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Arrays of highly ordered CdMn,S nanoparticles witkx ranging from 0.01 to 0.2 and with lateral
dimensions of 3, 6, and 9 nm were synthesized within mesoporoush®&d structures of the MCM-41
and SBA-15 type. The hexagonal symmetry of these arrays (space p8m)mnd 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 thel8i€d structures, while photoluminescence
excitation (PLE) and electron paramagnetic resonance (EPR) studies confirm the good crystalline quality
of the incorporated Gd.Mn,S 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\@arss temperature
are affected by the reduction of the lateral dimensions. The microscopic coupling between the Mn ions
(e.g., the exchange constaldtg and Jn) is not altered to a first approximation.

Introduction These modifications of the properties are not only of interest

Magnetic semiconductors are key materials for device from the point of view of fundamental physics but are also

ideas in quantum computing and spin electronics. In the early|mportant for device performance. The smallest lateral sizes

1980s first results on doping and alloying semiconductors achievable by techniques such as growing structure_s on
with magnetic ions were givel? The obtained materials patterned substrafeer post-growth patterning and etching

e.g., II=-VI semiconductors where the cations of group Il igtzfneg;ﬁ'ﬁé Srﬁirgilg?unr?zl;(;itgrz Ig{iﬁg r::g;h (I)?Jrr?g; tt?jlgw
were randomly substituted by Mhions, were called diluted ' P

magnetic semiconductors (DMS) and showed an enormous.lo nm other methods such as incorporation of DMS clusters

: into silicate glas%® or reverse micellésor self-assembling
enhancement of the well-known magnetooptical effects. by Stranski-Krastanov arowth vield cluster sizes below
The synthesis of DMS nanostructures is of great interest y 9 Y

as semiconducting and magnetic properties are combined in10 nm, but show a much smaller degree of order.

one and the same nanostructure, therefore ordered arrays o|5I\I/Tgccirx:govﬁgs?ﬁg?geovr\]/;l?z;}?ﬁgg;ﬂg;%ﬁ?{gfggg%gllt;f
nanometer-sized magnetic semiconductors are promising

L . . Zordered mesoporous silica powdér$* and thin films®®
components for new devices in magneto- or spin electronics P P

(e.g., magnetic hard disk media, nonvolatile computer () wang, v.; Herron, N.; Mber, K.; Bein, T.Solid State Commua991,
memory chipsy. Miniaturization of these DMS compounds 77, 33.

_ _ _di i ; (7) Klar, P. J.; Wolverson, D.; Davies, J. J.; Heimbrodt, W.; Happ, M.;
leads to zero-, one-, or two Q|men5|0nal nanostructures, i.e., Henning. T.Phys. Re. B 1098 57, 7114.
quantum dots, quantum wires, and quantum wells. The (8) vanata, K.; Suzuki, K.; Oka, YJ. Appl. Phys1993 73, 4595.
electronic as well as the magnetic properties of such DMS (9 he)iyék-s:;e'tm' N.; Ingert, D.; Pileni, M. RJ. Phys. Chem. B997,
nanostructures are affected by the reduced dimensionality. 10y crowell, P. A.; Nikitin, V.: Gupta, J. A.; Awschalom, D. D.; Flack,
F.; Samarth, NPhysica E1998 2, 854.
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Figure 1. (a) N; physisorption isotherms and (b) BJH pore-size distributions ; ' é ' é ' "1 ' &I'> ' é

(obtained from desorption branch) of the three mesoporous host structures. 2 /°

Figure 2. Powder X-ray diffraction patterns of pristine SBA-15 silica (6
Mesoporous silica materials were first introduced in 7992 nf_g pores) andf asféoAsgltéest_l_cor)npOfItmd t(hQ‘aczsslvlno.osS cotr_lfme_d in 6 nrrl_ /
. . - . wide pores O - Sllica) aiter ree consecutive impregnation
an_d are WeII-knowr_l and studle_d in the fleld of materials - icion cycles.
science. They provide the possibility to fine-tune the pore

sizes in the range of 350 nm’ and can serve as a . . e
e K .. . 600 S___=719m’g
minireactor in the nanometer range for synthesizing highly ] —o— pristine sBA-15 ;mw,meg

ordered clusters and particles within the respective pore —.m500- —=— 1" impregnation : [
system in the field of host/guest chemistry. The tube-like "E 400 Jo_ s mreenaton | | atieia 3
hexagonally ordered pore systems of MCM-41 and SBA-15 o 300 ]
enable furthermore the growing of elongated particles or even 3 ]
nanowires. £2001

Here, we present the synthesis of :G#In,S with x ‘2100 - Soer =
ranging from 0.01 to 0.2 inside the highly ordered pore .(gu 0] 21wty

1

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

L L L L
00 02 04 06 08 10
relative pressure p/p, -

; Figure 3. Nitrogen physisorption isotherms of pristine SBA-15 silica (6
the DMS guest species. nm pores) and of GghiMng osS@SBA-15 (6 nm).

