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Arrays of highly ordered Cd1-xMnxS nanoparticles withx ranging from 0.01 to 0.2 and with lateral
dimensions of 3, 6, and 9 nm were synthesized within mesoporous SiO2 host structures of the MCM-41
and SBA-15 type. The hexagonal symmetry of these arrays (space groupp6m) and the high degree of
order were confirmed by X-ray diffraction and transmission electron microscope studies. Physisorption
measurements show the progressive filling of the pores of the SiO2 host structures, while photoluminescence
excitation (PLE) and electron paramagnetic resonance (EPR) studies confirm the good crystalline quality
of the incorporated Cd1-xMnxS guest species. The effects of the reduction of the lateral dimensions on
the electronic properties of the diluted magnetic semiconductor were studied by PLE spectroscopy. Due
to the quantum confinement of the excitons in the nanostructures an increase of the direct band gap with
decreasing particle size as well as a stronger band gap bowing is observed. Analysis of the EPR line
width and EPR intensity show that macroscopic magnetic properties such as the Curie-Weiss temperature
are affected by the reduction of the lateral dimensions. The microscopic coupling between the Mn ions
(e.g., the exchange constantsJnn andJnnn) is not altered to a first approximation.

Introduction

Magnetic semiconductors are key materials for device
ideas in quantum computing and spin electronics. In the early
1980s first results on doping and alloying semiconductors
with magnetic ions were given.1-4 The obtained materials,
e.g., II-VI semiconductors where the cations of group II
were randomly substituted by Mn2+ ions, were called diluted
magnetic semiconductors (DMS) and showed an enormous
enhancement of the well-known magnetooptical effects.

The synthesis of DMS nanostructures is of great interest
as semiconducting and magnetic properties are combined in
one and the same nanostructure, therefore ordered arrays of
nanometer-sized magnetic semiconductors are promising
components for new devices in magneto- or spin electronics
(e.g., magnetic hard disk media, nonvolatile computer
memory chips).5 Miniaturization of these DMS compounds
leads to zero-, one-, or two-dimensional nanostructures, i.e.,
quantum dots, quantum wires, and quantum wells. The
electronic as well as the magnetic properties of such DMS
nanostructures are affected by the reduced dimensionality.

These modifications of the properties are not only of interest
from the point of view of fundamental physics but are also
important for device performance. The smallest lateral sizes
achievable by techniques such as growing structures on
patterned substrates6 or post-growth patterning and etching
of the epitaxial semiconductor layers7 are much larger than
10 nm. For the miniaturization of DMS compounds below
10 nm other methods such as incorporation of DMS clusters
into silicate glass6,8 or reverse micelles9 or self-assembling
by Stranski-Krastanov growth10 yield cluster sizes below
10 nm, but show a much smaller degree of order.

Recently we reported on the successful incorporation of
DMS compounds into the well-defined pores of hexagonally
ordered mesoporous silica powders11-14 and thin films.15
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Mesoporous silica materials were first introduced in 199216

and are well-known and studied in the field of materials
science. They provide the possibility to fine-tune the pore
sizes in the range of 3-50 nm17 and can serve as a
minireactor in the nanometer range for synthesizing highly
ordered clusters and particles within the respective pore
system in the field of host/guest chemistry. The tube-like
hexagonally ordered pore systems of MCM-41 and SBA-15
enable furthermore the growing of elongated particles or even
nanowires.

Here, we present the synthesis of Cd1-xMnxS with x
ranging from 0.01 to 0.2 inside the highly ordered pore
systems of MCM-41 and SBA-15 with well-defined pore
diameters of 3, 6, and 9 nm and discuss in detail the effects
of size reduction on the magnetic and optical properties of
the DMS guest species.

Results and Discussion

Using powder X-ray diffraction (P-XRD), nitrogen phy-
sisorption, and transmission electron microscopy (TEM) it
was possible to show that highly ordered mesoporous silicas
with hexagonal symmetry of the space groupp6m were
synthesized.14 Narrow pore size distributions with well-
defined diameters of 3, 6, and 9 nm were obtained (see Figure
1). A high long-range order, proved by P-XRD and TEM,
as well as high specific surface areas were obtained. For
detailed information on synthesis procedure and characteriza-
tion see refs 11-14.

Powder X-ray Diffraction. After the intra-pore formation
of the Cd1-xMnxS guest species the mesoporous host structure
was still found to be intact. In Figure 2 P-XRD patterns taken
at different steps of the synthesis procedure are shown. Even
after the last impregnation/conversion cycle the main peak
of the silica host can still clearly be seen, whereas no
reflections of the bulk sulfides are observable in the higher
2θ region (not shown). This indicates a filling of the pores
and a conservation of the host structure. The loss in intensity
of the 100 peak of the silica host results from the increased
scattering power in the pores due to the introduction of the
scattering guest species. This is a well-known phenomenon
in the literature.18,19 The observed effects are the same for
all incorporated samples in all three host structures.

