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Abstract: Arrays of highly ordered Zn;_,Mn,S quantum wires with x ranging from 0.01 to 0.3 and with
lateral dimensions of 3, 6, and 9 nm were synthesized within mesoporous SiO, host structures of the
MCM-41 and SBA-15 type. The hexagonal symmetry of these arrays (space group p6m) and the high
degree of order was confirmed by X-ray diffraction and transmission electron microscopy (TEM) studies.
Physisorption measurements show the progressive filling of the pores of the SiO, host structures, while
TEM and Raman studies reveal the wire-like character of the incorporated Zn;—,Mn,S nanostructures. X-ray
absorption near-edge structure, extended X-ray absorption fine structure, photoluminescence excitation
(PLE), and electron paramagnetic resonance studies confirm the good crystalline quality of the incorporated
Zn,_,Mn,S guest species and, in particular, that the Mn?* ions are randomly distributed and are situated
on tetrahedrally coordinated cation sites of the Zn;—,Mn,S wires for all x up to 0.3. The amount of Mn?*"
ions loosely bound to the surface of the Zn;—,Mn,S nanowires is less than 4% of the total Mn content even
for the 3 nm nanostructures up to the highest Mn content of x = 0.3. The effects of the reduction of the
lateral dimensions on electronic properties of the diluted magnetic semiconductor were studied by PLE
spectroscopy. Due to the quantum confinement of the excitons in the wires an increase of the direct band
gap with decreasing particle size is observed.

Introduction shortening of the Mn internal transitions might also arise from
competing recombination paths due to defects in the nanopar-

tticles.8 Due to the large surface-to-volume ratio in nanoparticles
defect formation as well as Mn diffusion to the surface can have
a significant influence on the optical properties and will strongly

Rare-earth- and transition-metal-dopedWl semiconductors
and semiconductor nanostructures are currently of interes
because of their optical and magnetic propetties.

ZnS:Mn has been employed as active material in electrolu- )
minescent devices for decaded.Many attempts were carried ~ depend on the synthesis procedtite.
out in order to dope this semiconductor with different transition- ~ Magnetic semiconductors and semiconductor nanostructures
metal ions whereby intense visible-light emissions with different @€ Possible candidates for spin aligners and spin injectors in
colors were achieved In 1994 it was proposed by Bhargava future spintronic device$. The family of A,—xMn,B (where A
et al. that nanocrystals of ZnS:Mn show a high-luminescence @nd B are group Il and VI elements, respectively) are a subgroup
quantum efficiency and lifetime shortening of the Mn internal  ©f the so-called diluted magnetic semiconductors (DMS). These
transitions’ Further studies suggested that the latter effect is PMS have gained considerable interest due to their unusual

not necessarily a nanosize effect, and an effective lifetime Magnetooptical properties. It is strongly anticipated that the
reduction of the lateral dimensions of magnetic semiconductor
lJlﬁUS-Lieb!g Ur]iveffsity Gtiessen. nanostructures will also significantly affect their magnetic
Philipps University of Marburg. fad ; ;
$ University of Augsburg. properties: An understanding of the magnetism at reduced
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Figure 1. (a) P-XRD of mesoporous silica with three different pore diameters: MCM-41 (3 nm) and SBA-15 (6 and 9 nm). (b) P-XRD of
Znp gMnp ,S@SBA-15 (9 nm) after the four different impregnation/conversion cycles.

dimensions is essential for device miniaturization. The magnetic and SiGé° have been implanted into MCM-41 or SBA-15 so
properties of a A-x\Mn,B nanoparticle will— similar to the far to obtain regular arrays of quantum wires.
optical properties— strongly depend on the Mn distribution Recently we reported on the successful incorporation of the
within the nanoparticle and thus on the synthesis procedure. DMS compound Cg-,Mn,S into the pore system of MCM-41

The most common method for the synthesis of DMS silica?? In contrast to other approaches it was possible to
nanoparticles is the utilization of water-in-oil droplets, which synthesize the semiconductor inside the channels without
serve as a size-limiting minireactbtMesoporous materials,  preceding functionalization of the inner surface with thiol
first introduced in 1992# have opened new pathways for the groups2%25> Powder X-ray diffraction (P-XRD), electron mi-
formation of nanostructured host/guest compoutidat first croscopy, and physisorption measurements clearly showed the
highly ordered mesoporous materials with pore sizes of about preservation of the mesoscopic order. Optical measurements
3 nm were accessible through the M41S family with either proved the intrapore formation of crystalline CgMn,S
hexagonal (so-called MCM-41) or cubic symmetry (MCM-48).  particles. Raman as well as electron paramagnetic resonance
By using different amphiphilic structure directing agents such (EPR) results suggested an almost random distribution of the
as triblock copolymers (Pluronics) hexagonally ordered meso- Mn ions within the nanocluster and no indication for a strong
porous materials containing large pores with diameters up to enhancement of the Mn content at the surface of the nanopar-
10 nm or more could be synthesized (so-called SBA4B)ne- ticles. A blue shift of the band-gap energy of about 200 meV
tuning the pore size of SBA-15 from 5 to 30 nm is possible due to quantum confinement was observed.
just by varying the synthesis temperattife. Here we report on the incorporation of ZaMn,S with

The hexagonal order of MCM-41 and SBA-15 provides the different doping levelx (from 0.01 to 0.3) inside three different
possibility of growing quantum wires inside the chanriélhe SiO; pore systems with pore diameters of 3 nm (MCM-41) and
incorporation of semiconductors into the pores seems promising,6 and 9 nm (both SBA-15). We will discuss in detail the pore
because the silica-wall structure of the host materials with its structure of the mesoporus SiMosts before and after the
large band gap serves as a barrier between single wires. Severahtrapore synthesis of the ZnMn,S nanoparticles. We will
semiconductor compounds, such as G¥#8,(Cd,Mn)S18:21.22 also assess the nanoscopic structure of the &S guest
CdSe? (Cd,Mn)Se* ZnS23(Zn,Mn)S26 GaAs?’ InP 28 Ge?® nanoparticles as a function of Mn content with special emphasis