Results and Discussion Nitrogen Physisorption. In Figure 3 the isotherms for
Cdh.9iMNo.0sS@SBA-15 silica (6 nm) after the respective
impregnation/conversion cycles and for the pristine SBA-
15 together with the BrunaueEmmett-Teller (BET)
surface area are shown. After the intra-pore formation of

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 gro were
d Y y p gropgim the DMS compounds no change in the isotherm type (Type

synthesized* Narrow pore size distributions with well- 20 is ob q i th ion of the cviindrical
defined diameters of 3, 6, and 9 nm were obtained (see Figure'v ) is observed, proving the conservation of the cylindrica

1). A high long-range order, proved by P-XRD and TEM, pore system, whereas the change from H1 to H2 hysteresis

as well as high specific surface areas were obtained. Formdu:ates a partial filling of the pores. The amount of

detailed information on synthesis procedure and characteriza-adsorbed nitrogen _as_well as the BE_T_surf_ace area are
tion see refs 1414, strongly reduced with increasing pore filling, i.e., number

Powder X-ray Diffraction. After the intra-pore formation of impregnation/conversion cycles, but still mesoporosity can

. be found, which again proves the preservation of the
of the Cd—_xMn,S guest species the mesoporous host structure :
was still found to be intact. In Figure 2 P-XRD patterns taken mesoporous host structure and leads to the conclusion that

at different steps of the synthesis procedure are shown. Eventhe particles are formed inside the pores. The total pore

after the last impregnation/conversion cycle the main peak \ggiﬂzcarl]%u?tzeg a;‘V%po f: rofr? 'ShO'Bt‘;’ cn’*Ygt forrt:e pr:jtm?[ ;
of the silica host can still clearly be seen, whereas no a -c< Crig Tor the hostiguest compound afte

reflections of the bulk sulfides are observable in the higher the third impregnation/conversion cycle. This indicates a

20 region (not shown). This indicates a filling of the pores degree of f|II|pg of the po_res of over 70%. )

and a conservation of the host structure. The loss in intensity  Electron Microscopy. Figure 4a shows exemplarily the
of the 100 peak of the silica host results from the increased image of a SBA-15 silica material with 6 nm wide pores.
scattering power in the pores due to the introduction of the OVer a wide range the h_|gh degreg_ of ordgr of the
scattering guest species. This is a well-known phemmemnhexagonalIy arranged pores is clearly visible. In Figure 4b a
in the literature'®1® The observed effects are the same for

all incorporated samples in all three host structures. (18) Hammond, W.; Prouzet, E.; Mahanti, S. D.; Pinnavaia, TMJ.
croporous Mesoporous Matet999 27, 19.
(19) Friba, M.; Kthn, R.; Bouffaud, G.; Richard, O.; van Tendeloo, G.

(16) Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartulli, J. C.; Beck, Chem. Mater1999 11, 2858.
J. S.Nature1992 359 710. (20) Sing, K. S. W.; Everett, D. H.; Haul, R. A. W.; Moscou, L.; Pierotti,
(17) Zhao, D.; Feng, J.; Huo, Q.; Melosh, N.; Fredrickson, G. H.; Chmelka, R. A.; Rouquerol, J.; Siemieniewska, Fure Appl. Chem1985 57,

B. F.; Stucky, G. D.Sciencel998 279, 548. 603.
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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 aroundydactor ofg = 2.00(1). The
sharp lines and their satellites correspond to the “allowed”
(Ams = £1, Amy = 0) and the “forbidden” Ams = +1,
Am = +1) hyperfine transitions of the six Zeeman-splitted
Wb St ms = —5/2, ...,+5/2 levels of théSs), (or 6A;) ground state
Figure 4. TEM images of (a) SBA-15 (6 nm pores) and (b) Of the Mr¢*+ 3d-electrons. The hyperfine structure arises from
Cdo.9gMNo.0:S@MCM-41 (3 nm pores). the interaction between tt&= 5/2 spin of the unpairedd3
_ electrons with thd = 5/2 spin of the MA" nucleus. The
014 7%, oxs) Amg = +1 transition energies between the Zeeman levels
ey ms = £5/2 andms = +3/2, as well asns = £3/2 andms
= £1/2, vary with changing crystal orientation in the range
of about 2 mT with respect to thes = —1/2 toms = +1/2
transitions’® 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 of = 0.01 is typical for MA" ions in
the tetrahedral environment of a Cd-site in a zinc blende
crystal??4 Thus, the crystal structure of the £&@Mng oS
particles is zinc blende, which is often found for CdS

¢ | Cd, MnS

@MCM-41
d=3nm 0.01

normalised EPR signal / arb. units

1
f=9.48 GHz
T=4K

x =001

—fit

250 300 350 400
magnetic field / mT —=

nanoclusters containing only little manganése.