Nitrogen Physisorption. In Figure 3 the isotherms for
Cd0.91Mn0.09S@SBA-15 silica (6 nm) after the respective
impregnation/conversion cycles and for the pristine SBA-
15 together with the Brunauer-Emmett-Teller (BET)
surface area are shown. After the intra-pore formation of
the DMS compounds no change in the isotherm type (Type
IV20) is observed, proving the conservation of the cylindrical
pore system, whereas the change from H1 to H2 hysteresis
indicates a partial filling of the pores. The amount of
adsorbed nitrogen as well as the BET surface area are
strongly reduced with increasing pore filling, i.e., number
of impregnation/conversion cycles, but still mesoporosity can
be found, which again proves the preservation of the
mesoporous host structure and leads to the conclusion that
the particles are formed inside the pores. The total pore
volume calculated atp/p0 ) 0.8 is 0.85 cm3/g for the pristine
SBA-15 and 0.22 cm3/g for the host/guest compound after
the third impregnation/conversion cycle. This indicates a
degree of filling of the pores of over 70%.

Electron Microscopy. Figure 4a shows exemplarily the
image of a SBA-15 silica material with 6 nm wide pores.
Over a wide range the high degree of order of the
hexagonally arranged pores is clearly visible. In Figure 4b a
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Figure 1. (a) N2 physisorption isotherms and (b) BJH pore-size distributions
(obtained from desorption branch) of the three mesoporous host structures.

Figure 2. Powder X-ray diffraction patterns of pristine SBA-15 silica (6
nm pores) and a host-guest compound (Cd0.95Mn0.05S confined in 6 nm
wide pores of SBA-15 silica) after three consecutive impregnation/
conversion cycles.

Figure 3. Nitrogen physisorption isotherms of pristine SBA-15 silica (6
nm pores) and of Cd0.91Mn0.09S@SBA-15 (6 nm).
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TEM image of MCM-41 silica with incorporated Cd0.99-
Mn0.01S is depicted. It can be seen that the high degree of
long-range order of the pore system is preserved after
incorporation of the guest material. Furthermore no particles
lying on the outer surface of the silica host are present. It
can be concluded that the formation of the DMS compound
takes place preferentially within the pores of the respective
host material. Furthermore, we pointed out elsewhere14 that
the guest species form small particles which tend to ag-
glomerate to elongated nanoparticles inside the pore systems.

EPR Measurements.For all compounds EPR spectra
were taken probing Mn2+ in Cd1-xMnxS. As a typical
example Figure 5 shows EPR spectra of 3 nm Cd1-xMnxS
samples withx ) 0.01, 0.04, 0.09, 0.14, and 0.2, respectively.
The corresponding spectra of the 6 and 9 nm nanostructures
are very similar. All spectra were taken at 4 K and
normalized to the same amplitude of resonance absorption.
The EPR spectra are typical for exchange-coupled Mn2+ ions
in (Cd,Mn) and (Zn,Mn) chalcogenide mixed crystals.21-23

The features in the EPR spectra can be best explained in the

spectrum of thex ) 0.01 sample. This spectrum consists of
a sextet of sharp lines with a splitting of about 7 mT between
neigboring lines, each line with a pair of satellites at lower
magnetic field (see inset of Figure 5) on a broad background,
which is well described by a Lorentzian line. The whole
spectrum is centered around ag-factor ofg ) 2.00(1). The
sharp lines and their satellites correspond to the “allowed”
(∆mS ) (1, ∆mI ) 0) and the “forbidden” (∆mS ) (1,
∆mI ) (1) hyperfine transitions of the six Zeeman-splitted
mS ) -5/2, ...,+5/2 levels of the6S5/2 (or 6A1) ground state
of the Mn2+ 3d-electrons. The hyperfine structure arises from
the interaction between theS) 5/2 spin of the unpaired 3d-
electrons with theI ) 5/2 spin of the Mn2+ nucleus. The
∆mS ) (1 transition energies between the Zeeman levels
mS ) (5/2 andmS ) (3/2, as well asmS ) (3/2 andmS

) (1/2, vary with changing crystal orientation in the range
of about 2 mT with respect to themS ) -1/2 tomS ) +1/2
transitions.21 Therefore, the corresponding sextets of lines
cannot be distinguished in the spectrum of powdered samples,
but their averaging determines the width of the six resonance
lines. The spectrum ofx ) 0.01 is typical for Mn2+ ions in
the tetrahedral environment of a Cd-site in a zinc blende
crystal.21,24 Thus, the crystal structure of the Cd0.99Mn0.01S
particles is zinc blende, which is often found for CdS
nanoclusters containing only little manganese.24

With increasingx the structures are smeared out due to
the increasing superexchange interaction between the Mn2+

ions.25,26 In addition, the broad background line strongly
increases and the “forbidden” hyperfine transitions become
more prominent forx g 0.1. These are typical features of
Mn2+ on a Cd-site in a wurtzite crystal,23,25 which is also
tetrahedrally coordinated, but with a strong tetragonal
distortion. Such a tetragonal distortion gives rise to a much
stronger crystal-field splitting of the Mn2+ ground state
compared to that in a zinc blende structure. Due to the
stronger crystal field the orientation-dependent EPR spectrum
in wurtzite extends over a field range of about 150 mT.21 In
the powder average this yields a resonance line approxi-
mately 30 mT broad.