- - on the Mn sites. Finally, we report on the effect of the reduced
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Figure 2. Nitrogen adsorption/desorption isotherms (a) and BJH pore-size distributions (b) of the three mesoporous host structures.

and 9 nm pore diameter is due to a different wall thickness. despite the fact, that this well-established theory is actually valid
Whereas SBA-15 with 6 nm pore diameter has a wall thickness only for materials with pores 4 nm and underestimates the
of approximately 5.6 nm, SBA-15 with 9 nm pore diameter only diameter of mesopores (with pore diametetrs4 nm) by
has a wall thickness of 2.5 nm, thus resulting in a very similar approximately 1 nni®37 However, it is an appropriate method
d spacing. A high degree of long-range order can be assumedfor determining changes in the pore-size distributions. More
according to the reflections at higher scattering angte$o2 detailed and accurate calculations could be achieved using the
all mesoporous host structures. relatively new method of determining the pore sizes with the
After the intrapore formation of the DMS compound (in this non-local density functional theory (NLDF?§.This model is
case ZggMing2S, Figure 1b) the XRD peaks are reduced in SO far only valid for pure porous structures, such as porous
intensity and slightly shifted to smallerspacings, proving the  silicas or carbons, and not for host/guest systems, so for
conservation of the mesoporous host. The intensity of the Braggcomparison reasons for all samples the BJH-algorithm was used.
reflections originates from the difference in the scattering power  In Figure 3 the isotherms for 2@Mno:S@SBA-15 (6 nm)
between the silica walls and the empty pores. Due to the after the respective impregnation/conversion cycles and the
impregnation of the pores with scattering material, the amount pristine SBA-15 together with the BrunaugEmmett-Teller
of scattering power within the pores is increased, resulting in (BET) surface area are shown. After the intrapore formation of
an overall loss of intensity due to phase cancellation betweenthe DMS compounds no change in the isotherm type is observed,
the pore walls and the guest species. This is a well-known proving the conservation of the cylindrical pore system, whereas
phenomenon in the literatufé31.32 the change from H1 to H2 hysteresis indicates a partial filling
In the 2 region between 20 and &Mo reflections of the of the pores. The amount of adsorbed nitrogen as well as the
bulk DMS compounds are present. The observed features areBET surface area is strongly reduced with increasing pore filling,
the same in all three different host structures for all incorporated I-€- the number of impregnation/conversion cycles, but still
samples Zp ,Mn,S. From the XRD measurements it can be mesoporosity can be found, which again proves the preservation
concluded that the formation of the guest species has taken plac®f the mesoporous host structure and leads to the conclusion

preferentially inside the pore system of the respective host that particles are formed inside the pores. _ o
material and no bulk material has been formed. The mean pore diameter (Figure 3b) is decreasing as indicated

by the shift of the main peak of the pore-size distribution to
tion isotherms and the pore-size distribution of the three host Smaller values. Also the amount of adsorbed nitrogen is strongly
structures are displayed. All three structures show a type IV decreasing. All these results clearly d.emonstraFe. a coatlng of
isotherm, typical for mesoporous materi#isA H1 hysteresis the walls of the pores and a progressing slow filling W|th the
loop is only observed for the SBA-15 host structures. This is 9UeSt Species. The total pore volume calculatquipt= 0.9 is

due to the fact, that the occurrence of sorption hysteresis depend®-87 cn¥/g for the pristine SBA-15 and 0.27 ¢fg for the host/

on temperature, pore size, and shape, i.e. the thermodynami@U?SF cqmpound after the th_wpl impregnation/conversion cycle.
states of pore fluid and bulk fluiéf Thus, materials with This indicates a degree of filling of thg pores of over 65%.
cylindrical pores< 4 nm do not show a hysteresis loop. The "€ observed effects are very similar for all intrapore
pore sizes were calculated from the desorption branch of the_formatlons inside the different host structures and are known
isotherms using the Barretfoyner-Halenda (BJH) formul&?

Nitrogen Physisorption. In Figure 2 the nitrogen physisorp-

in the literature for similar host/guest systeffis.
Transmission Electron Microscopy.The results of the XRD
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(32) Frba, M.; Kthn, R.; Bouffaud, GChem. Mater1999 11, 2858. (36) Lastokie, C.; Gubbins, K. E.; Quirke, N. J. Phys. Chem. B993 97,

(33) IUPAC Manual of Symbols and Terminology, Appendix 2, ParPlre 4786.
Appl. Chem1972 31,578. (37) Ravikovitch, P. I.; Domhnaill, S. C. O.; Neimark, A.; SthuF.; Unger,

(34) Thommes, M.; Kbn, R.; Fida, M. J. Phys. Chem. BR00Q 104, 7932. K. K. Langmuir1995 11, 4765.

(35) Barrett, E. P.; Joyner, L. G.; Halenda, P.JPAm. Chem. Sod.951, 73, (38) Thommes, M.; Kbn, R.; Fida, M. Appl. Surf. Sci2002 196, 239.
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Figure 5. IR spectra taken at different steps of the synthesis of ZnS confined
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spectrum resembles that of the pristine MCM-41 material and
it can be concluded that at this point only sulfides (which do
not show IR activity) are present inside the pore systems.
Raman Spectroscopy.Parts a and b of Figure 6 depict
S Raman spectra in the vicinity of the LO phonon of bulk
Figure 4. TEM images of (a) MCM-41 (3 nm pores), (b) SBA-15 (6 nm  7n,_,Mn,S and Za_yMnS@SBA-15 (6 nm), respectively, with
pores), (c) SBA-15 (9 nm pores), and (d) DMS compound/SBA-15 (6 nm x ranging from 0.01 to 0.2. The Raman spectra of bulk
pores) host/guest compound. : Dy