With increasingx the structures are smeared out due to
the increasing superexchange interaction between thé Mn
ions?52% In addition, the broad background line strongly
increases and the “forbidden” hyperfine transitions become

Figure 5. EPR spectra of 3 nm GdMn,S nanostructures within MCM-  more prominent fox = 0.1. These are typical features of
41 silica (?tarr}_p%rﬁs)lwiih:ogflé 8-(())5& &)02. t0-14, %2. Lll\?véithcug? . Mn2* on a Cd-site in a wurtzite crysta}?®> which is also
?igrlg?lztt?uocturZsl.eTheezrall\'/r%\I/://s marrll th(re \?vingsrorf] tzh(;u;\:ecgrqd HF s{r%crtlljrr]e. tgtraht_adrally coordinated, bu,t Wlt,h a .Stron.g tetragonal
Inset: HF transitions on an enlarged scale, dotted lines indicate the forbiddendistortion. Such a tetragonal distortion gives rise to a much
transitions. stronger crystal-field splitting of the Mn ground state

) - o compared to that in a zinc blende structure. Due to the
TEM image of MCM-41 silica with incorporated Gg stronger crystal field the orientation-dependent EPR spectrum
Mno oS is depicted. It can be seen that the high degree of j \urtzite extends over a field range of about 150 #Th

long-range order of the pore system is preserved afterthe powder average this yields a resonance line approxi-
incorporation of the guest material. Furthermore no particles mately 30 mT broad.

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 elsewlehat gains weight with respect to the first one at higher Mn

the guest species form small particles which tend 10 ag- concentrations. This feature is assigned to Mn loosely

glomerate to elongated nanoparticles inside the pore SyStemSaggregated at the surface of the nanostructure (it should not

EPR Measurements.For all compounds EPR spectra pe confused with Mn incorporated into the crystal lattice in
were taken probing Mi in Cdi.Mn,S. As a typical  the vicinity of the surface). Comparing the intensity of this
example Figure 5 shows EPR spectra of 3 nm-¢dn,S hyperfine structure with the total intensity allows one to
samples withx = 0.01, 0.04, 0.09, 0.14, and 0.2, respectively. estimate that in these samples the amount of Mn aggregated
The corresponding spectra of the 6 and 9 nm nanostructuresat the surface is less than 4% of the total Mn content in all
are very similar. All spectra were takert & K and  samples. An equivalent analysis has been performed for
normalized to the same amplitude of resonance absorption.zn, _,Mn,S nanostructures. Details can be found in ref 14.
The EPR spectra are typical for exchange-coupled'Nbms The EPR spectrum is well fitted by the sum of the two

in (Cd,Mn) and (Zn,Mn) chalcogenide mixed crystés’® v ofine structures and the broad resonance line, using
The features in the EPR spectra can be best explained in the

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

(24) Hofmann, D. M.; Hofstaetter, A.; Leib, U.; Meyer, B. K.; Counio, C.
(21) Schneider, J.; Sircar, S. R.;'@=er, A.Z. Naturforsch.1963 18a J. Cryst. Growth1998 184—185, 383.

980. (25) Samarth, N.; Furdyna, J. lRhys. Re. B 1988 37, 9227.
(22) Lambe, J.; Kikuchi, CPhys. Re. 196Q 119 1256. (26) Goede, O.; Backs, D.; Heimbrodt, W.; Kanis, Phys. Status Solidi
(23) Ishikawa, Y.J. Phys. Soc. Jprl966 21, 1473. B 1989 151, 311.
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Figure 6. Inverse EPR intensity (corresponding to inverse susceptibility)
as a function of temperature for 6 nm £gvin,S within SBA-15 silica (6

nm pores) wittx = 0.09, 0.14, and 0.2. The negative temperature range is
set for clarity. See text for explanations fér> 100 K.

Lorentzian line shapes. The overall intengigs well as the
line width AB of the broad main resonance line are very
sensitive to the spinspin correlations between the &M
ions. The Curie-Weiss paramete® of the paramagnetic

Brieler et al.
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Figure 7. Comparison of the experimentally determined Cuiiéeiss
temperature® of Cdi—Mn,S nanostructures confined in mesoporous silica
with 3, 6, and 9 nm pores with theoretical calculations accounting for the
reduction of the lateral dimensions.

phase is a measure for the type and strength of the interactio®S @ function of temperature. As in the case of bulk

between the Mn ions. In the mean field approximatién,
of a ll;_;Mn,VI DMS can be written &%

OKX) =— iS(S—l— DxH J Q)
- 3Kq Z %

(ILMn)VI, the slope of thel™}(T) curve decreases with
increasing Mn-conterk and, at low temperatures, it deviates
from the Curie-Weiss behavior giving the curves a some-
what negative curvature. Fitting thie}(T) plots in the
temperature regime (1600 K) using the dependence in
eq 2 yields the CurieWeiss paramete® as a function of

whereJ, is the exchange constant between a Mn ion and its X. The data are summarized in Figure 7 for the 3, 6, and 9

pth nearest Mn neighbors anglis the number of cations in
thepth coordination sphere. The Cutri#Veiss parameter was
obtained experimentally from plots of the inverse total EPR
intensity |- versus temperatur€ (the total EPR intensity

is a measure of the susceptibility). At high temperatudirés
closely follows a Curie-Weiss dependence

"0, ' 0T+ 0) 2)

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 Féf.
This is expected as the nearest-neighbor couplifigg =
Jn/ks is of the order of—10 K. It is found in the case of
bulk (11,Mn)VI that the experimentally determined Curie
Weiss parametd® is usually well described, if the firsh()
and the secondnfn) shell of the Mn-ions are taken into
account in eq 1 and higher shells are negleététli.e.

