05 M cobalt(II) chloride aqueous
solution, the cobalt(Il) ions were preferentially exchanged
with the Na(I) ions which initially existed at the wall sur-
face of the host nanochannels. This ion exchange process
was repeatedly accomplished three times to have the in-
creased loading amount of the cobalt ions, similar to the
methods of the metal loading within the AIMCM-41.%*"
The resulting pale pink powder of the Co(II) ion exchanged
AIMCM-41 (Co*"-AIMCM-41) was suspended in the puri-
fied deoxygenated water for 1 hour in order to remove the
cobalt(Il) ions adsorbed on the external surface of the
mesoporous host microparticles.’” After the evacuation of
water from the Co’*-AIMCM-41, the addition of 20 mL of
0.05 M K;SbTe; aqueous solution to the Co*-AIMCM-41
resulted, through in part the capillary action and the precip-
itation reaction within the nanochannels, in the gray col-
ored powder of the nanocomposite: Co3(SbTes), incorpo-
rated within the AIMCM-41. The residual ionic species
were removed by repetitive washing with the purified
deoxygenated water and subsequently dried at 60 °C in an
oven overnight. Due to the air sensitivity of the guest ter-
nary chalcogenide, all chemical processes were carried out
in a glove box and the conventional Schlenk tubes filled
with argon gas. The final powder product is hereafter de-
noted as CST@AIMCM.

Structural Characterization

Quantitative analysis for the CST@AIMCM nano-
composite was performed by an atomic absorption spectro-
scope (Perkin-Elmer AA100), which indicated that the
contents of the ternary chalcogenide loaded within the nano-
channels of the AIMCM-41 host was 4.5 wt.-%. Since the
bulk chalcogenide was not detected at the surface of the
AIMCM-41 host from transmission electron microscope
(TEM) images, this loading amount was assigned to the in-
corporated guest chalcogenide. For the structural informa-
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tion on the mesoporous host and the CST@AIMCM nano-
composite, powder X-ray diffraction (XRD) data were col-
lected with a Philips X’Pert MPD system with copper radi-
ation (I =1.5418 A), and TEM images were obtained with
a Philips CM-20 system operated at 200 kV for the samples
that were deposited on the carbon-coated copper grids. Ni-
trogen adsorption measurements were carried out by using
an adsorption analyzer (Micromeritics ASAP 2010). Be-
fore the measurements, all samples were degassed for 2
hours at 473 K under the vacuum of ~107 Torr.

Optical and Magnetic Characterizations

For the powder-type bulk Co;3(SbTes), and the
CST@AIMCM nanocomposite, steady-state photolumi-
nescence (PL) and excitation (PLE) spectra were measured
with a fluorimeter (Hitachi F-4500). Low temperature PL
measurement at 77 K was conducted in a Dewar vessel cell
containing liquid nitrogen. A picosecond time-correlated
single photon counting (TCSPC) system was employed for
the time-resolved PL decay measurements. Details of the
laser system and the fitting routine are described in previ-
ous reports.*®*’ The PL, PLE, and PL lifetimes were mea-
sured at the front face of the powder samples in a sealed
quartz cuvette filled with argon gas. DC magnetic suscepti-
bility measurements in both field-cooled (FC) and zero-
field-cooled (ZFC) conditions were performed with a func-
tion of temperature down to 2 K by utilizing a magnetome-
ter (SQUID, Quantum Design MPMS-5S). The calibration
and measurement procedures have been described in previ-
ous reports.*’

RESULTS AND DISCUSSION

Structural characteristics

Fig. 1 shows the powder XRD patterns for the meso-
porous AIMCM-41 host and the CST@AIMCM nano-
composite in the small- and the wide-angle regions. For the
mesoporous host, three diffraction peaks are clearly ob-
served in the small-angle region, which can be assigned to
the (100), (110), and (200) planes of the hexagonal meso-
structure. For the CST@AIMCM nanocomposite, the char-
acteristic diffraction peaks are shown to be decreased in
their intensities and slightly shifted to the high-angle com-
pared with those of the empty host. It implies that the guest
chalcogenide is incorporated within the nanochannels of
the mesoporous host: The incorporated guest often reduces
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the diffractional contrast between the porous channel and
the wall framework of the mesoporous materials.”%**
Moreover, it is noteworthy that the incorporated guest
chalcogenide within the AIMCM-41 host presents weak
diffraction peaks at 17.7°,27.5°, and 31.4° in 2q (indicated
by asterisks) where the mesoporous host and the amor-
phous bulk guest show only broad diffraction patterns in
this wide-angle region (inset of Fig. 1). Therefore, such
newly observed diffractions imply that the guest chalco-
genide has an enhanced crystallographic ordering within
the long-range ordered nanochannels of the AIMCM-41
host due to the nano-confinement effect.

