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Zn12xMnxS with x51% to 30% were formed inside the ordered pore systems of different
mesoporous SiO2 matrices. Due to the highly ordered host structure, regular arrays of Zn12xMnxS
quantum wires with diameters of 3.1 nm and 5.6 nm, respectively, separated by 2 nm SiO2 barriers
were obtained. The wires were characterized using photoluminescence ~PL!, PL excitation ~PLE!
spectroscopy, and electron paramagnetic resonance ~EPR!. The 4 T1→6 A1 internal transition of the
Mn21(3d5) ions dominates the PL. The corresponding PLE spectra show higher internal Mn
transitions and the band-to-band transition. EPR spectra and the energies of the internal Mn
transitions are typical for Mn21 on a cation site of ~II,Mn!VI semiconductors. The crystal field
parameters indicate that the wires are tensilely strained. Due to the comparable band gaps of the
SiO2 and the Zn12xMnxS and the small exciton Bohr radius in ~Zn,Mn!S, the confinement effects
in the wires are less than 150 meV. © 2003 American Institute of Physics.
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The organic-template directed synthesis of mesoporous
silica in 1992 by Mobil Oil Company has led to a fast de-
velopment of new synthesis pathways for materials with tai-
lored porous structures. Depending on the synthesis condi-
tions and the choice of organic template, highly ordered
mesoporous SiO2 superstructures can be prepared. Best
known are the so-called M41S materials of hexagonal
@~MCM-41! MCM: Mobil’s composition of matter# and of
cubic ~MCM-48! symmetry with typical pore sizes ranging
from 2 to 8 nm.1,2 Recently, other organic structure directors
based on block copolymers were developed, allowing one to
vary the pore sizes over an even wider range up to about
30 nm.3 The corresponding hexagonal mesoporous SiO2 su-
perstructures are referred to as SBA-15 structures ~SBA:
Santa Barbara!. Removing the organic template of the three-
dimensional superstructures in a calcination process leaves a
highly ordered mesoporous SiO2 matrix with regular wire-
like pores of well-defined diameters. These mesoporous SiO2
materials are ideally suited as host materials for semiconduc-
tors due to their high degree of order as well as the large
band gap of the SiO2 ~which serves as barrier material!. Sev-
eral semiconductor compounds, e.g., CdS,4 CdSe,5 GaAs,6
InP,7 Ge,8 SiGe,9 ~Cd,Mn!S,10,11 or ~Cd,Mn!Se12 have been
incorporated into MCM-41 SiO2 matrices. Here, we demon-
strate by incorporation of ~Zn,Mn!S into SBA-15 SiO2 ma-
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trices that high-quality semiconductor wire structures can be
synthesized by incorporation into mesoporous SiO2 matrices
other than M41S.

Figure 1~a! shows a transmission electron microscopic
image of a grain of hexagonal SBA-15 silica before incorpo-
ration of the semiconductor. The regular arrangement of the
pores and the well-defined diameters are clearly visible. The
latter is further confirmed by the pore size distributions @Fig.
1~b!# of (3.160.1) nm and (5.660.3) nm for the MCM-41
and SBA-15 silica matrices, respectively, determined by phy-
sisorption before incorporation.13

Figure 2 shows EPR spectra of five Zn12xMnxS wire
samples with diameters of 5.6 nm and with x51%, 5%,
10%, 20% and 30%, respectively. All spectra were taken at
4 K and normalized to the same amplitude. The EPR spectra
are typical for exchange-coupled Mn21 ions in ~Cd,Mn! and
~Zn,Mn! chalcogenide mixed crystals.14–16 The EPR spectra
consist of a sextet of sharp lines, each line with a pair of
satellites at a lower magnetic field on a broad background.
The sharp lines and their satellites correspond to the ‘‘al-
lowed’’ (DmS561 and Dm I50) and the ‘‘forbidden’’
(DmS561 and Dm I561) hyperfine transitions of the
Zeeman-split mS521/2 and mS511/2 levels of the 6 S5/2
~or 6 A1) ground state of the Mn21 3d electrons. With in-
creasing x, the structures are smeared out due to the increas-
ing superexchange interaction between the Mn21 ions.17,18

The g factor is 1.999~2!, close to 2.0 as expected for a pure
S-state ion. A similar series of EPR spectra has been ob-
served for other ~II,Mn!VI wire structures.11,12
6 © 2003 American Institute of Physics
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FIG. 1. ~a! High-resolution transmission electron microscopic image of the
surface of a grain of the SBA-15 SiO2 matrix material before incorporation
of the semiconductor. ~b! Pore size distribution of MCM-41 and SBA-15
mesoporous SiO2 before incorporation determined by physisorption.