Zn1—xMn,S are well-understood. The feature at about 350 crh

transmission electron microscopy (TEM). In Figure—4athe corresponds to the LO phonon mode from the center of the
TEM images of the three pristine host structures are shown. Brillouin zone (reciprocal vectog ~ 0). This mode slightly
The hexagonal ordering of the pores can clearly be seen. Figureshifts to lower frequencies, broadens with increasing Mn content
4d depicts a TEM imagefoa 6 nm host structure with an %, and develops a shoulder on the low-frequency side. The LO
incorporated DMS compound. The view perpendicular to the Phonon mode of ZnS transforms continuously into that of MnS;
pores reveals that the aligned pore channels are filled with thei.€. the Zn_,Mn,S alloy system shows a one-mode behavior.
DMS compound. It can clearly be seen that still some single The only weak dependence of the LO phonon frequency on
nanoparticles are present but they tend to agglomerate to densels €xplained by the similarity of the LO phonon frequencies of
wirelike structures. There is no evidence for larger particles ZnNS and MnS. A value of 343 cm has been determined for
being formed outside the pore system; i.e. the entire guestthe LO phonon frequency of tetrahedrally coordinated MnS by
material is confined inside the channels of the porous host. IR reflectivity measurements. It can be seen that with
Infrared Spectroscopy. The infrared (IR) spectroscopy increasing additional modes develop in the range between 310
reveals the complete conversion of the incorporated acetates t@nd 330 cm™. These modes arise from the X- and L-points of
the sulfides (Figure 5). Before the,8l treatment the spectra  the Brillouin zone, where the corresponding density of states is
look almost like a sum of MCM-41 silica and the bulk zinc ~ large, and become Raman-active by Mn substitution, which
acetate spectra. After the,S/thermal treatment all bands perturbs the translational symmetry. The Raman spectra of the
corresponding to the acetate have vanished. Potentially formed
acetic acid is removed by washing the samples with a certain 49 fé‘géaggiald%“' A.; Liarokapis, E.; AnastassakisSBlid State Commun
amount of water for 30 min. Afterwards the resulting IR (41) Jahnke, E.; Goede, O.; Weinhold,Rhys. Status Solidi B98§ 146 K157.
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Figure 6. (a) Raman spectra of bulk ZniMn,S of variousx in the vicinity of the LO phonon. (b) Raman spectra ofiZMn,S@SBA-15 (6 nm) in the
vicinity of the LO phonon.T = 300 K and laser excitation at 364 nm (3.41 eV).

Zn;—Mn,S@SBA-15 (6 nm) also show clearly the LO phonon 1.2 4
mode. The phonon mode is considerably broadened compared 10 | @Znﬂ%M”O-mS
to the corresponding bulk modes but, with increasinglso Experiment

develops a shoulder on the low-frequency side. Furthermore,
there is no indication of the Mn-induced X,L-modes at lower 0.6 -
Raman shifts. The strong broadening of the LO phonon mode
and the absence of the Mn-induced X,L-modes are due to the
reduced dimensions of the nanoparticles. The reduction of the
lateral dimensions should eventually lead to a breakdown of
the concept of lattice periodicity and reciprocal space. The Mn-
induced modes result from the density of states with high

360 370

Intensity / arb. units -
w
N
o
w
w
o
w
S
o
w
($)]
o

g-values which become ill-defined and thus unobservable when
the concept of reciprocal space breaks down. 1.2 ; (® Model
The reduction of the lateral dimensions of the semiconductor 1.0 1 ——— bulkfit
structure leads to phonon confinement. This results in an 08 . , ---~ sphere
admixture of phonons with small nonzegao the mode with : wire
g = 0.2 This effect is a common characteristic of-NI 0.6 1
nanoparticle$3-4> The admixture of modes of highgrusually 0.4 |
leads to a red-shift of the peak position and to a broadening
and concomitantly to a low-frequency wing of the LO phonon 0.2
mode as its frequency usually decreases with increasihgese 0.0 F====———
features of phonon confinement are observable in Figure 7a. It ‘ . . . .

Znolgd\/|I’I0,01S@SBA-15 (6 nm), and Md\/lno,c,lS@MCMAl Raman shift/cm’1 .

(3 nm). The spegtra of the Z_Qd\/lno,msl hanoparticles Figure 7. (a) Raman spectra in the vicinity of the LO phonon
are strongly red-shifted and broadened with respect to the of pulk ZnyeMneo:S, ZreMnoo:S@SBA-15 (6 nm), and

bulk reference. As expected, both effects are more ZngsMngS@MCM-41 (3 nm).T = 300 K and laser excitation at 364

significant for ZngdMing o S@MCM-41 (3 nm) than for nm (3.41 eV). (b) Lorentzian fit of the LO phonon of bulk ngﬂVIno_le.
Calculated LO phonon line shapes for spherical g8no 0:S nanopatrticles

Zno,9Nn0,01$@SBA-15 (6 nm). . and cylindrical Z1.9dVing.01S wires with diameters of 3 and 6 nm.