0K = — is& W2t o @

For both wurtzite and zinc blende crystatd, and 2, are
12 and 6, respectively, in the bulk indicated by the inbex
Figure 6 shows plots of the inverse EPR intensity of
6 nm Cd_,Mn,S samples withx ranging from 0.09 to 0.2

(27) Spalek, J.; Lewicki, A.; Tarnawski, Z.; Furdyna, J. K.; Galazka, R.
R.; Obuszko, ZPhys. Re. B 1986 33, 3407.

(28) Brumage, W. H.; Yarger, C. R.; Lin, C. ®@hys. Re. 1964 133
AT65.

(29) Kreitman, M. M.; Milford, F. J.; Kenan, R. P.; Daunt, J. Bhys.
Rev. 1966 144, 367.

(30) Furdyna, J. K.; Samarth, N.; Frankel, R. B.; SpalelRllys. Re. B
1988 37, 3707.

(31) Chen, C.; Qu, M,; Hu, W.; Zhang, X.; Lin, F.; Hu, H.; Ma, K,; Giriat,
W. J. Appl. Phys1991 69, 6114.

nm Cd-Mn,S samples. As expecte@®| increases with
increasingx in the series.

The absolut®-values obtained for the nanostructures are
considerably lower than those found in corresponding bulk
(ILMn)VI samples (especially for highek). 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: Juwks = —10.6 K and Jy/kse = —4.7 K3 The
deviation of the experimental data from the bulk curve is
partly due to different temperature ranges used for extracting
0, 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 Cu¥Meiss
temperature® 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 estimaé of
at low temperatures wheh, is set to zero. The correspond-
ing low-temperature bull® curve is the lower solid line in
Figure 7. It provides a lower boundary for the Cur&eiss
temperatures obtained in the intermediate temperature regime
of the susceptibility.

Moreover, the value foil® decreases with decreasing
diameterd of the nanostructures for a constaxt This
reduction of® 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 SiMatrixes, exhibit reduced
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numbers of nearest neighbagy, ~ 2./2 and next-nearest 30
neighbors Z,,, ~ Z,,/2 compared to the bulk of the
material. This becomes significant as the surface-to-volume

Cd, ,Mn S 6nm
ratio strongly increases with decreasithin the nanostruc- T \\ ' X
tures. The effect can be estimated by dividing the voliyme 20 %%% 4 X
E L
3

nun

0.09
0.14
0.2
of the nanostructure into a volumé& close to the surface
(where the exchange effects differ from bulk) and a remain-
ing bulklike volumeV? = V — Vs, The choice of the two n,

volumes will differ for nearest neighbors and next-nearest V'v'vav% .

. . ) 10 na,,
neighbors because the length scales involved, i.e., the nearest- k‘m,:‘; =
neighbor distancd,, and the next-nearest neighbor distance .
dnnn, are different. In the following the wurtzite structure is 5
approximated by a zinc blende structure for simplicity. This
is a good approximation as only nearest and next-nearest

0 50 100 150 200 250 300
Temperature / K —=>

neighbors are considered. It ol — (1129 % anddy, = 9075, EF e wilh as 2 functon of emperature for varous
awherea is the lattice constant of the zinc blende lattice. It
is a~ 0.58 nm for zinc blende Cd%.We use this value of 35 A 30 |4
the lattice constant for Gd,Mn,S independent ox in the L Vo Lk
following because its dependenceois not known for the 30 A 25 ‘g\ S W;:)ehere
zinc blende modification. Two limiting cases for the shape ? Cd;,Mn,S
of the nanostructure shall be considered: (i) an ideal wire = T=30K 20
structure of infinite length and diametéiand (ii) a spherical Ex
nanoparticle with diametett whered is the pore diameter Q 15 |\
of the SiQ host matrix. These limits are in agreement with 20
the observed shape of comparable_ZkIn,S nanostructures o 10
reported earliet? One obtains the following definitions: 15 A 3om
_ s d— 2d s H 9nm 5
Ve, = V(l - (#‘) ) Ve = V(l — (T”“”) ) (4) 0 10 20 0 10 20

Mn content % ——=
whered = 2 for infinite wires andd = 3 for spheres. In Figure 9. Experimentally determined EPR line width of various; G¥n,S

. N\ o\ _ samples confined in mesoporous silica with 3 &), 6 nm ©), and 9 nm
both (_:?'ses It ho_lds théﬂgn =V me a'ndvgn.n =V Vrsmn' (m) pores as a function of Mn content at 30 K (left) and 290 K (right)
Rewriting eq 3 including surface effects yields: compared with corresponding model calculations.