Besides the hyperfine structure described above, a second
hyperfine structure with a larger splitting of about 9 mT can
be distinguished, as indicated by the arrows in Figure 5, and
gains weight with respect to the first one at higher Mn
concentrations. This feature is assigned to Mn loosely
aggregated at the surface of the nanostructure (it should not
be confused with Mn incorporated into the crystal lattice in
the vicinity of the surface). Comparing the intensity of this
hyperfine structure with the total intensity allows one to
estimate that in these samples the amount of Mn aggregated
at the surface is less than 4% of the total Mn content in all
samples. An equivalent analysis has been performed for
Zn1-xMnxS nanostructures. Details can be found in ref 14.

The EPR spectrum is well fitted by the sum of the two
hyperfine structures and the broad resonance line, using

(21) Schneider, J.; Sircar, S. R.; Ra¨uber, A. Z. Naturforsch.1963, 18a,
980.

(22) Lambe, J.; Kikuchi, C.Phys. ReV. 1960, 119, 1256.
(23) Ishikawa, Y.J. Phys. Soc. Jpn.1966, 21, 1473.

(24) Hofmann, D. M.; Hofstaetter, A.; Leib, U.; Meyer, B. K.; Counio, C.
J. Cryst. Growth1998, 184-185, 383.

(25) Samarth, N.; Furdyna, J. K.Phys. ReV. B 1988, 37, 9227.
(26) Goede, O.; Backs, D.; Heimbrodt, W.; Kanis, M.Phys. Status Solidi

B 1989, 151, 311.

Figure 4. TEM images of (a) SBA-15 (6 nm pores) and (b)
Cd0.99Mn0.01S@MCM-41 (3 nm pores).

Figure 5. EPR spectra of 3 nm Cd1-xMnxS nanostructures within MCM-
41 silica (3 nm pores) withx ) 0.01, 0.05, 0.09, 0.14, 0.2. The fit curve
consists of the field derivative of one broad Lorentz curve and two hyperfine
(HF) structures. The arrows mark the wings of the second HF structure.
Inset: HF transitions on an enlarged scale, dotted lines indicate the forbidden
transitions.
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Lorentzian line shapes. The overall intensityI as well as the
line width ∆B of the broad main resonance line are very
sensitive to the spin-spin correlations between the Mn2+

ions. The Curie-Weiss parameterΘ of the paramagnetic
phase is a measure for the type and strength of the interaction
between the Mn ions. In the mean field approximation,Θ
of a II1-xMnxVI DMS can be written as27

whereJp is the exchange constant between a Mn ion and its
pth nearest Mn neighbors andzp is the number of cations in
thepth coordination sphere. The Curie-Weiss parameter was
obtained experimentally from plots of the inverse total EPR
intensity I-1 versus temperatureT (the total EPR intensity
is a measure of the susceptibility). At high temperaturesI-1

closely follows a Curie-Weiss dependence

At low temperatures, typically below 200 K, deviations
from the Curie-Weiss behavior occur, when antiferromag-
netic clustering between Mn ions starts to play a role.28,29

This is expected as the nearest-neighbor couplingJ1/kB )
Jnn/kB is of the order of-10 K. It is found in the case of
bulk (II,Mn)VI that the experimentally determined Curie-
Weiss parameterΘ is usually well described, if the first (nn)
and the second (nnn) shell of the Mn-ions are taken into
account in eq 1 and higher shells are neglected,30,31 i.e.

For both wurtzite and zinc blende crystals,znn
b andznnn

b are
12 and 6, respectively, in the bulk indicated by the indexb.

Figure 6 shows plots of the inverse EPR intensityI-1 of
6 nm Cd1-xMnxS samples withx ranging from 0.09 to 0.2

as a function of temperature. As in the case of bulk
(II,Mn)VI, the slope of theI-1(T) curve decreases with
increasing Mn-contentx and, at low temperatures, it deviates
from the Curie-Weiss behavior giving the curves a some-
what negative curvature. Fitting theI-1(T) plots in the
temperature regime (100-300 K) using the dependence in
eq 2 yields the Curie-Weiss parameterΘ as a function of
x. The data are summarized in Figure 7 for the 3, 6, and 9
nm Cd1-xMnxS samples. As expected,|Θ| increases with
increasingx in the series.