The confined-phonon model introduced by Campbell and
Fauchet yields different results for wire-like cylindrical and wherew, is the frequency of the LO phonon at= 0; w(q) is
spherical nanoparticlés. The model assumes that thie= 0 the (spherical) bulk LO phonon dispersion; afglis the full
phonon can be described by the lattice-periodic part of bulk \idih at half-maximum of the bulk LO phonon (Lorentzian)

materialu(g=0,) multiplied by an envelope functio#'(q=0yr). line shapeC(0,g) are the Fourier coefficients of the envelope
The envelope function is determined by the shape and the

dimensions of the nanoparticle. The corresponding line shape(42) Campbell, I. H.; Fauchet, P. Molid State Commuri986 58, 739.
(43) Verma, P.; Gupta, L.; Abbi, S. C.; Jain, K. . Appl. Phys2000 88,

of the LO phonon in a nanoparticle is given by 4109,
(44) Rajalakshmi, M.; Arora, A. K.; Bendre, B. S.; MahamuniJSAppl. Phys.
|C(0 )|2 200Q 87, 2445.
|(a)) — f 3 ! (1) (45) Curri, M. L.; Agostiano, A.; Manna, L.; Della Monica, M.; Catalano, M.;
= J 1st Brillouin zone 2 2 Chiavarone, L.; Spagnolo, V.; Lugarkl. J. Phys. Chem. R00Q 104
(wo — (@) + (I'y2) 8301.
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Figure 8. (a) Normalized Mn K-XANES spectra of 2rMng 3sS confined in 3, 6, and 9 nm pores and bulk MnS (wurzite structure). (b) Modified radial
distribution functions (m-RDF, not phase-shift corrected) of the Mn K-EXAFS spectra @iMim sS confined in 3, 6, and 9 nm pores.

function W'(g=0,r). Campbell and Fauchet give the following wires and spheres. Figure 7b depicts LO phonon line shapes
expressions for a sphere and a cylindrical wire of infinite length: for spherical ZggdMng0:S nanoparticles and cylindrical
ZNg.odMng 01S wires with diameters of 3 and 6 nm calculated
q2 Spherg) using'o = 20 cnTl. It demonstrates that with respect dg
- 5 the red-shift of the maximum of the confined-phonon line shape
16w is smaller for wires than for spheres of the same diameter. The
, F{ qDZdwireZ) red-shifts observed in the experiment show a better agreement
|Cuire(0.0, &) 1" = exp — ————[6(a) 2 with those calculated for wire-shaped nanostructures of the same
167 nominal diameter. The red-shifts calculated for spherical
) particles are too large. This can be tentatively interpreted as a
wheredsphereand duire are the diameters of the sphere and the gjgn that the average (Zn,Mn)S nanoparticles incorporated into
wire, respectivelyq andq; are theg-vectors perpendicular and  the Sig, pores have an elongated shape with lateral extensions
parallel to the wire axis. Using thégl= 4zq? dq for the sphere  ¢|gse to the pore diameter and extensions along the pore axis

and dq = 270 dq dg; for the infinite wire allows one to  |5rger than the pore diameter; i.e. the average (Zn,Mn)S
calculate the LO phonon line shape for wire-like and spherical nanoparticles are wire-like.

nanoparticles of different diameters using eq 1. X-ray Absorption Spectroscopy. X-ray absorption spec-
We employed the model to analyze the line shapes of troscopy is the method of choice to distinguish whether the pore
Zno.9Mno 01S nanoparticles shown in Figure 7a. For the phonon- system contains the two binary sulfides, ZnS and MnS, or the
diSpeI’Siona)(q) we used that along tha-direction of the ternary (||,Mn)V| Compound, Z{LanxS, with the Mt ions
Brillouin zone of zincblende ZnS bUH@.TO detel’mind‘o, we distributed randomly inside the ZnS matrix. Zn K_edge mea-
fitted the LO phonon spectrum of bulk ggMno.o:S (Figure  syrements (not shown) proved the existence of ZnS particles
7a) by a Lorentzian line shape. The fit (Figure 7b) yieldgd inside the respective pore systems. To investigate the local
~ 6 cnrt. However, the line widths of the confined-phonon  strycture around the Mt ions, X-ray absorption spectroscopy
line shapes calculated using these parameters were too narrowt the Mn K-edge was carried out as well. Figure 8a displays
compared to the experimental results. A better agreement wasthe normalized X-ray absorption near-edge structure (XANES)
obtained by usin@’o &~ 20 cnTL. It is well-known that the line regions of the Mn K-edge spectra of ZMnosS confined in
widths of the bulk LO phonon is very sensitive to the degree 3 6 and 9 nm pores. The XANES region of the spectra can be
of crystallinity of the material and that the degree of crystallinity ysed as a “fingerprint” of the respective material. It can clearly
itself usually increases with increasing synthesis temperature.pe seen, that exactly the same features in the XANES region of
Thus, the largeF o for the Zmy9dVng 01S nanostructures reflects  the MnS reference (wurtzite structure) cannot be found in the
simply the differences in the synthesis of the nanostructures spectra of manganese-doped ZnS. Hence?Nsinot located
and the bulk reference samples used in the Raman experimentsinside a MnS matrix, but manganese is present in the samples.
The latter were synthesized at much higher temperatures (about Figure 8b shows the not phase-shift corrected modified radial
1000°C) using Bridgman techniques. The synthesis temperature yistripution functions (m-RDF) of ZgyMno.sS confined inside
of the nanostructures was considerably lower to minimize 3, 6, and 9 nm pores; in Table 1 the fit results are summarized.
diffusion of the Mn to the surface, which, in contrast to bulk- 1 first Mn—S shell is slightly shifted to smaller distances for
material synthesis, is a severe problem in the synthesis of 5 incorporated samples. This is due to the fact that the distance
nanostructures because of their larger surface-to-volume ratio.atveen manganese and sulfur in pure MnS is significantly
It is worth noting that the red-shift of the maximum of the |5rger (2.42 A for the wurtzite structure) than the-Z8 distance
confined-phonon line shape with respectdgas a function of in ZnS (2.34 A for wurtzite). The Ma$S distance in the
the diameter exhibits only a weak dependencd gfor both investigated samples lies between these two values but is very
similar to the expected bond length in pure MnS. Thus, replacing
(46) Landolt-Banstein-Numerical Data and Functional Relationships in Sci- 72+ by Mn2*t in ZnS results in a locally slightly distorted

ence and Technologyol. 17b; Madelung, O., Schulz, M., Weiss, H., Eds.; N
Springer, Berlin-Heidelberg-New York, 1982. MnS” geometry.