For the AIMCM-41 host template, the characteristic
hexagonal mesoporous structure and the long-range or-
dered nanochannel array are shown well in the TEM im-
ages (Fig. 2a and b). Such mesoporous structures are also
well conserved in the CST@AIMCM nanocomposite which
includes the guest chalcogenide, although the image contrast
between the nanochannels and the wall framework is some-
what reduced compared with the empty host. Since the in-
corporated heavy metal compounds can reduce the density
contrast between the pore and the wall of the mesoporous
structure, as mentioned in the experimental section of the
XRD study, the reduced image contrast in the CST@AIMCM
can be due to the filling effect of the heavy atomic guest
chalcogenide inside the mesoporous nanochannels (Fig. 2¢
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Fig. 1. Powder X-ray diffractions for the AIMCM-41
host and the CST@AIMCM nanocomposite in
the small-angle region. The inset is the X-ray
diffractions in the wide-angle region for the
bulk Co3(SbTes),, the host, and the nanocom-
posite.
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and d).

Fig. 3 shows the nitrogen adsorption-desorption iso-
therms for the empty mesoporous host and the CST@AIMCM
nanocomposite. The Brunauer-Emmett-Teller (BET) sur-
face area and the pore volume are estimated to be 636 m?/g
and 0.56 cm®/g for the empty host, respectively. For the
CST@AIMCM nanocomposite, the BET surface area and

Fig. 2. TEM images for (a and b) the AIMCM-41 host
and (c and d) the CST@AIMCM nanocom-
posite at the parallel (hexagonal) and the per-
pendicular (lamellar) directions to the pore
opening.
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Fig. 3. Nitrogen adsorption-desorption isotherms for
the AIMCM-41 host (closed circle) and the
CST@AIMCM nanocomposite (open circle).
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the pore volume are reduced to 444 m*/g and 0.28 cm’/g,
respectively. The reduction of the surface area and the pore
volume indicates that the guest chalcogenide is incorpo-
rated inside of the mesoporous AIMCM-41 nanochannels,
which is consistent with the results from the XRD and the
TEM studies.

Optical properties

The amorphous bulk magneto-semiconductor,
Co3(SbTes),, shows the excitation onset at ~ 310 nm. The
emission spectrum for the amorphous bulk exhibits the
broad spectral range centered at ~450 nm at room tempera-
ture (RT), which is largely Stokes-shifted from the excita-
tion onset (Fig. 4a). Such emission characteristics of the
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Fig. 4. PL (solid line) and PLE (dotted line) spectra
for (a) the amorphous bulk Co3(SbTes), and
(b) the CST@AIMCM nanocomposite at room
temperature. | ¢x and | 4¢; indicate the excita-
tion wavelength for the PL and the detection
wavelength for the PLE, respectively.
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large Stokes-shift most probably originates from the small
polaron states existing in the amorphous structure of the
bulk chalcogenide: The existence of the small polaron
states was suggested for the amorphous local structures of
which the excited states had a strong tendency to lower
their potential energies by deforming the surrounding net-
work*"** and, therefore, generated the deep-trapped poten-
tial states below the band-gap energy.*®

The aluminosilicate mesoporous material (AIMCM-
41) that is used as a host for the incorporation of the ternary
chalcogenide may have several defect sites within its wall
framework. Typically, these defect sites induce the weak
broad emission centered at 420 nm and extended to 600
nm.** Since the AIMCM-41 utilized in this study are ob-
tained from the same synthetic batch which has been uti-
lized for the previous studies,’®** the AIMCM-41 in this
study are expected to have similar emission characteristics
with the previous studies which indicate that the emission
intensity of the mesoporous host is not prominent at all.
Therefore, based on the reported emission intensity and
spectral range of AIMCM-41,® the observed PL and PLE
spectra (Fig. 4b, 5) are considered to represent the spectral
properties of the confined guests in the nanocomposite sys-
tems.

For the CST@AIMCM nanocomposite, the excita-
tion spectrum is dominantly located in the range shorter
than ~ 270 nm as shown in Fig. 4b. The major excitation
band for the nanocomposite, which is blue-shifted from the
excitation onset of the amorphous bulk, possibly comes
from the quantum size effects of the confined guest chalco-
genide within the nanochannels of the AIMCM-41 host.
Moreover, a weak electronic transition is additionally ob-
served at ~ 320 nm below the band-to-band transition at ~
270 nm. Previously, an indirect electronic absorption be-
low the interband transition was also observed in the small
semiconductor quantum dot, which was assigned to the
electronic transition induced by the surface states.* Simi-
larly, from our previous study for the confined chalcogenide
within a mesoporous host, it was also suggested that the
newly observed electronic transitions below the bulk band-
gap energy might be induced by a strong coupling between
the guest and the host wall framework.** Therefore, it is
considered that the weak excitation band at ~ 320 nm in the
CST@AIMCM nanocomposite is possibly ascribed to the
indirect electronic transition involving the potential energy
state generated by a strong coupling in the interface region
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between the confined guest chalcogenide and the wall
framework of the AIMCM-41 host.