29(S+ 1)x depicts plots of the EPR line widthB versus temperature
N 3Vkg [‘]nn(Vgn ‘Jf:n-" VinZw) + for various 6-nm Cgd.,Mn,S nanoparticle samples of dif-
ferentx. The temperature trends @B for these samples
JoneVomn Zon Vi Zan] (5) can be explained qualitatively in the same fashion as for bulk
nQ:‘j,Mn)VI. At low temperatures, when nearest-neighbor Mn-
ions have dimerized to antiferromagnetic pairs, dipolar
broadening dominates for the remaining unpaired Mn-spins.
calculated for the 3, 6, and 9 nm CgMIn,S nanostructures Wlthbmcrez;&gg tempﬁ rature, an exphhinge-na;]rowmg effect
assuming a wire-like (dotted line in Figure 7) as well as a Is observed due to the nearest-neighbor exchange at tem-
spherical shape (dashed line in Figure 7). Comparing peratures when the thermal energy is sufficient to break up

experimental data and the theoretical curves indicates thatant|ferr]ro::nﬁlgngtlcalrl]y coupled ne-arezt-ne|gc:1bor pafwi. i
the latter describe the correct trends. The theoretically " the following, the concentration dependence of the line

estimated reduction of the Curi&Veiss paramete® due width at low tempera}turesT(= 30 K)_and at high 'tem.per-
to surface effects is, as expected, larger for spherical atures T = 290 K) W'I,I be gmalyzed in more detail. Figure
nanoparticles compared to wire-shaped nanoparticles. The? shows plots of the line width at these temperatures for the

calculated variation of®| with d at constank agrees well |3'ft6’ an(:] 9fnhm ?ﬂan"S serief. It can hbel_seen_:‘jr(;]m the
with that found in the experiment, in particular if spherical eft graph of the figure that, & = 30 K, the line width, at

particles are assumed. The calculated absolute valu@s of least fohr_ the 6 snd 9dnm sargplesf, I(Ijepends ahlmost linearly
are larger than those found in the experiment, but this is onx. This can be understood as follows. At these temper-

very likely due to the temperature effects discussed above atures the broadening is determined by a dipolar contribution

In paramagnetic systems such as the (II,Mn)VI semicon-

in addition to an almost constant contributiBg: accounting
ductors, the EPR line width behavior depends intimately on for hyperfine and crystal field effects. Exchange narrowing
the physics of the Mn spiaspin interactions. Figure 8

effects due to nearest-neighbor exchatigeare negligible
as basically all Mn-ions with Mn nearest neighbors have

(32) Landolt-Bornstein.Numerical Data and Functional Relationships in formed antlferromagnetlc_ pairs. The line width at low
Science and Technologyol. 17b; Springer: Berlin, 1982. temperature can be described as

O(xd) =

Here, it is assumed that the exchange parameters are the sa
in both volumesy® andVP. Using eq 5 and the parameters
given above, CurieWeiss temperature® have been
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AB = By + By, & By + CipX (6) replacing the bulk neighbor numbegsof each shell by the

corresponding valug for the surface region. For simplicity,

whereBgj is the dipolar field at the site of a Mn-ionin mean- 3| the neighbor-numbers are set to half the bulk value.
field approximation anj, is a proportionality factor used B, is the constant value for the hyperfine and crystal-field

as fitting parametet: Dipolar effects seem to be smaller for  proadening determined at low temperatures for each series,

the 3-nm nanostructures. Moreover, an additional constantgng BZn and Biexnn are the anisotropic and isotropic

broadening effect, the origin of which is unclear at present, nearest-neighbor exchange fields. The latter is calculated
occurs in these very small nanostructures. Nevertheless, theyccording to Anderson and Wei¥s:

fits in the left graph of Figure 9 show that the low-

temperature approximation in eq 6 well describes the P I o
observed line width behavior for the three series of samples. Bexnn = 2'83g78 S+ (10)

The high-temperature behavior can be explained semi-
quantitatively by considering the effect of the nearest- Using |Jn| = 10.6 K for (Cd,Mn)S yields an isotropic
neighbor interaction),,, which determines the line width  nearest-neighbor exchange-field of about 6 T. The total line
behavior at temperatures where the Mn nearest-neighbor pairgvidth as a function ofx and diameterd is calculated
are broken up. For this purpose, the Mn-ions in the according to
nanostructure can be divided into two classes: (i) isolated
Mn-ions without Mn nearest neighbors (subsciigt and AB(x,d) = Vb\/(ABispibs)2 + (AB2 P2 )2 +
(i) Mn-ions with one or more nearest neighbors (subscript o2 s s
nn). Furthermore, as in the case of the discussion of the VS‘/(ABiSpiS) + (ABy, )" (11)
Curie—Weiss parametdd, the volume of the nanostructure
will be divided into a volume close to the surfaeg, and a
bulklike volumevgn (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 of at the surface and in the bulk of
the nanostructure are given by

