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We investigate the stability of the orange band photoluminescence (PL) of bifunctional
nanoparticles of Mn*"-doped ZnS at 5% (ZnS:0.05Mn). These 4-nm nanoparticles are synthesized
via a one-step inorganic chemical route under ambient conditions. The phase, crystallinity, and
morphology are analyzed via X-ray and electron diffractions and high-resolution electron
microscopy. Based on the thermally activated carrier-transfer model, it is found that orange
emission is rather stable at low temperatures and possesses thermal activation energy of ~18 meV.
The analysis of the PL decay curves suggests the coexistence of multiple lifetimes, that the
shortening observed in PL lifetime is not due to the Mn”" ions, and that the orange band decay is
stable in temperature range from 10K to 300 K. The measured M-H hysteresis loops demonstrate
that ZnS:0.05Mn nanoparticles exhibit ferromagnetic ordering below 30K, unlike its bulk
counterpart. No magnetic field dependence of the Mn?>" PL intensity is observed up to 1 T. The
stability of the PL signal when subject to an applied magnetic field is discussed. This study offers
experimental evidence to test low-dimensional dilute magnetic semiconductor models and widens
the range of applications of ZnS:Mn nanostructures beyond optoelectronics. © 2013 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons Attribution
3.0 Unported License. [http://dx.doi.org/10.1063/1.4817371]

reported, but they lack substantial experimental support.5
Even though nanocrystals of DMSs may exhibit better
bifunctional performance than their bulk counterparts, only a
few known systems have been thoroughly studied to date.®’

Mn** doped ZnS (ZnS:Mn) nanoparticles have been
studied by many research groups due to their prominent

. INTRODUCTION

Transition-metal doped semiconductor nanocrystals
have been the focus of intensive investigation during the past
few decades owing principally to the synergistic advantage
offered by the incorporation of these types of impurities into

host semiconductors. It has been widely established that in
dilute magnetic semiconductors (DMSs) of groups II-VI no
extra charge carriers are introduced in the host semiconduc-
tor by magnetic transition-metal impurities, which allow us a
better understanding of many processes such as carrier relax-
ation, energy and spin transfer, and multiplicity of decay
times.' The controlled incorporation and homogeneously dis-
persed distribution of these impurities have led to unusual
phenomena being directly observed, such as large Faraday
rotation, zero-field magnetization, magnetic-field induced
metal-insulator transition, exciton-Mn>" complexes, and
giant Zeeman splitting.> Additionally, DMS nanoparticles
undergoing quantum confinement have been shown to induce
not only amenable size-dependent optical and electronic
properties but also magnetic ordering below the Curie tem-
perature, Tc.® The type of interaction between magnetic ions
and quantum confined carriers is likely mediated by the
hybridization of the impurity d level with the valence and
conduction bands of the host lattice.* Various accounts to
elucidate the hybridization mechanism have been up to now
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baristary26@ gmail.com
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properties, such as high photoluminescence (PL) efficiency
and lifetime shortening®'® attributed to the prominent
exchange interaction between the sp band electrons of the
nanocrystal and the d electrons of the Mn”"ions. In addition,
a confinement-induced ferromagnetic ordering has been pre-
dicted in ZnS:Mn nanocrystals through first-principles calcu-
lations.> Recently, ferromagnetism in ZnS:Mn below 30K
has been experimentally observed.'''? However, there are
no additional reports confirming such ferromagnetic order-
ing. More emphasis has been devoted to investigating the
mechanism whereby the spin-forbidden “T;-°A, transition of
the Mn®* becomes less spin forbidden, which would result
in a shorter decay time and a faster energy transfer through a
plausible hybridization process.® However, the origin of the
improved PL efficiency due to a shorter lifetime in ZnS:Mn
nanoparticles is still debated and controversial. Although PL
data of ZnS:Mn have been extensively studied, its corre-
sponding magnetic ordering remains uncorrelated giving rise
to conflicting and confusing interpretations.®~'°

Recently, a suppression of the orange band PL intensity
has been reported for ZnS:Mn nanoparticles in their ferromag-
netic state by applying a magnetic field up to 50 T.'! In the
same study, a significant temperature-dependent variation of

© Author(s) 2013
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the Mn PL intensity of ZnS:Mn was also observed in both the
ferromagnetic and paramagnetic phases in the absence of an
applied magnetic field. Further investigation is, however,
required to understand the magneto-luminescent (ML) cou-
pling, which requires huge magnetic fields. Moreover, addi-
tional experimental evidence is needed to properly correlate
the relaxation processes and carrier-transfer mechanisms in
ZnS:Mn nanoparticles with their intriguing ferromagnetic
ordering. Such correlations would bring forth new vistas to
extend the scope of applications of ZnS:Mn in optoelectronics
and spintronics.