|Cspher<go vq)lz = ex;{—
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Figure 9. (a) Normalized EPR spectra of ZgMn,S@SBA-15 (6 nm) for different values for The fit curves consist of the field derivative of the sum
of one broad Lorentz curve and one (for= 0.01 and 0.3) or two hyperfine structures (for= 0.05, 0.1, and 0.2) of six Lorentz curves. Insets: hyperfine
transitions on an enlarged field scale for 0.01 (lower) and = 0.05 (upper), the arrows indicate the positions of the forbidden transitions. (b) Normalized

EPR spectra of bulk ZggMng ;S and nanostructured giving sS in MCM-41 d =

been calculated as in a. Inset: Plot of intensity réiedlo between hyperfine

Table 1. Fit Results of the Mn K-EXAFS Measurements?
sample N R(A) Ao? (x1072 A2)

Zno. MnpsS@MCM-41 (3 nm) 4.00 2.38 6.0
11.10 3.95 17.1

Zno.Mnp sS@SBA-15 (6 nm) 4.00 2.41 8.3
11.40 3.98 16.6

Zno.Mnp sS@SBA-15 (9 nm) 4.00 2.41 6.6
10.24 3.98 16.9

a Abbreviations: N = coordination numberR = bond length;Ac? =
Debye-Waller factor. The amplitude reduction fact&? was extracted
from MnS with manganese in octahedral coordination geometry (rock-salt
structure).

For the incorporated diluted magnetic semiconductors
Zng/MngsS the next-nearest-neighbor distance (\Mim) is
within a minor deviation, again nearly the same as in pure bulk
MnS. The corresponding MaMn distance would be 3.96 A,
and good agreement can be observed for all samples. Th
associated coordination numbers are only slightly smaller than
in MnS. Again, these effects can be explained by a small local
disorder in the ZnS matrix arising from the substitution of Zn
by Mn leading to a distorted MAS geometry. From these
results it can be concluded that the amount of manganese ion
aggregated at the surface of the nanoparticles is very small
Mn?* ions really substitute Z in the nanocrystalline structure,
and a Zn—yMn,S nanocrystal is formed.

However, it is not possible to distinguish whether the
ZnyMn,S nanocrystals are of wurtzite or zincblende structure.
Both crystal structures are very similar and differ slightly only
in the second coordination sphere. For example the Zn
distance in bulk ZnS is 3.78 A for zincblende and 3.82 A for
wurtzite. For bulk Zn—4Mn,S the crystal structure is known to
be zincblende fox < 0.1 and wurtzite for 0.1< x < 0.45.
With the passage from bulk to nanocrystals the crystal structure
changes though:*8We have reported on manganese-doped CdS

€,

3 nm), SBA-15 ¢ = 6 nm), and SBA-15d = 9 nm). The fit curves have
structure and full spectrum as a function of the inverse pore diandeter 1/

nanoclusters confined in mesoporous silica matrices with both
zincblende and wurtzite structute?*

Electron Paramagnetic Resonance Measurementshe
electron paramagnetic resonance (EPR) spectra of the incorpo-
rated DMS compounds are very similar for all three host
structures. In Figure 9a five ZnyMn,S@SBA-15 (6 nm)
samples withx = 0.01, 0.05, 0.1, 0.2, and 0.3 are shown. All
spectra were takent @ K and were normalized to the same
amplitude. The spectra are typical for exchange-coupled™™Mn
ions within a I1/VI semiconductor compouffi>! and can best
be explained for lowx. The spectra basically consist of a sextet
of sharp lines. This sextet, which is centered at\alue ofg
= 1.999, is associated with the alloweinis = +1; Am; = 0)
magnetic dipolar transitions between the hyperfine-split Zeeman
levels of the?Ssy, (or 6A;) ground state of the M 3d-electrons.
The hyperfine structure arises from the interaction between the
S=5/2 spin of the unpaired 3dlectrons with thé = 5/2 spin
of the 35Mn nucleus. The hyperfine splitting characteristic for
MnZ* in ZnS amounts to aboudByes = 7.0 mT between
neighboring allowed transitions in zincblende as well as in
wurtzite structuré® The splitting observed in the spectrum of

She sample with 1% Mn agrees well with this value.

With increasing Mn content the dipolar interaction and
exchange coupling merge the hyperfine structure into one broad
resonance line, which is documented bestxfer 0.3. But this
broad line can already be identified fo= 0.01. The spectrum
for x = 0.01 is satisfactorily described by the sum of the broad
line and the hyperfine structure of six lines. Both the broad line
and the hyperfine lines were assumed to be of Lorentzian shape.

(47) Cizeron, J.; Pileni, M. R1. Phys. Chem. B995 99, 17410.

(48) Vogel, W.; Urban, J.; Kundu, M.; Kulkarni, S. Kangmuir1997 13, 827.
(49) Schneider, J.; Sircar, S. R.;&eer, A.Z. Naturforsch. AL1963 18, 980.
(50) Lambe, J.; Kikuchi, CPhys. Re. 196Q 119 1256.

(51) Ishikawa, Y.J. Phys. Soc. Jpri966 21, 1473.
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Figure 10. (a) PL spectra of Zpn,Mn,S@SBA-15 (6 nm) for varioug. (b) Corresponding PLE spectra far= 5% detected at 600 nnT. = 10 K.