BS, is the only free parameter in the calculation. Its value
is basically determined by the line width limit at highin
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
B;, was used throughout each series. The best agreement
was obtained foB;, = 250, 220, and 210 mT for the 3, 6,

b 1 o b 4 (1 nZud and 9 nm series, respectively. This suggests that the
pe=(1—Xx) P=1—(1-—x ) . : e :

< 7,8 s 2 s 7 anisotropic nearest-neighbor exchange-field increases slightly
Ps==X™  pp=1-(1—x™ with decreasing diameter of the nanostructures. The values

. . . for BY, are about 1 order of magnitude larger than the
wherez,, = 12 is the number of nearest neighbors in the corresponding dipolar fiel&'&ipynn for x = 0.3 in reasonable

bulk .Of a zinc blende or a wurtzite lattice af), ~ ‘Jﬁrlz'_ agreement with the theoretical findings of Larson and
It is assumed that, in both volumes, the line width Ehrenreicts

contributionAB;s of the isolated Mn-ions is well described The theoretical curves for the three CMn,S series are

. . . . X
by fits of the Iovy—tempergtur_e line width d.ata ac_cordmg to also plotted in Figure 9. It can be seen that the agreement
eq 6. The line width contribution of the Mn ions with nearest between theory and experiment is slightly better, if a

nelghzo(rjs IS calculate;j n t:de_ _sam?atf)ash:jon as mf;ef 34dbmspherical shape of the magnetic nanoparticles is assumed.
extended to account for additional broadening effects due |, particular for the 3 nm series, the line width decrease with

to anisotropic exchange. In both regions it holds increasingx is too rapid when a bulklike situation is

2 2 a 2 considered. The corresponding slope is reduced by surface
o+ + - . .
= (1073Bsipn iBHF (Bexnr) (8) effects as the probability for Mn ions with Mn nearest
Bexnn neighbors is much lower in the surface regigh, than in

the bulklike volumeV?, for 0 < x < 0.2.
Photoluminescence and Photoluminescence Excitation
Spectroscopy Figure 10 depicts photoluminescence excita-

tion (PLE) spectra of the excitonic region of &dVing 1S
samples in 3, 6, and 9 nm porous Si@& T = 10 K. The
spectra were detected on the yellow Mn-related photolumi-
lJr:n -1 inn iﬁnnn nescence (PL) shown in the inset exemplarily for the 3 nm
5 T T | © le. This yellow band is ch istic f i
o @ sample. This yellow band is characteristic for a Mn-ion on
a cation site of a HVI semiconductor. It originates from
where only the nearest neighbozﬁn(z 12, dnn = (1/2)3a), the 4T to 8A; transition within the half-filled Mn &° shell.
next-nearest neighbors’(, = 6, dy,y = a), and third- Due to the ef_ficient energy transfer from th_e semigonductor
nearest neighborY,,, = 24, dumn = (3/20%a) are taken ~ band states into the Mn subsystem there is no direct band-

into account. In the surface regiOBﬁ(pnn)Z is obtained by gap related Ium_in_escence detectable in the PL spectra.
’ However, the efficient energy transfer allows one to detect

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

1
=+

nn

3
255+ Duglupg?

(33) Van Vleck, J. HPhys. Re. 1948 74, 1168.
(34) Anderson, P. W.; Weiss, P. Rev. Mod. Phys 1953 25, 269. (35) Larson, B. E.; Ehrenreich, HPhys. Re. B 1989 39, 1747.
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Cdy oM, o, PL 10K for (Cd,Mn)S quantum dots by Levy et &who also showed
? / o that the exchange interaction-induced band-gap bowing
2 1\ becomes stronger with decreasing diameter for (Cd,Mn)S
E gnm e as guantum dots. Such a bowing is known for various bulk
s Energy / eV wide-gap (11,Mn)VI136-3° Bylsma et al. derived the following
Z /P enm expression for the band gap as a function of temperature
5 N and Mn-concentratiox in DMS:4°
: a A AT C 2

XT)=Ey+AEX—=—F—= — CyT 1
oLE 1o E,xT)=E, Tig < 12)
24 28 3.2 36 40 where the first three terms represent the commonly used
Energy/eV —= description of the energy gap of a semiconductor alloy

Figure 10. Photoluminescence excitation spectra of the excitonic region comprising a linear shift in composition and a Varshni-like

of Cdy.9dVNg 01S samples in 3, 6, and 9 nhm mesoporous,Si€tected on . e
the yellow Mn-related luminescence (shown in the inset exemplarily for temperature dependence. The last term is specific to DMS

the 3 nm sample) af = 10 K. and causes the bowing. It describes a contribution due to
the magnetic susceptibility of the Mn ions. Both the
35 ] Cdi,MnS coupling constan€C and magnetic susceptibility may be
10K affected by the reduction of the lateral dimensions. The
T 3.0 4 coupling constan€ is given by
? A 2 2 2
S 28 A A C U 3mea” + My, + 5m, 5 (13)
(o]
(=)}
§ 26 .\"“Q—"'J/ wherem, My, andmy, are the conduction-band and valence-
i band masses and and 8 are thes—d and p—d coupling
. parameters. Ast < § andmy, mp > mein (ILMn)VI, the
: : . magnitude ofC is mainly determined by for which Larson
0 10 20 et al. give the following expressiof:
Mn content/ % ——=>
Figure 11. Band gap variation for Gd\Mn,S particles confined in V2d 1 1
mesoporous silica with 3, 6, and 9 nm pores with different Mn concentrations p=— 32 M + (14)
x at T = 10 K. The corresponding solid lines are guides to the eye. No EU + Ueff - E3d EU - E3d