The absoluteΘ-values obtained for the nanostructures are
considerably lower than those found in corresponding bulk
(II,Mn)VI samples (especially for higherx). The high-
temperature bulk values are represented by the upper solid
line in Figure 7 which is calculated using eq 3 and the
exchange parameters for (Cd,Mn)S taken from the litera-
ture: Jnn/kB ) -10.6 K and Jnnn/kB ) -4.7 K.31 The
deviation of the experimental data from the bulk curve is
partly due to different temperature ranges used for extracting
Θ, i.e., for the bulk measurements only the temperature range
above 200 K was used in the literature. We used the range
between 100 and 300 K to obtain comparable results for the
nanostructures of different diameters and Mn concentrations.
In this regime the inverse susceptibility allowed for a
reasonable linear fit in all samples under investigation. As
pointed out above, the absolute value of the Curie-Weiss
temperatureΘ decreases with decreasing temperature be-
cause the nearest neighbor Mn ions form antiferromagneti-
cally coupled pairs, i.e., do not contribute to the magnetic
properties any more. Therefore eq 3 gives an estimate ofΘ
at low temperatures whenJnn is set to zero. The correspond-
ing low-temperature bulkΘ curve is the lower solid line in
Figure 7. It provides a lower boundary for the Curie-Weiss
temperatures obtained in the intermediate temperature regime
of the susceptibility.

Moreover, the value forΘ decreases with decreasing
diameterd of the nanostructures for a constantx. This
reduction ofΘ with decreasing diameter in the nanostructures
occurs because Mn ions, which are situated on crystal sites
in the outer layers of the (II,Mn)VI nanostructures incorpo-
rated inside the mesoporous SiO2 matrixes, exhibit reduced

(27) Spalek, J.; Lewicki, A.; Tarnawski, Z.; Furdyna, J. K.; Galazka, R.
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Figure 6. Inverse EPR intensity (corresponding to inverse susceptibility)
as a function of temperature for 6 nm Cd1-xMnxS within SBA-15 silica (6
nm pores) withx ) 0.09, 0.14, and 0.2. The negative temperature range is
set for clarity. See text for explanations forT > 100 K.

Θ(x) ) -
2

3kB

S(S+ 1)x∑
p

Jpzp (1)
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3kB

S(S+ 1)x[Jnnznn
b + Jnnnznnn

b ] (3)

Figure 7. Comparison of the experimentally determined Curie-Weiss
temperaturesΘ of Cd1-xMnxS nanostructures confined in mesoporous silica
with 3, 6, and 9 nm pores with theoretical calculations accounting for the
reduction of the lateral dimensions.
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numbers of nearest neighborsznn
s ≈ znn

b /2 and next-nearest
neighbors znnn

s ≈ znnn
b /2 compared to the bulk of the

material. This becomes significant as the surface-to-volume
ratio strongly increases with decreasingd in the nanostruc-
tures. The effect can be estimated by dividing the volumeV
of the nanostructure into a volumeVs close to the surface
(where the exchange effects differ from bulk) and a remain-
ing bulklike volumeVb ) V - Vs. The choice of the two
volumes will differ for nearest neighbors and next-nearest
neighbors because the length scales involved, i.e., the nearest-
neighbor distancednn and the next-nearest neighbor distance
dnnn, are different. In the following the wurtzite structure is
approximated by a zinc blende structure for simplicity. This
is a good approximation as only nearest and next-nearest
neighbors are considered. It holdsdnn ) (1/2)0.5a anddnnn )
a wherea is the lattice constant of the zinc blende lattice. It
is a ≈ 0.58 nm for zinc blende CdS.32 We use this value of
the lattice constant for Cd1-xMnxS independent ofx in the
following because its dependence onx is not known for the
zinc blende modification. Two limiting cases for the shape
of the nanostructure shall be considered: (i) an ideal wire
structure of infinite length and diameterd and (ii) a spherical
nanoparticle with diameterd whered is the pore diameter
of the SiO2 host matrix. These limits are in agreement with
the observed shape of comparable Zn1-xMnxS nanostructures
reported earlier.14 One obtains the following definitions:

whereδ ) 2 for infinite wires andδ ) 3 for spheres. In
both cases it holds thatVnn

b ) V - Vnn
s andVnnn

b ) V - Vnnn
s .

Rewriting eq 3 including surface effects yields:

Here, it is assumed that the exchange parameters are the same
in both volumes,Vs andVb. Using eq 5 and the parameters
given above, Curie-Weiss temperaturesΘ have been
calculated for the 3, 6, and 9 nm Cd1-xMnxS nanostructures
assuming a wire-like (dotted line in Figure 7) as well as a
spherical shape (dashed line in Figure 7). Comparing
experimental data and the theoretical curves indicates that
the latter describe the correct trends. The theoretically
estimated reduction of the Curie-Weiss parameterΘ due
to surface effects is, as expected, larger for spherical
nanoparticles compared to wire-shaped nanoparticles. The
calculated variation of|Θ| with d at constantx agrees well
with that found in the experiment, in particular if spherical
particles are assumed. The calculated absolute values ofΘ
are larger than those found in the experiment, but this is
very likely due to the temperature effects discussed above.