FIG. 2. Normalized EPR spectra of five Zn12xMnxS in mesoporous SBA-15
SiO2 samples of different Mn-content x at T54 K using the X-band fre-
quency of 9.49 GHz.
Figure 3 depicts PLE spectra of the series of Zn12xMnxS
quantum wire samples with 5.6 nm diameter and x varying
between 1% and 30% taken at 10 K. The PLE spectra were
detected on the so-called yellow PL band ~see inset of Fig. 3!
originating from the 4 T1 to 6 A1 transition within the 3d5

shell of Mn21. This PL band is a common feature of wide-
gap ~II,Mn!VI compounds.19–21 Because of the efficient en-
ergy transfer from the Zn12xMnxS band states into the
Mn21-subsystem, there is no band gap related excitonic PL
observable. The PLE spectra show a distinct series of peaks.
The broader band at the highest energies is the band-to-band
transition of the wires. This signal is seen only because of the
efficient energy transfer from the band states into Mn21 3d5

shell. The band gap shows quantum confinement, but only a
weak dependence on Mn concentration. This is somehow
expected as the band gaps of bulk ZnS and MnS are very
similar, 3.78 eV and 3.7 eV, respectively.22,23 The signals at
lower energies are due to the direct absorption of the
Mn21 3d5-shell and correspond to transitions from the 6 A1
ground state to the higher excited states 4 T1 , 4 T2 , and 4 E ,
4 A1 . This confirms that the Mn21 ions are incorporated on
Zn sites in the ~Zn,Mn!S wires. The increase in intensity with
respect to the band gap-related feature reflects the increase of
the absorption due to the 3d shell of Mn21 with increasing x.
The transition energies of the Mn-internal transitions are ap-
proximately independent of x up to 30%. The PLE spectra of
the 3.1 nm Zn12xMnxS quantum wires are similar to those of
the 5.6 nm samples, only the band gap-related signal is
shifted to higher energies due to an increased quantum con-
finement.

FIG. 3. PLE spectra of five Zn12xMnxS in mesoporous SBA-15 SiO2
samples of different Mn-content x. The PLE spectra were recorded at T
510 K detecting the Mn-related PL ~see inset!.
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Figure 4~a! depicts the variation of band gap with x for
the Zn12xMnxS wires of 3.1 and 5.6 nm extracted from the
PLE spectra taken at 10 K. The solid line represents the band
gap change for bulk Zn12xMnxS and is derived by linear
extrapolation between the values of the binaries.22,23 It can
be seen that confinement effects increase with decreasing
wire diameter. For the 3.1 nm wires, the confinement energy
is about 150 meV. This is smaller than the ;400 meV for
~Cd,Mn!Se or 200 meV for ~Cd,Mn!S wires of similar
diameters.12 This is expected as, going from ~Cd,Mn!Se to
~Cd,Mn!S to ~Zn,Mn!S, the band gap difference ~potential
depth! between ~II,Mn!VI and SiO2 , as well as the exciton
Bohr radius, are decreasing.

Compared to bulk ~Zn,Mn!S, the energies of the internal
transitions are shifted by up to 30 meV to higher energies
indicating a decrease of the crystal field around the Mn21

site. In Fig. 4~b!, the energies of the lowest excited states of
a Mn21 3d5 ion in a Td symmetric ligand field are depicted
for a bulk Zn0.9Mn0.1S sample ~open circles! and the
Zn0.9Mn0.1S wires ~full circles!. The curves have been calcu-
lated in the Tanabe–Sugano model24 as a function of the
crystal field parameter Dq with the Racah parameters B

FIG. 4. ~a! Comparison of the band gap variation with x for Zn12xMnxS
wires of 3.1 nm and 5.6 nm at T510 K. The corresponding solid lines are
guides for the eye. The lowest solid line represents the band gap change for
bulk Zn12xMnxS extrapolated from the band gaps of the binaries MnS and
ZnS. ~b! Energies of the internal transitions of Mn21 ions in a Td symmetric
crystal field versus the field parameter Dq using the Racah parameters B
550 meV and C5434 meV, calculated in the framework of the Tanabe–
Sugano model. Experimental points for Zn0.9Mn0.1S bulk and wires.
550 meV and C5434 meV. The best fit yields Dq50.61
for the wires, which is somewhat smaller than the bulk value
of Dq50.64. As Dq is indirectly proportional to the fifth
power of the anion–cation distance this might be tentatively
taken as a first indication for a tensile strain inside the pores.

We have demonstrated that high-quality ~Zn,Mn!S can
be incorporated into mesoporous silica matrices with well-
defined, adjustable pore diameters. Such highly ordered me-
soporous inorganic structures synthesized by organic-
template directed pathways will offer possibilities for
constructing regular magnetic semiconductor structures on
length scales not accessible by standard lithography meth-
ods. Therefore, these growth techniques are of interest for
applications as well as for fundamental studies of magnetic
phenomena.
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