the band gap energies of the DMS compounds in the whereVyy and Ue are a hopping parameter depending on
excitation spectra. The three PLE spectra clearly indicate thethe manganese-anion distance and an eleetetectron
increase in band gap due to quantum confinement with interaction parameter in the Hubbard fashion, respectively.
decreasing pore diameter. E, andEgq are representative energies of firéke valence-
Figure 11 summarizes the variation of the band-gap band edge states and the Mdirglated valence-band states,
dependence on the particle size and Mn concentratjon respectively.
extracted from the PLE spectra taken at 10 K. It can be seen It can be seen from eq 14 thatstrongly depends on the
clearly that confinement effects increase with decreasing energy separation between thvtke andd-like valence-band
particle diameter. The confinement energy is about 400 meV states. Thus, a possible contribution to the enhanced band-
for the 3 nm particles. This is significantly larger than for gap bowing in the nanostructures is an increase opthe
Zn;—yMn,S nanoparticles with similar diameters, where the exchange interaction caused by modified positions opthe
confinement energy was reported to be 150 m&Vhis is andd-related bands in the bandstructure of the nanostructures
due to the fact that from Gd,Mn,S to Zn_,Mn,S the band- ~ compared to bulk. Due to the quantum confinement, the
gap difference between the manganese dopetllisemi- lowest valence-band state of the CdMn,S nanostructures
conductor and SiQas well as the exciton Bohr radius is may shift significantly toward the Mndstates, which are
decreasing. The energies of the band-to-band transition ofpositioned about 3 eV below the valence-band edge of bulk
the 9 nm particles are close to (or within the experimental material. This enhancement effect is similar to that in bulk
error equal to) the corresponding bulk values, i.e., confine- Cd,—\Mn,Y with Y = Te, Se, S where an increaspetd
ment effects are very small. hybridization is observed with increasing band gap going
An interesting result is that the nanostructured systems
exhibit a larger bowing of the band gap depending on the (36) Twardowski, A.; Swiderski, P.; von Ortenberg, M.; Pauthene§did
Mn-concentration than the corresponding bulk samples. The 3, ?ﬁ;‘id%\?ggﬂgéétf%?ggemianiuky MBolid State Commun983
band gaps for the 6 and 9 nm £@Ving.0;S nanostructures 48, 845.
are not considered in this context as these samples have &%) nggi' ??3- ggoghe“' S. H.; Chuu, D. S.; Chou, W.Rys. Re. B
zinc blende structure and not a wurtzite structure and the (3g) |kedaa, M.: ltoh, K. Sato, HJ. Phys. Soc. Jpri968 25, 455.
band gap of zinc blende CdS is known to be several tens of (40) Bylsma, R. B.; Becker, W. M.; Kossut, J.; Debska,Rlys. Re. B
meV lower than that of wurtzite CdS. The band-gap 1986 33, 8207.

- 41) Larson, B. E.; Hass, K. C.; Ehrenreich, H.; Carlson, APkys. Re.
dependences on Mn-content agree with the results reporte B 1988 37, 4137.
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from Te to S* Similar results were also reported for the and EPR intensity that macroscopic magnetic properties such
corresponding Zn-series where the main Mhp®otoemis- as the Curie-Weiss temperature are strongly affected by the
sion feature was found at 3.5, 3.6, and 3.8 eV below the reduction of the lateral dimensions, whereas the microscopic
valence-band maximum of (Zn,Mn)Te, (Zn,Mn)Se, and coupling between the Mn ions (e.g., the exchange constants
(Zn,Mn)S, respectively? Jnn @nd Jnnn) is not altered to a first approximation. The
The susceptibilityy itself is also affected by the reduced macroscopic modifications arise mainly due to geometrical
dimensionality. In virtual crystal and mean-field approxima- restrictions, i.e., the number of neighbors in the cation shells

tion, the expression foy is given by 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

N, SS+ 1)gzp¢32 confinement of the excitons in the nanostructures an increase
x= Xeﬁm (15) 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

accounting for antiferromagnetic pairing) as well @) diameterd. This enhanced band gap bowing can also be
are modified in a nanostructure due to the increase of the'€lated to the alterations of the macroscopic magnetic
surface-to-volume ratio. The number of nearest neighbors ProPerties (i.e., reduction of CurieVeiss temperaturé(x)

on the cation sublattice is reduced at the surface leading to@"d increase of effective Mn-concentratieg) which occur -
an increase of the effectiveand a reduction of the Curie due to the increase of the surface-to-volume ratio with
Weiss paramete® in a similar fashion as shown for high ~d€creasing nanostructure size.