In paramagnetic systems such as the (II,Mn)VI semicon-
ductors, the EPR line width behavior depends intimately on
the physics of the Mn spin-spin interactions. Figure 8

depicts plots of the EPR line width∆B versus temperature
for various 6-nm Cd1-xMnxS nanoparticle samples of dif-
ferent x. The temperature trends of∆B for these samples
can be explained qualitatively in the same fashion as for bulk
(II,Mn)VI. At low temperatures, when nearest-neighbor Mn-
ions have dimerized to antiferromagnetic pairs, dipolar
broadening dominates for the remaining unpaired Mn-spins.
With increasing temperature, an exchange-narrowing effect
is observed due to the nearest-neighbor exchange at tem-
peratures when the thermal energy is sufficient to break up
antiferromagnetically coupled nearest-neighbor pairs.

In the following, the concentration dependence of the line
width at low temperatures (T ) 30 K) and at high temper-
atures (T ) 290 K) will be analyzed in more detail. Figure
9 shows plots of the line width at these temperatures for the
3, 6, and 9 nm Cd1-xMnxS series. It can be seen from the
left graph of the figure that, atT ) 30 K, the line width, at
least for the 6 and 9 nm samples, depends almost linearly
on x. This can be understood as follows. At these temper-
atures the broadening is determined by a dipolar contribution
in addition to an almost constant contributionBHF accounting
for hyperfine and crystal field effects. Exchange narrowing
effects due to nearest-neighbor exchangeJnn are negligible
as basically all Mn-ions with Mn nearest neighbors have
formed antiferromagnetic pairs. The line width at low
temperature can be described as

(32) Landolt-Börnstein.Numerical Data and Functional Relationships in
Science and Technology; Vol. 17b; Springer: Berlin, 1982.

Vnn
s ) V(1 - (d - 2dnn

d )δ) Vnnn
s ) V(1 - (d - 2dnnn

d )δ) (4)

Θ(x,d) ) -
2S(S+ 1)x

3VkB
[Jnn(Vnn

b znn
b + Vnn

s znn
s ) +

Jnnn(Vnnn
b znnn

b + Vnnn
s znnn

s )] (5)

Figure 8. EPR line width as a function of temperature for various
Cd1-xMnxS samples within SBA-15 mesoporous silica (6 nm pores).

Figure 9. Experimentally determined EPR line width of various Cd1-xMnxS
samples confined in mesoporous silica with 3 nm (2), 6 nm (O), and 9 nm
(9) pores as a function of Mn content at 30 K (left) and 290 K (right)
compared with corresponding model calculations.
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whereBdip is the dipolar field at the site of a Mn-ion in mean-
field approximation andCdip is a proportionality factor used
as fitting parameter.33 Dipolar effects seem to be smaller for
the 3-nm nanostructures. Moreover, an additional constant
broadening effect, the origin of which is unclear at present,
occurs in these very small nanostructures. Nevertheless, the
fits in the left graph of Figure 9 show that the low-
temperature approximation in eq 6 well describes the
observed line width behavior for the three series of samples.

The high-temperature behavior can be explained semi-
quantitatively by considering the effect of the nearest-
neighbor interactionJnn, which determines the line width
behavior at temperatures where the Mn nearest-neighbor pairs
are broken up. For this purpose, the Mn-ions in the
nanostructure can be divided into two classes: (i) isolated
Mn-ions without Mn nearest neighbors (subscriptis), and
(ii) Mn-ions with one or more nearest neighbors (subscript
nn). Furthermore, as in the case of the discussion of the
Curie-Weiss parameterΘ, the volume of the nanostructure
will be divided into a volume close to the surfaceVnn

s and a
bulklike volumeVnn

b (see eq 4) and the discussion will again
be based on a zinc blende lattice for simplicity.

The probabilities for the occurrence of the two classes of
Mn-ions as a function ofx at the surface and in the bulk of
the nanostructure are given by

whereznn
b ) 12 is the number of nearest neighbors in the

bulk of a zinc blende or a wurtzite lattice andznn
s ≈ znn

b /2.
It is assumed that, in both volumes, the line width

contribution∆Bis of the isolated Mn-ions is well described
by fits of the low-temperature line width data according to
eq 6. The line width contribution of the Mn ions with nearest
neighbors is calculated in the same fashion as in ref 34 but
extended to account for additional broadening effects due
to anisotropic exchange. In both regions it holds

whereBdip,nn is the mean dipolar field for a Mn-ion with at
least one Mn nearest neighbor. For the bulklike volume, it
is defined as

where only the nearest neighbors (znn
b ) 12,dnn ) (1/2)0.5a),

next-nearest neighbors (znnn
b ) 6, dnnn ) a), and third-

nearest neighbors (znnnn
b ) 24, dnnnn ) (3/2)0.5a) are taken

into account. In the surface region (Bdip,nn
s )2 is obtained by

replacing the bulk neighbor numberszb of each shell by the
corresponding valuezs for the surface region. For simplicity,
all the neighbor-numberszs are set to half the bulk value.
BHF is the constant value for the hyperfine and crystal-field
broadening determined at low temperatures for each series,
and Bex,nn

a and Bex,nn
i are the anisotropic and isotropic

nearest-neighbor exchange fields. The latter is calculated
according to Anderson and Weiss:34