As well as the changes of the excitation spectrum, the
CST@AIMCM nanocomposite shows two distinctive emis-
sion spectral features: The intense emission peak is blue-
shifted from ~ 450 nm to ~ 390 nm and narrowed compared
with the emission of the amorphous bulk. Another interest-
ing feature is that a weak band-edge emission is addition-
ally observed at ~ 290 nm (Fig. 4b). The blue-shifted and
narrowed emission band is possibly due to the size and en-
ergy quantization of the confined guest chalcogenide with-
in the nanochannels with a diameter of ~ 3.6 nm (estimated
from the BET and TEM measurements). In order to reveal
the origin of the newly observed band-edge emission at ~
290 nm for the CST@AIMCM nanocomposite, the emis-
sion spectrum was measured at the low temperature of 77 K
(Fig. 5). Interestingly, the emission spectrum measured at
77 K shows that the band-edge emission is largely en-
hanced in its intensity and blue-shifted to 286 nm from the
band-edge emission (290 nm) measured at RT.

In general, it is well known that the photoexcited car-
riers in conduction band or shallow-trapped states are rap-
idly trapped to the deep-trapped states through phonon cou-
pling.*® Therefore, the phonon-mediated carriers’ recombi-
nation process in the deep-trapped states can be the domi-
nant recombination process at high temperature. On the
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Fig. 5. PL and PLE spectra for the CST@AIMCM
nanocomposite at 77 K (solid lines). | ¢x and | gt
indicate the excitation wavelength for the PL
and the detection wavelength for the PLE, re-
spectively. The PL and PLE spectra measured
at room temperature (dotted lines) are also pre-
sented for the comparison.
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other hand, it is expected for the band-edge emission to in-
crease with the temperature reduction since the thermal en-
ergy (kgT) coupling of the photoexcited carriers in the con-
duction band and/or shallow-trapped states is to be gener-
ally reduced with decreasing temperature. In particular, it
was previously reported that the photoexcited carriers’ re-
combination in the confined semiconductors within the
nanospaces was experimentally proven to be less subjected
to the phonon coupling than that in the bulk.”®***® Based
on these recombination dynamics, it is suggested that the
newly observed band-edge emission in the CST@AIMCM
nanocomposite occurs due to the reduced thermal effect
during the recombination processes, i.¢., the suppression of
the phonon coupling to the photoexcited carriers generated
in the nanocomposite. Such suppression of the phonon cou-
pling possibly reduces the trapping of the photoexcited car-
riers from the conduction band and/or shallow trapped
states to the deep-trapped states. And, therefore, it induces
the band-edge emission appearing in the CST@AIMCM
nanocomposite. Such possible mediation of the phonon
coupling during the recombination process is also reflected
in the time-resolved emission decay.

In order to study the confinement effect during the re-
combination process, the time-resolved emission decays
were measured for the amorphous bulk state of the guest chal-
cogenide and the incorporated form of the CST@AIMCM
nanocomposite (Fig. 6). Since the emission decays consist
of the multiple lifetime components due to the complicated
relaxation processes through the various potential trap
states existing in both the amorphous bulk and the nano-
composite, the lifetime is presented as a mean lifetime to
provide a simplified view (Table 1). Although both the
measurements were similarly conducted at RT, the ob-
served wavelength-dependent emission decays showed at
least twice longer lifetimes for the CST@AIMCM than
those for the amorphous bulk chalcogenide. These length-
ened lifetime components of the confined guest within the
mesoporous host imply that the photoexcited carriers expe-
rience less optical phonon coupling than that in the amor-
phous bulk at RT. The results from the time-resolved emis-
sion decays are well correlated with the expectation of the
plausible suppression of the phonon coupling and the in-
duction of the band-edge emission, as suggested from the
temperature-dependent emission study.