We report here a systematic study on the low-temperature
bifunctional properties of ZnS:0.05Mn nanoparticles with av-
erage 4-nm diameter. Based on the experimental findings of
the observed bifunctional behavior, we show that the manga-
nese PL of ZnS:0.05Mn in its ferromagnetic state under the
influence of a moderated magnetic field is stable. A plausible
explanation for this stability is also presented.

Il. EXPERIMENTAL SECTION
A. Synthesis of ZnS:0.05Mn nanoparticles

Mn*"-doped ZnS nanoparticles were synthesized via a
one-step inorganic chemical route reported elsewhere.'?
Briefly, 3.227 g of ZnSO4-H,0 and 0.162 g of MnSO,4-H,O
were dissolved into 90ml of high-purity deionized water
(HPD), resulting in a 5 wt. % Mn doping. An aqueous solu-
tion of Na,S (1.404 g, 90ml) was separately prepared and
gradually dripped into the first aqueous solution in vacuo
with a pH adequately adjusted, and then vigorous magnetic
stirring was maintained at room temperature (RT) with a
controlled reflux system. The reagent mixture rapidly pro-
duced a deep orange solution when exposed to UV light in-
dicative of the compound formation. The flocculate was then
removed from the supernatant by ultracentrifugation. The
resulting solution was further ultracentrifuged and copiously
rinsed with HPD, and dried at 330K for 24h in order to
eliminate any remaining by-product. The doping level used
for this inorganic synthesis route provides a broad defect-
related ZnS band similar in intensity to that obtained by
standard procedures (solvothermal route at Mn’" at. 2%) at
RT. Further, cylindrical pellets of ZnS:0.05Mn powder were
prepared (reported elsewhere'*) to conduct PL and SQUID
measurements at low temperatures. Such pellets were fabri-
cated using a hydraulic press under an isostatic uniaxial pres-
sure of 3.7 x 10° N/m% No binder was employed. The
25 mm-diameter pellets were then heated up at 370K to
remove any surface contamination.

B. Characterization

The phase of ZnS:0.05Mn was analyzed using an X-Ray
Diffractometer (XRD), Model Siemens D5000, using Cu-Ko
radiation with 4=0.154315nm. A JEOL JEM-2200FS high-
Cs probe-corrected high-resolution transmission electron
microscope (HR-TEM) operated at 200 kV was used for imag-
ing. Optical absorption spectra were recorded using a UV-Vis
spectrophotometer (DU 800, Beckman Coulter). To collect
temperature-dependent PL spectra, the samples were first

J. Appl. Phys. 114, 053106 (2013)

mounted on the cold-finger of a closed-cycle helium-cryostat
operating from 10K to 300K in high vacuum condition
(<0.1 mPa). The samples were then excited with a 325-nm
He-Cd laser (Model IK 3202 R-D) with a maximum power of
16 mW. The PL signal of the samples was dispersed by a
0.3m Acton spectrometer with changeable holographic gra-
tings and analyzed by a Princeton Instrument PI-MAX CCD
camera equipped with UV intensifier, operating in the spectral
region 200950 nm. The decay curves were obtained by excit-
ing the samples with an intensity-modulated He-Cd laser beam
using an acousto-optic light modulator (Model AOM-125U)
with a maximum modulation frequency of 125 MHz. A pulsed
N; laser (Model UV22) operating at 337 nm with full width at
half maximum of ~20ns was used for the fast PL kinetics
measurements. The time-dependent PL signals were collected
by an HR320 spectrograph (0.32m) with a Czerny-Turner
configuration, detected by a photomultiplier (Hamamatsu
R316-02) and a photon counting system with a turbo-
multichannel scaler (Turbo-MCS, EG&G, Ortec), which offers
a wide range of channel dwell time (minimum 5ns) with no
dead time between channels. Magnetic properties were col-
lected using a SQUID magnetometer (Quantum Design, San
Diego, CA, USA) operating in a field range from *70 kOe
and a temperature range from 10K to 300K. To record the
ML spectra, the samples were placed on a cold stage of closed
cycled cryostat (Model 202-E) coupled to an electromagnet
(Lake Shore, Model EM4-HVA). The magnetic field strength
was monitored with a Gaussmeter (Lake Shore, Model 475-
DSP). The long-term magnetic field stability was 0.001 T and
no magnetic field strength drift was observed during data col-
lection. The temperature in ML measurements was monitored
using a Lake Shore 340 temperature controller with a stability
of 1K. The ML signal was detected by using a fiber optic
spectrometer (Ocean Optics, Model USB2000). The ML spec-
tra were collected in longitudinal magnetic field geometry.