Using |Jnn| ) 10.6 K for (Cd,Mn)S yields an isotropic
nearest-neighbor exchange-field of about 6 T. The total line
width as a function ofx and diameterd is calculated
according to

Bnn
a is the only free parameter in the calculation. Its value

is basically determined by the line width limit at highx in
the right graph of Figure 9. The calculations were carried
out for bulk as well as for spherical and wire-like nano-
structures. A constant value for the anisotropic exchange field
Bnn

a was used throughout each series. The best agreement
was obtained forBnn

a ) 250, 220, and 210 mT for the 3, 6,
and 9 nm series, respectively. This suggests that the
anisotropic nearest-neighbor exchange-field increases slightly
with decreasing diameter of the nanostructures. The values
for Bnn

a are about 1 order of magnitude larger than the
corresponding dipolar fieldBdip,nn

b for x ) 0.3 in reasonable
agreement with the theoretical findings of Larson and
Ehrenreich.35

The theoretical curves for the three Cd1-xMnxS series are
also plotted in Figure 9. It can be seen that the agreement
between theory and experiment is slightly better, if a
spherical shape of the magnetic nanoparticles is assumed.
In particular for the 3 nm series, the line width decrease with
increasing x is too rapid when a bulklike situation is
considered. The corresponding slope is reduced by surface
effects as the probability for Mn ions with Mn nearest
neighbors is much lower in the surface regionVnn

s than in
the bulklike volumeVnn

b for 0 < x < 0.2.
Photoluminescence and Photoluminescence Excitation

Spectroscopy.Figure 10 depicts photoluminescence excita-
tion (PLE) spectra of the excitonic region of Cd0.99Mn0.01S
samples in 3, 6, and 9 nm porous SiO2 at T ) 10 K. The
spectra were detected on the yellow Mn-related photolumi-
nescence (PL) shown in the inset exemplarily for the 3 nm
sample. This yellow band is characteristic for a Mn-ion on
a cation site of a II-VI semiconductor. It originates from
the 4T1 to 6A1 transition within the half-filled Mn 3d5 shell.
Due to the efficient energy transfer from the semiconductor
band states into the Mn subsystem there is no direct band-
gap related luminescence detectable in the PL spectra.
However, the efficient energy transfer allows one to detect

(33) Van Vleck, J. H.Phys. ReV. 1948, 74, 1168.
(34) Anderson, P. W.; Weiss, P. R.ReV. Mod. Phys. 1953, 25, 269. (35) Larson, B. E.; Ehrenreich, H.Phys. ReV. B 1989, 39, 1747.

∆B ) BHF + Bdip ≈ BHF + Cdipx (6)

pis
b ) (1 - x)Znn

b
pnn

b ) 1 - (1 - x)Znn
b

pis
s ) (1 - x)Znn

s
pnn

s ) 1 - (1 - x)Znn
s (7)

∆Bnn )
(10/3)Bdip,nn

2 + BHF
2 + (Bex,nn

a )2

Bex,nn
i

(8)

(Bdip,nn
b )2 ≈

3
4
S(S+ 1)µ0

2µB
2g2[ 1

dnn
6

+ x2(znn
b - 1

dnn
6

+
znnn

b

dnnn
6

+
znnnn

b

dnnnn
6 )] (9)

Bex,nn
i ) 2.83

Jnn

gµB
xS(S+ 1) (10)

∆B(x,d) ) Vbx(∆Bispis
b)2 + (∆Bnn

b pnn
b )2 +

Vsx(∆Bispis
s )2 + (∆Bnn

s pnn
s )2 (11)
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the band gap energies of the DMS compounds in the
excitation spectra. The three PLE spectra clearly indicate the
increase in band gap due to quantum confinement with
decreasing pore diameter.

Figure 11 summarizes the variation of the band-gap
dependence on the particle size and Mn concentrationx,
extracted from the PLE spectra taken at 10 K. It can be seen
clearly that confinement effects increase with decreasing
particle diameter. The confinement energy is about 400 meV
for the 3 nm particles. This is significantly larger than for
Zn1-xMnxS nanoparticles with similar diameters, where the
confinement energy was reported to be 150 meV.14 This is
due to the fact that from Cd1-xMnxS to Zn1-xMnxS the band-
gap difference between the manganese doped II-VI semi-
conductor and SiO2 as well as the exciton Bohr radius is
decreasing. The energies of the band-to-band transition of
the 9 nm particles are close to (or within the experimental
error equal to) the corresponding bulk values, i.e., confine-
ment effects are very small.