In addition it was necessary to take into account a slight linear the spin susceptibility and hence to the number of spins,
increase of the hyperfine splitting with the external field due to corresponds to the area below the absorption curve. It is given

second-order contributions.
A close inspection of Figure 9a reveals that at low Mn

by the 2-fold field integration of the EPR signal, which itself
represents the field derivative of the absorption. The fit allows

concentration each hyperfine line exhibits a pair of satellites at one to separate the intensity of the hyperfine strudigrgfrom

lower external magnetic field associated with the forbiddemg
= +1; Am = £1) hyperfine transitions (see lower inset of

the intensity of the full spectruriy and hence to determine the
relative number of M#&" ions, which give rise to the hyperfine

Figure 9a). The forbidden hyperfine transitions in the spectra structure. The inset of Figure 9b exhibits a linear dependence

with the lowest manganese contert= 0.01) are typical for
Mn?* ions in the tetrahedral environment of a Zn-site in a

of the intensity ratidurd/lo on the inverse pore diameterdl/
This corroborates the assumption that the hyperfine structure

zinchlende crystal. In the case of a wurtzite crystal these lines arises from manganese spins on the surface of the nanowires

are much more prominettand are merging with the lines of

instead of interstitial positions, because the surface-to-volume

the allowed hyperfine transitions, as it is observed for samples ratio also varies with 1. For the bulk sample this is by far

with larger amounts of manganeseX 0.05; see upper inset

smaller than for the nanowires, and therefore the hyperfine

of Figure 9a). Thus, it can be concluded that the crystal structure Structure vanishes. The absolute value of the intensity ratio is

of the incorporated (I, Mn)VI semiconductors is zincblende only
for x = 0.01, whereas higher doping levels with Mrresult in
a wurtzite structure.

At the same time it has to be noticed that with increasing
an additional hyperfine structure of six lines with a larger
splitting of aboutdByrs = 9.5 mT evolves and persists even at
30% Mn content. This hyperfine structure may result from
isolated MA™ ions on the surface or interstitial places of the
Zn;_,Mn,S nanowires?

To clarify this, we compared the spectra of ¢ZNlngsS

nanostructures with different pore sizes, as shown in Figure 9b.

only about 20% of the value, which one would expect for the
full surface layer of approximately 0.3 nm thickness; i.e., only
20% of the Mn ions at the surface are bound weakly enough to
give rise to the hyperfine structure. From the EPR results we
can deduce that the majority of the KMions is well-
incorporated into the zn,Mn,S nanowires and only a small
amount remains weakly bound at their surface. This amount of
aggregated Mn ions at the surface of the nanoclusters corre-
sponds to less than 4, 2, and 1% of the total Mn-content for the
3, 6, and 9 nm wires, respectively.

Photoluminescence and Photoluminescence Excitation

All spectra were taken at 4 K, where the hyperfine structure Measurements.Parts a and b of Figure 10 depict the photo-
can be best identified in the nanowires, because with increasinglUminescence (PL) spectra and the corresponding photolumi-

temperature it becomes more and more smeared out. In the bulk'escence excitation (PLE) spectra of:ZMnS@SBA-15

sample ZpggMno.S, which was used for comparison, no

(6 nm) for differentx. The PL spectra of all samples with

hyperfine structure was visible at all. The spectra were again X > 0.01 consist basically of one emission band at about 600
fitted by the sum of one broad Lorentz curve and a hyperfine M. This so-called yellow PL band originates from ffTe to
structure of six Lorentz curves. All spectra could be satisfactorily “A1 transition within the 3tishell of Mr?* on a cation site with
described in this way. The intensity, which is proportional to tetrahedral symmetry. It is a common feature in wide-gap

(52) Hofmann, D. M.; Hofstaetter, A.; Leib, U.; Meyer, B. K.; Counio, L.
Cryst. Growth1998 184—185, 383.

804 J. AM. CHEM. SOC. = VOL. 126, NO. 3, 2004

manganese-doped-VI semiconductor§3-55 No band-gap-

(53) Goede, O.; Heimbrodt, WPhys. Status Solidi B988 146, 11.



Zn;—,Mn,S Nanowires in Mesoporous Silica ARTICLES

and the wire diameter, extracted from the PLE spectra taken at

4T, “g4 i i
2 BEA _ 10 K. It can clearly be seen that confinement effects increase
Zny Mn, ;S wires with decreasing wire diameter. The confinement energy is about
PLE 10K 150 meV for the 3 nm wires. This is significantly smaller than

for Cdi—yMn,S or Cd_,Mn,Se wires with similar diameters,
where the confinement energy was reported to be 400 or 200
meV, respectively! Going from Cd-,Mn,Se to Cd-Mn,S

to Zm-xMn,S the band-gap difference between the manganese-
doped IVI semiconductor and Si©as well as the exciton
Bohr radius is decreasing. The energies of the band-to-band
transition of the 9 nm wires are close to the corresponding bulk
values; i.e., confinement effects are very small.

Figure 11 shows that the intensity of the Mn internal transition
with respect to the intensity of the band-gap-related feature
decreases with decreasing wire diameter. The intensity ratio
scales roughly with the ratio of the volume of the surface

q\ 3nm monolayer to the total volume, suggesting that the effect is
related to the nanostructuring. However, it cannot be analyzed
Mn-internal transitions quantitatively on the basis of the continuous wave (cw) PL
2'5 3'0 3'5 4'0 4'5 measurements as the change of intensity ratio also reflects the
Energy/eV . chapges of thq dynamlcs pf .the Iumlnegcepce process. Nonra-
' . _ diative recombination, radiative recombination of the excitons,
g’%‘r’r’f 11. PLE spectra of ZgMnosS wires of diameters of 3, 6, and g4 the energy transfer from the excitons into the Mn system
' will all depend strongly on the nanostructuring, much stronger

related excitonic PL is observable due to the efficient energy than their dependence arfor a fixed nanostructure size. Time-

band gap

PL intensity / arb. units

transfer from the Zn, Mn,S band states into the Mh resolved PL measurements are required to explain the observed
subsystem. The PLE spectra show a distinct series of peaksbehavior in more detail.