lll. RESULTS AND DISCUSSION

Figure 1 shows the formation and morphology of
ZnS:0.05Mn. Both XRD patterns and selected area electron
diffraction (SAED) rings show three major diffraction planes
(111), (220), and (311), which are indexed to ZnS spharelite
according to the standard cards (JCPDS No. 77-2100) as
shown in Figure 1(a). Both techniques confirmed that
7ZnS:0.05Mn crystallized preferentially in the cubic ZnS
phase. No lattice distortion (shift) was observed in the host
ZnS indicative of the successful random substitution of
Mn”" into Zn*" sites at this doping level (Mn at. 5%).
Neither parasitic phases nor signal of ZnS wurtzite was
observed suggesting that the ZnS:0.05Mn sample grown by
this method possesses a high degree of purity. The calculated
lattice constant of ZnS:0.05Mn was a =0.5384 = 0.0007 nm
consistent with the standard value.'® The prominent broaden-
ing of the diffraction peaks is attributed to the nanocrystal-
line nature of the sample. The calculated average crystallite
size was determined by means of Scherrer’s formula, yield-
ing a value of 4nm. The UV-vis absorption and PL spectra
of ZnS:0.05Mn at RT are depicted in Figure 1(b). It was
found that the absorption band edge position (~315nm)
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FIG. 1. (a) XRD patterns and SAED
rings, (b) PL and UV-Vis absorption
spectra at room temperature (inset: op-
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does not change owing to the doping process. The blue band
at ~416nm is ascribed to the donor-acceptor pair transitions
in ZnS host. The orange emission band (see the inset of
Figure 1(b)) at around 598 nm is due to the internal Mn*"
ion transition between the “T first excited state with spin 3/2
and the °A, ground state with spin 5/2, which causes energy
transfer from s-p electron-hole pair band states (host ZnS
nanocrystal) to the Mn”>" ion d-electron states.'® Both UV-
vis absorption and PL spectra confirmed the homogeneous
incorporation of Mn>" ions into the ZnS host. Figures 1(c)
and 1(d) depict the HRTEM images of as-synthesized
ZnS:0.05Mn. These images show well-dispersed spherical
nanoparticles with a high degree of crystallinity whose sizes

Wavelength (nm)

dispersed nanoparticles and (d) its
corresponding close-up, and (e) the
particle size distribution of 4-nm
ZnS:0.05Mn.

2 3 4 5 . ; T
Nanocrystal Size (nm)

range from 2 to 7nm. The lattice fringes were easily
observed thereof. Figure 1(d) shows a closer look of a
ZnS:0.05Mn nanoparticle of around 4 nm with d-spacing of
0.31 nm corresponding to the major plane (111) of ZnS as
shown in the XRD patterns and SAED rings. The particle
size distribution (see Figure 1(e)) obtained by image analysis
further confirmed that the average size of these particles was
around 4 nm, which is consistent with the XRD analyses.
Further studies have been conducted to analyze the
temperature-dependent behavior of both emission bands in
ZnS:Mn. Figure 2(a) shows the PL spectra of ZnS:0.05Mn
recorded between T=10K and 300K. The blue emission
band from 4-nm ZnS:Mn nanoparticles suspended in solution
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centered at ~416 nm redshifts to ~426 nm. This upshift is pre-
sumably ascribed to the cluster-induced effect arising from
the conversion of ZnS:0.05Mn powder into pellet.!” Thus, it is
believed that the donor states implicated in the blue emission
are mainly linked to the nanoparticle surface states. In addi-
tion, it was found that both emission bands undergo a different
evolution as the temperature is varied from 10K to 300 K.
The blue emission band undergoes a prominent rise in PL in-
tensity and is blue-shifted as the temperature decreases.