An interesting result is that the nanostructured systems
exhibit a larger bowing of the band gap depending on the
Mn-concentration than the corresponding bulk samples. The
band gaps for the 6 and 9 nm Cd0.99Mn0.01S nanostructures
are not considered in this context as these samples have a
zinc blende structure and not a wurtzite structure and the
band gap of zinc blende CdS is known to be several tens of
meV lower than that of wurtzite CdS. The band-gap
dependences on Mn-content agree with the results reported

for (Cd,Mn)S quantum dots by Levy et al.,9 who also showed
that the exchange interaction-induced band-gap bowing
becomes stronger with decreasing diameter for (Cd,Mn)S
quantum dots. Such a bowing is known for various bulk
wide-gap (II,Mn)VI.36-39 Bylsma et al. derived the following
expression for the band gap as a function of temperatureT
and Mn-concentrationx in DMS:40

where the first three terms represent the commonly used
description of the energy gap of a semiconductor alloy
comprising a linear shift in composition and a Varshni-like
temperature dependence. The last term is specific to DMS
and causes the bowing. It describes a contribution due to
the magnetic susceptibilityø of the Mn ions. Both the
coupling constantC and magnetic susceptibilityø may be
affected by the reduction of the lateral dimensions. The
coupling constantC is given by

wheremc, mhh, andmlh are the conduction-band and valence-
band masses andR and â are thes-d and p-d coupling
parameters. AsR , â andmhh, mlh > mc in (II,Mn)VI, the
magnitude ofC is mainly determined byâ for which Larson
et al. give the following expression:41

whereVpd and Ueff are a hopping parameter depending on
the manganese-anion distance and an electron-electron
interaction parameter in the Hubbard fashion, respectively.
EV andE3d are representative energies of thep-like valence-
band edge states and the Mn 3d related valence-band states,
respectively.

It can be seen from eq 14 thatâ strongly depends on the
energy separation between thep-like andd-like valence-band
states. Thus, a possible contribution to the enhanced band-
gap bowing in the nanostructures is an increase of thep-d
exchange interaction caused by modified positions of thep-
andd-related bands in the bandstructure of the nanostructures
compared to bulk. Due to the quantum confinement, the
lowest valence-band state of the Cd1-xMnxS nanostructures
may shift significantly toward the Mn 3d states, which are
positioned about 3 eV below the valence-band edge of bulk
material. This enhancement effect is similar to that in bulk
Cd1-xMnxY with Y ) Te, Se, S where an increasedp-d
hybridization is observed with increasing band gap going

(36) Twardowski, A.; Swiderski, P.; von Ortenberg, M.; Pauthenet, R.Solid
State Commun.1984, 50, 509.

(37) Twardowski, A.; Dietl, T.; Demianiuk, M.Solid State Commun.1983,
48, 845.

(38) Tsai, C. T.; Chen, S. H.; Chuu, D. S.; Chou, W. C.Phys. ReV. B
1996, 33, 8207.

(39) Ikeda, M.; Itoh, K. Sato, H.J. Phys. Soc. Jpn.1968, 25, 455.
(40) Bylsma, R. B.; Becker, W. M.; Kossut, J.; Debska, U.Phys. ReV. B

1986, 33, 8207.
(41) Larson, B. E.; Hass, K. C.; Ehrenreich, H.; Carlson, A. E.Phys. ReV.

B 1988, 37, 4137.

Figure 10. Photoluminescence excitation spectra of the excitonic region
of Cd0.99Mn0.01S samples in 3, 6, and 9 nm mesoporous SiO2 detected on
the yellow Mn-related luminescence (shown in the inset exemplarily for
the 3 nm sample) atT ) 10 K.

Figure 11. Band gap variation for Cd1-xMnxS particles confined in
mesoporous silica with 3, 6, and 9 nm pores with different Mn concentrations
x at T ) 10 K. The corresponding solid lines are guides to the eye.
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T + B
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from Te to S.42 Similar results were also reported for the
corresponding Zn-series where the main Mn 3d photoemis-
sion feature was found at 3.5, 3.6, and 3.8 eV below the
valence-band maximum of (Zn,Mn)Te, (Zn,Mn)Se, and
(Zn,Mn)S, respectively.43