The direct absorption of the Mh 3cP shell causes the signals It can also be seen in Figure 11 that the 8¢ internal

at lower energies. They correspond to transitions fronfthe transitions of the 3, 6, and 9 nm samples are very similar. The
ground state to the higher excited stat@s, 4T, andE, 4A;. energy positions of the Mn internal transitions depend strongly

This confirms, that the MA ions are incorporated on the On the crystal field of the Mn site which can be analyzed using
tetrahedrally coordinated Zn sites of the ZnS lattice, forming the Tanabe Sugano modé* as a function of the crystal-field
the Zn_,Mn,S semiconductor. Assuming that excitonic recom- parameterDg. We used the Racah paramet&s= 50 meV
bination processes and the energy transfer into the Mn systemandC = 434 meV. In Figure 12b the calculated energies of the
only show a weak dependence xrthe increase in intensity of ~ excited states of a M 3P ion in aTq symmetric ligand field
the internal transitions with respect to the band-gap-related are depicted as a function @q. Comparing the calculated
feature reflects the increase of the direct absorption of the 3d energy positions with the experimentally observed positions
shell of Mr#* with increasingx. It confirms that most of the  allows one to deduce the crystal-field paraméer For the 3
Mn ions are incorporated into the ZaMn,S, i.e., that there is ~ and 6 nm Za\Mn,S wires the best agreement is obtained for
no significant Mn diffusion to the surface. The transition Dg = 0.64 and in the case of the 9 nm wires foq = 0.65.
energies of the Mn internal transitions are approximately For bulk ZrndMing:S we obtaineddq = 0.64. Becaus®q is
independent ok up tox = 0.3. indirectly proportional to the fifth power of the anieication
The broader excitation band at the highest energies is thedistance, it can be concluded that the 8 bond length in all
band-to-band transition of the wires. This signal is only observed Zni—xMn,S wires is comparable to that of bulk ZaMn,S
because of the efficient energy transfer from the band stateswithin about+1%. The good agreement between experiment
into the Mrt* 3P shell. The band gap shows quantum and theory also confirms that the majority of the Mn ions in
confinement but only a weak dependence on Mn concentration.the wires are tetrahedrally coordinated.
This is due to the fact that the band gaps of bulk ZnS and MnS Conclusions

are very similar, 3.78 and 3.7 eV, respectivéiy’ The results of the various applied techniques confirm that

The PL and PLE spectra of the ZaMn,S wire samples of  high_quality Zn_Mn,S wires withx ranging from 0.01 to 0.3
3and 9 nm are very similar to those in Figure 10. As an example haye heen formed and stabilized inside highly ordered pore

Figure 11 depicts PLE spectra of ZiVino sS wires of different gy stems of hexagonally ordered silica matrices. P-XRD and
diameters. The band-gap-related signal shifts significantly to v sisorption measurements as well as TEM investigations show
higher energies due to increased quantum confinement. Figureiat the formation of the ternary sulfide takes places preferen-
12a summarizes the variation of the band-gap energy with i3y inside the pore system of the mesoporous host structures.
(54) Goede, O.; Heimbrodt, W.; Weinhold, Phys. Status Solidi B986 136, A careful TEM ana!ySIS _Shc_)w_s that the lateral _Slze of the
K49, Zn;—xMn,S nanoparticles is limited by the pore diameter and

(55) Sel'g‘sg"ldéh\%ge“ed‘e' C.; Goede, O.; Gumlich, HPBys. Status Solidi 15t the nanoparticles tend to agglomerate to denser wire-like

(56) Theis, D.Phys. Status Solidi B967, 79, 125. structures.
(57) Goede, O.; Heimbrodt, W.; Lamla, M.; Weinhold, Rhys. Status Solidi
B 1989 146, K65. (58) Tanabe, Y.; Sugano, 3. Phys. Soc. Jpri954 9, 753.
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Figure 12. (a) Comparison of the band-gap variation witfor Zn; 4Mn,S wires of 3, 6, and 9 nm &t = 10 K. The corresponding solid lines are guides
to the eye. (b) Energies of the internal transitions of2Mions in aTq symmetric crystal field versus the field paramebay using the Racah parameters
B = 50 meV andC = 434 meV, calculated in the framework of the TanaBeigano model (solid lines). Experimental points fop ving 1S bulk and
ZnpMnp3S wires of 3, 6, and 9 nm.

The local environment of the M ions was probed by X-ray ~ under vacuum gave a white powder which was stored at°C26br
absorption spectroscopy, EPR, and PLE experiments. These24 h. Calcination was carried out statically at 5&Dfor 24 h (heating
reveal that the M#i” ions randomly substitute Zn ions inside rate: f/mif‘)- o - ‘
the ZnS crystal structure. Furthermore, the analysis of the EPR ~ Synthesis of Pristine Mesoporous SBA-15 Silic&or the synthesis
results suggests that the amount of Mrons aggregated at of SBA-15 silica 0.8 g of Pluronic P-123 were dissolved in 24 g of
the surface of the nanostructures due to diffusion is very small, Water and 2.86 g of concentrated hydrochloric acid at"G0on a
i.e., most of the Mn ions are incorporated to form,ZiMn,S waterbath. After the addition of 1.6 g of tetraethyl orthosilicate (TEOS)
€., xS.

the reaction mixture was stirred for 24 h at 30. The resulting gel
The amount of Mn at the surface corresponds to less than 4, 2'was transferred into a Teflon-lined steel autoclave and heated16 80

and 1%_ of the total Mn content for the 3, 6, and 9 nm wires, for 24 h to obtain 6 nm pores and 14CQ for 24 h to obtain 9 nm
respectively, even fox = 0.3. pores. The resulting white powder was washed three times with
PLE and Raman measurements show the strong effect of thedeionized water, and the surfactant was removed by Soxleth extraction
reduced dimensions on the vibrational and electronic propertiesat 120°C with a mixture of 97 mL of ethanol and 3 mL of concentrated
of Zn—yMn,S. Clear trends as a function of wire diameter are hydrochloric acid.
observable for the confined phonons as well as for the confined  Synthesis of the DMS/Mesoporous Silica Host/Guest Material.
excitons. The quantum-confinement effect of the excitons leads The impregnation procedure was carried out by stirring 0.5 g of the
to an increase of the observed band gap with decreasing diameteporous host material (MCM-41 or SBA-15) in a 0.5 M solution of zinc
in the Zn_,Mn,S wires. Typical phonon-confinement effects acetate (Merck) an_d manganese ac_etate (Merck) with the desireq ratio
such as the red-shift of the position and the asymmetric of Zn/Mn fpr 10 min. No further tuning on the pH_vaIue was c_arrled
broadening of the LO phonon line with decreasing nanostructure out. The dispersion was separated by centrifugation. The residue was