As another possible reason for the occurrence of the
band-edge emission in the CST@AIMCM, the quantum
size effect of the confined guest chalcogenide within the
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mesoporous host can be suggested. As the particle size of
the semiconductor reduces to a few nanometers, the inter-
action probability between the photoexcited electrons and
holes is expected to increase, which may result in the en-
hancement of the direct recombination between the photo-
excited charge carriers. In this case, the recombination rate
is typically faster than the rate in the bulk.*’** However, the
observed lengthened emission lifetimes in the CST@AIMCM
nanocomposite are contrary to the expectation from the
quantum size effect. Therefore, the band-edge emission ob-
served in this nanocomposite is most probably due to the
suppression of phonon coupling to the photoexcited carri-
ers.
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Fig. 6. Time-resolved PL decays for (a) the amorphous
bulk Co3(SbTes), and (b) the CST@AIMCM
nanocomposite at room temperature. The exci-
tation wavelength is 287 nm for both the sam-
ples and the detection wavelengths are indi-
cated in the figures. The instrumental response
function (IRF) with a full width at half maxi-
mum of 67 ps is also presented.
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Table 1. Wavelength dependent PL lifetimes for the amorphous
bulk Co;(SbTes), and the incorporated form of the
CST@AIMCM nanocomposite

2

Sample | 4t (nm) Lifetime (ns, <t >) c

bulk Co;3(SbTes), 400 0.9 1.5
450 1.2 1.1
500 1.2 1.4

CST@AIMCM 360 2.5 1.2
390 2.9 1.1
420 3.1 1.2

It) = Ale"“‘ + Aze” bt Ae T g I(t) is the time-dependent
PL intensity, 4 is the amplitude, and t is the lifetime. The mean
lifetimes are deduced as follows; <t >= é_ At ,,2 /é_ At . The

excitation wavelength is 287 nm. | 4 represents the detection
wavelengths.

Magnetic properties

It was previously reported that the bulk ternary chal-
cogenide of Cos(SbTes), showed the typical spin-glass be-
havior with the freezing temperature of 4.2 K.>*** In this
study, the amorphous bulk ternary chalcogenide also shows
the similar freezing temperature of 4.5 K with the reported
value (inset of Fig. 7). As the guest chalcogenide is incor-
porated within the host nanochannels, several interesting
magnetic properties are observed in the nanocomposite
system as follows: The transition temperature for the con-
fined guest appears at the temperature of 2.3 K which is
lower than the freezing temperature of 4.5 K for the bulk.
The magnetic hysteresis loop with the coercive force of 100
Oe is newly observed at 2 K. The ZFC and FC curves of the
CST@AIMCM nanocomposite do not converge within the
experimental temperature range of 15 K, while the ZFC and
FC curves of the bulk chalcogenide overlap just above the
freezing temperature.

Among the changes in the magnetic properties, it is
noticeable that the newly observed magnetic hysteresis
loop is not the characteristic of the spin-glass system since
the spin-glass property arises from a random exchange
field that is experienced by the neighbor magnetic spins in
random orientation.’* Interestingly, such a magnetic hys-
teresis loop is a typical pattern of the superparamagnetic
property which appears below the characteristic blocking
temperature.*° It should also be noted that both the spin-
glass materials and the superparamagnetic systems can
provide the same type of temperature dependence of the
magnetic susceptibility which is characterized by the maxi-
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mum of the ZFC curve and the hyperbolic decay at a higher
temperature than freezing (for the spin-glasses) or blocking
(for the superparamagnets) temperatures.’' > However, the
observed magnetic hysteresis loop suggests that the super-
paramagnetic domains are newly generated in the confined
chalcogenides within the nanochannels of the host AIMCM-
41. From the optical studies, the unique confinement ef-
fects such as enhanced crystallinity, size and energy quan-
tization, and reduced thermal effect emerge in the confined
chalcogenide system. Although it is still not well under-
stood how the nano-confinement affects such changes in
the magnetic properties, the unique confinement effects
seem to be the contributing factors to the novel generation
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Fig. 7. (a) Temperature-dependent FC (closed circle)
and ZFC (open circle) DC magnetic suscepti-
bilities at the field of 1000 G and (b) hysteresis
loop for the CST@AIMCM nanocomposite at 2
K. The inset is the temperature-dependent FC
(closed circle) and ZFC (open circle) DC mag-
netic susceptibilities for the amorphous bulk
CO3(SbTe3)2.
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of the superparamagnetic domain (spin-ordered system)
and the weak remanent magnetization of the FC curve
which exists well above the blocking temperature for the
confined magneto-semiconductor within the long-range
ordered nanochannels.

CONCLUSIONS

Optically and magnetically interesting ternary
chalcogenide was incorporated within the mesoporous
AIMCM-41 nanochannels. The resulting nanocomposite
including the ternary chalcogenide presented increased
crystallographic ordering within the long-range ordered
nanochannels. The excitation and the emission spectra
showed both the size and energy quantization effects for
the confined chalcogenide within the nanochannels. More-
over, the spatial confinement induced the suppression of
the optical phonon coupling to the photoexcited carriers,
which resulted in the occurrence of the band-edge emission
in the confined chalcogenide system. In addition, as the
spin-glass chalcogenide is incorporated within the nano-
channels, the superparamagnetic phase is newly observed.
Such ordered spin coupling is possibly induced by the con-
finement effects such as enhanced crystallinity, size and en-
ergy quantization, and reduced thermal effect.
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