The susceptibilityø itself is also affected by the reduced
dimensionality. In virtual crystal and mean-field approxima-
tion, the expression forø is given by

xeff (which is an magnetically effective Mn concentration
accounting for antiferromagnetic pairing) as well asΘ(x)
are modified in a nanostructure due to the increase of the
surface-to-volume ratio. The number of nearest neighbors
on the cation sublattice is reduced at the surface leading to
an increase of the effectivex and a reduction of the Curie-
Weiss parameterΘ in a similar fashion as shown for high
temperatures. The combination of both effects results in a
stronger increase ofø with x in the nanostructures compared
to bulk. Therefore, both the dependence of thep-d exchange
parameterâ and that of the susceptibilityø on reduced
dimensionality are in concordance with the observed en-
hancement of the band-gap bowing in Cd1-xMnxS nanostruc-
tures as a function ofx. However, it is worth mentioning
that the dependence of the band gap of bulk Zn1-xMnxS and
the corresponding nanostructured samples on Mn-concentra-
tion x seems to be an exception from a general rule. Although
bulk (Zn,Mn)Te44,45 as well as (Zn,Mn)Se41,46 exhibit con-
siderable bowing effects, neither the bulk Zn1-xMnxS47 nor
corresponding nanostructured samples in ref 14 exhibit
significant bowing effects with increasingx.

Conclusions

We have synthesized and thoroughly characterized
Cd1-xMnxS nanoparticles withx ranging from 0 to 0.2
incorporated inside mesoporous SiO2 matrixes with pore sizes
of 3, 6, and 9 nm. By careful characterization of the samples
we demonstrate that under these synthesis conditions most
of the Mn ions are incorporated on cation sites of the CdS
lattice and that the amount of Mn aggregated at the surface
of the nanostructures is negligible. This allows us to
thoroughly investigate the effects of reduced dimensionality
on the magnetic and electronic properties of the Cd1-xMnxS
nanoparticles as a function of Mn contentx and characteristic
diameterd. Both magnetic and electronic properties of the
nanoparticles are modified due to the reduced lateral dimen-
sions. We demonstrate by analysis of the EPR line width

and EPR intensity that macroscopic magnetic properties such
as the Curie-Weiss temperature are strongly affected by the
reduction of the lateral dimensions, whereas the microscopic
coupling between the Mn ions (e.g., the exchange constants
Jnn and Jnnn) is not altered to a first approximation. The
macroscopic modifications arise mainly due to geometrical
restrictions, i.e., the number of neighbors in the cation shells
around a Mn-ion in the surface region is considerably reduced
compared to that of a Mn ion in the bulk. Due to the quantum
confinement of the excitons in the nanostructures an increase
of the direct band gap with decreasing particle size is
observed. Furthermore, the band gap bowing as a function
of Mn contentx is enhanced with decreasing nanostructure
diameterd. This enhanced band gap bowing can also be
related to the alterations of the macroscopic magnetic
properties (i.e., reduction of Curie-Weiss temperatureθ(x)
and increase of effective Mn-concentrationxeff) which occur
due to the increase of the surface-to-volume ratio with
decreasing nanostructure size.

Analyses and Measurements

Powder X-ray diffraction (P-XRD) patterns were recorded at
room temperature with a Bruker AXS D8 Advance diffractometer
(Cu KR) in θ/θ geometry with a secondary monochromator.

Physisorption measurements were carried out using Quantach-
rome Autosorb 1 and Autosorb 6 instruments with nitrogen as
adsorptive at 77 K. The BET surface areas were calculated from
p/p0 ) 0.03-0.3 in the adsorption branch, and the BJH pore size
distributions were calculated from the desorption branch. Before
each sorption measurement the sample was outgassed at 120°C
for at least 24 h under turbomolecular pump vacuum.

For electron microscopic measurements the samples were
prepared by dipping a holey copper grid into the dried and finely
ground powders. The transmission electron micrographs were
recorded on a Philips CM 300 UT and on a Philips CM 30 ST.

The photoluminescence-based optical measurements were carried
out at 10 K with the specimen mounted in a contact-gas He-cryostat
(Cryovac K 1104 C). Tuneable monochromatic excitation light with
a bandwidth of 5 nm was provided either by a tungsten lamp (for
PLE measurements) or by a Xenon lamp (for PL measurements)
followed by a 0.32 m monochromator (ISA Triax 320). The sample
luminescence was detected using a 0.5 m spectrometer (Zeiss) with
a resolution better than 1 nm equipped with a GaAs photomultiplier
(Hamamatsu). For the PL measurements the sample was excited
with the lamp system set to 420 nm (2.95 eV). The PL signal was
detected in the range from 500 to 700 nm. For the photolumines-
cence excitation (PLE) measurements the PL intensity was detected
at 580 nm varying the wavelength of the excitation light from 270
to 560 nm.

Electron paramagnetic resonance (EPR) measurements were
performed using a Bruker Elexsys 500 CW spectrometer at X-band
frequencies (9.48 GHz) and magnetic fields up to 1 T at temper-
atures between 4 and 300 K in a continuous-flow He cryostat
(Oxford Instruments). As the signal-to-noise ratio was improved
by a lock-in technique with field modulation, the EPR spectra
represented the field derivative of the microwave power absorbed
by the sample from the transverse magnetic microwave field as a
function of the external static magnetic field.
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