. b d A vsis of the LO bh i h dried under vacuum and stored in a3Hatmosphere at 10 for 24
Size are observed. An analysis of the phonon lin€ Shapesy, - rpq impregnation/conversion cycle was carried out twice for

corroborates that wire-like ZBMn,S nanostructures are formed.  \ c\-41 as the host structure and three times for SBA-15. After the
High-quality DMS nanostructures such as the; ZMn,S complete impregnation/conversion cycle the sample was washed free

wires of well-defined diameters presented here will prove useful of the remaining acetate by stirring in 20 mL of deionized water for

in future studies of magnetic, electronic, and vibrational 30 min.

phenomena at low dimensions. The understanding of magnetism Analyses and MeasurementsPowder X-ray diffraction patterns

at low dimensions is an essential requirement for a further were recorded at room temperature with a Bruker AXS D8 Advance

miniaturization of electronic and spintronic devices. diffractometer (Cu K) in 6/6 geometry with a secondary monochro-
mator.
Experimental Section Physisorption measurements were carried out using a Quantachrome

Autosorb 6 instrument with nitrogen as adsorptive at 77 K. The BET
surface areas were calculated frpfpo = 0.03-0.3 in the adsorption
branch; the BJH pore size distributions were calculated from the
desorption branch. Before each sorption measurement the sample was
outgassed at 120C for at least 24 h under turbomolecular pump
vacuum.

Synthesis of the Pristine Mesoporous MCM-41 SilicaFor the
synthesis of the pristine MCM-41 silica 0.25 mol of hexadecyltrim-
ethylammonium bromide (€TABr, Merck) were dissolved in 35 mol
of water by stirring and heating to 65C. A 0.2 mol amount of
tetramethylammonium hydroxide (TMAOH, 25% in water, Merck) and,
under vigorous stirring, 1 mol of SidCab—0O—Sil, Riedel-de-Haen)
were added. The mixture was kept stirring at 85 for 30 min, Infrared spectroscopy was carried out using a Perkin-Elmer FT-IR
transferred into a Teflon-lined steel autoclave, and stored at room 1720 in the range from 400 to 4000 chin shuttle mode.
temperature for 24 h. The autoclave was then statically heated to Phonon Raman spectra were obtained at room temperature. An
150°C for 24 h. The resultant white precipitate was filtered and washed argon-ion laser (Coherent Innova Sabre) operating single line at
several times with warm deionized water. Drying at room temperature 364 nm (3.41 eV) with an output power of about 100 mW was used
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for excitation. A triple Raman spectrometer was used for light dispersion set to 470 nm (2.63 eV). The PL signal was detected in the range from
and detection. It consisted of a subtractive double stage (ISA 1680B) 500 to 700 nm. For the PLE measurements the PL intensity was detected
employed as band-pass and a 1.25 m monochromator stage (Spexat 600 nm varying the wavelength of the excitation light from 270 to
1250m) equipped with a nitrogen-cooled CCD (ISA Spectrum One) 580 nm.

for detection. Electron paramagnetic resonance measurements were performed
The transmission electron micrographs were recorded on a Philips using a Bruker Elexsys 500 CW spectrometer at X-band frequencies
CM 300 UT and on a Philips CM 30 ST. (9.48 GHz) and magnetic fields up il T attemperatures between 4

The XAFS measurements of the Mn K-edges were recorded at @1d 200 K'in a continuous-flow He cryostat. As the signal-to-noise
HASYLAB at DESY on the beamline A1. All data were taken at room 'atio is improved by a lock-in technique with field modulation, the
temperature with a silicon (111) monochromator in fluorescence mode. EPR Spectra represent the field derivative of the microwave power
For data analyses the programs FEFF #.8d WinXAS° were used. absorbed by the sample from the transverse magnetic microwave field

The photoluminescence-based optical measurements were carried @ function of the external static magnetic field.
out at 10 K with the specimen mounted in a contact-gas He-cryostat ~ Acknowledgment. The authors would like to thank @ter
(Cryovac K 1104 C). Tuneable monochromatic excitation light with a Koch (Institute of Inorganic and Analytical Chemistry, Justus-
bandwidth of 5 nm was provided either by a tungsten lamp (for PLE | jepig University Giessen) for the transmission electron mi-
measurements) or by a xenon lamp (for PL measurements) followed crographs. Financial support by the Deutsche Forschungsge-

by a0.32 m monochromator (ISA Triax 320). The sample luminescence \ inschatft (Grants Fr 1372/4-2, 4-3 and He 2298/4-2, 4-3) and
was detected using a 0.5 m spectrometer (Zeiss) with a resolution better,

than 1 nm equipped with a GaAs photomultiplier (Hamamatsu). For the_ Fonds der Chemlschen Industrie is gratefully ackr_lo_wleo!ged.
the PL measurements the sample was excited either with the 325 nm 1 NS Work was partially supported by the Bundesministerium

light (3.81 eV) of a HeCd laser (Kimmon IK series) or the lamp system fur Bildung und Forschung (BMBF) under Contract No.
13N6917/0 (EKM) and by the Optodynamics Center of the

(59) Rehr, J. J.; Mustre de Leon, J.; Zabinsky, S. I.; Albers, R. 8m. Chem. Philipps University.
Soc.199], 113 5135.
(60) Ressler, TJ. Synchrotron Radiatl99§ 5, 118. JA038960J
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