temperatures. The combination of both effects results in a

stronger increase gfwith x in the nanostructures compared Analyses and Measurements

to bulk. Therefore, both the dependenqe.qfﬂhei exchange Powder X-ray diffraction (P-XRD) patterns were recorded at
parameter and that of the susceptibility on reduced  room temperature with a Bruker AXS D8 Advance diffractometer
dimensionality are in concordance with the observed en- (Cu Ka) in /60 geometry with a secondary monochromator.
hancement of the band-gap bowing in;G¥n,S nanostruc- Physisorption measurements were carried out using Quantach-
tures as a function ot. However, it is worth mentioning ~ rome Autosorb 1 and Autosorb 6 instruments with nitrogen as
that the dependence of the band gap of bulk-2vin,S and adsorptive at 77 K. The BET surface areas were calculated from
the corresponding nanostructured samples on Mn-concentra?/Po = 0.03-0.3 in the adsorption branch, and the BJH pore size
tion x seems to be an exception from a general rule. Although distributions were calculated from the desorption branch. Before
bulk (Zn,Mn)Te&*45 as well as (Zn,Mn)S8:4¢ exhibit con- each sorption measurement the sample was outgassed 4€120
siderable bowing effects, neither the bulk,ZMn,S¥ nor for at least 24 h under turbomolecular pump vacuum.

di tructured | - f 14 exhibit For electron microscopic measurements the samples were
corresponding nanostructured samples in re exnhibi prepared by dipping a holey copper grid into the dried and finely
significant bowing effects with increasing

ground powders. The transmission electron micrographs were

) recorded on a Philips CM 300 UT and on a Philips CM 30 ST.
Conclusions The photoluminescence-based optical measurements were carried
d out at 10 K with the specimen mounted in a contact-gas He-cryostat

. . . (Cryovac K 1104 C). Tuneable monochromatic excitation light with
Cd,Mn,S nanoparticles witfx ranging from 0 to 0.2 a bandwidth of 5 nm was provided either by a tungsten lamp (for

incorporated inside mesoporous $|®atr!xe§ with pore sizes PLE measurements) or by a Xenon lamp (for PL measurements)
of 3, 6, and 9 nm. By careful characterization of the samples fojiowed by a 0.32 m monochromator (ISA Triax 320). The sample
we demonstrate that under these synthesis conditions mosfyminescence was detected using a 0.5 m spectrometer (Zeiss) with
of the Mn ions are incorporated on cation sites of the CdS a resolution better than 1 nm equipped with a GaAs photomultiplier
lattice and that the amount of Mn aggregated at the surface(Hamamatsu). For the PL measurements the sample was excited
of the nanostructures is negligible. This allows us to with the lamp system set to 420 nm (2.95 eV). The PL signal was
thoroughly investigate the effects of reduced dimensionality detected in the range from 500 to 700 nm. For the photolumines-
on the magnetic and electronic properties of the @dn,S cence excitatior_l (PLE) measurements the PL_ int_ensif[y was detected
nanoparticles as a function of Mn contergnd characteristic at 580 nm varying the wavelength of the excitation light from 270
diameterd. Both magnetic and electronic properties of the t0 560 nm.

nanoparticles are modified due to the reduced lateral dimen-  =/SCon paramagnetic resonance (EPR) measurements were
. We d trate b vsis of the EPR i idth performed using a Bruker Elexsys 500 CW spectrometer at X-band
slons. Vve demonstrate by analysis of the ine wi frequencies (9.48 GHz) and magnetic fields opltT attemper-
— — - - atures between 4 and 300 K in a continuous-flow He cryostat
(42) Taniguchi, M.; Fujimori, M.; Fujisawa, M.; Mori, T.; Souma, I.; Ok, (Oxford Instruments). As the signal-to-noise ratio was improved
Y. Solid State Commuri987, 62, 431. - . e -
(43) Weidemann, R.; Gumlich, H.-E.; Kupsch, M.; Middelmann, H.-U.; by @& lock-in technique with field modulation, the EPR spectra
Becker, U.Phys. Re. B 1992 45, 1172. represented the field derivative of the microwave power absorbed

(44) gg?édg\(l)v;krh lf\ﬁa; gxdseéslé%g-i von Ortenberg, M.; Pauthene§dRd by the sample from the transverse magnetic microwave field as a
(45) Lee, Y. R.; Ramdas, A K.;.Aggarwal, R. L. Proceedings of the function of the external static magnetic field.

18th International Conference on the Physics of Semicondyctors

Xeff (Which is an magnetically effective Mn concentration

We have synthesized and thoroughly characterize

World Scientific: Singapore, 1986. i
(46) Twardowski, A.; Dietl, T.; Demianiuk, MSolid State Commui983 Acknqwledgment. .We thank_ Guter KOCh. (Ir.]StItUt.e Of.
48, 845. Inorganic and Analytical Chemistry, Justus Liebig University

(47) Theis, D.Phys. Lett. AL976 59, 154. Giessen) for the transmission electron micrographs. Financial
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