However, the orange emission band experiences a sig-
nificant drop in PL intensity and is weakly red-shifted as the
temperature decreases. Similar findings were previously
reported for ZnS:Mn nanoparticles smaller than 5nm.'®!"
To gain more insight about the evolution of the emission
bands with the temperature, the deconvolution of both bands
at 10K and 300K was carried out (see Figures 2(b) and
2(c)). Two components were identified, one sub-band (major
band) at ~426nm and the other (minor band) at ~500nm,
associated to the blue band at 300 K. It was found that the
temperature-dependent behavior of both the blue band and
their components is similar, i.e., the major and minor blue
bands are blue-shifted 19 nm and 34 nm, respectively, as the
temperature decreases. The integrated blue band PL intensity
was found to be 3 times larger at 10K than at 300 K. In com-
parison, a redshift of 10nm was observed in the orange band
peak position when temperature changed from 300K to
10K. The integrated orange band PL intensity was halved
from 300K to 10K. Figure 2(d) shows the temperature-
dependent behavior of the integrated PL intensities of both
major bands (normalized to the strongest PL signal of the
dominant blue band). A negligible decrease in intensity of
the blue band was observed over the temperature range from
10K to 50K. This is probably associated to non-radiative
recombination processes, which are weakly temperature-
dependent and is not related to the carrier transfer from do-
nor states to Mn>" ions.'® A prominent drop in intensity was
observed at higher temperatures which may result from the
electrons trapped in the donor states that are thermally acti-
vated towards the conduction band.'? Unlike the temperature
quenching of the blue band at 426 nm, the orange band at
598 nm showed a continuous increase in PL intensity when
temperature increased from 10K to 300K. This can be
described by means of the carrier transfer from donor states
to Mn>" ions. Since the conduction electrons can move
freely in the particles, some of them may be captured by the
Mn?" ions and then increase the 4T1-6A1 transition probabil-
ity as the temperature increases.'®'” To corroborate such an
energy-transfer mechanism and determine the thermal acti-
vation energy, the experimental data were simulated through
a thermally activated carrier-transfer model” via

Tyiue = ﬁ, )

A + alpueBrexp(—5)
1+ Boexp(— %)

; 2)

I orange —

where A, B, ¢,, o, and kg are parameters related to the gen-
eration rates, the ratios of the nonradiative rate to the
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radiative rate, the activation energies for the thermal quench-
ing, the capture factor, and the Boltzmann constant, respec-
tively. The subscript (n = 1,2) stands for the blue and orange
bands, respectively. The obtained fitting values by this pro-
cedure are shown in the inset of Figure 2(d). The thermal
activation energies of 24 meV for the blue band and 18 meV
for the orange band are comparable to those previously
reported.’® According to these values, the donor level
involved in the blue emission is located around 24 meV
under the conduction band edge. Nevertheless, these values
are smaller than those reported for 10 nm-sized ZnS:Mn par-
ticles, which contradicts the assumption that the thermal
quenching energy in Mn?" is independent of the particle di-
ameter. This variation may be ascribed to the weaker binding
of excitons to the Mn*" ions in smaller nanoparticles.'® This
fact was further confirmed by the value obtained for the cap-
ture factor, o =0.09. Given that the parameter o describes
the process whereby the Mn®" ions capture the thermally
activated electrons from the donor state, it seems reasonable
to assume that such electrons are more easily captured by
Mn?" ions in 4-nm ZnS:Mn particles than in larger ZnS:Mn
particles. Thus, it is believed that Mn>" ions are closer to the
particle’s surface by increasing the surface-to-volume ratio
of a nanoparticle. Similar findings were reported and attrib-
uted to the carrier-transfer mechanism, which likely domi-
nates the temperature-dependent behaviors of both emission
bands.'®'® Hence, our experimental observations suggest
that the suppression of the PL orange band intensity is due to
a purely thermal effect.

The PL decay curves for blue and orange emission
bands were analyzed using two modulated semi-square He-
Cd and N, laser pulses having significantly different excita-
tion pulse rise and decay dynamics. The PL kinetics of the
orange emission band was studied by exciting the 4-nm
ZnS:0.05Mn with semi-square excitation pulses having 90 ns
rise and 100 ns fall times, and a pulse duration of 600 us nec-
essary to excite the majority of Mn”>" jon emitting centers
and to achieve steady-state excitation conditions. Figure 3
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FIG. 3. PL decay curve of orange emission band of 4-nm ZnS:0.05Mn (red
curve) and He-Cd laser excitation pulse decay (blue dashed curve) fitted
with Eq. (3) (black solid line). Inset shows the PL decay curve between 0
and 100 us.
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depicts the PL decay curve measured for the orange band at
10K; the laser pulse decay is shown for comparison. No dif-
ference was observed in the PL decay curve upon increasing
the temperature up to 300 K (not shown here).

This PL decay curve shows a marked non-single expo-
nential behavior, initially with a very fast PL decay (see inset
of Figure 3) and followed by a slower decay at later times.
This tendency typical for ZnS:Mn nanostructures is compa-
rable to those reported by other research groups.'?!'*? In
order to gain more insight into the PL kinetics of
ZnS:0.05Mn and determine the intrinsic Mn®" ion decay
times, the experimental data were fitted! following the
Forster’s modified model'* (see fitting curve in solid line of
Figure 3) via

I(l)> < t) > .
—2 ) =exp| — N,N
<,0 (1) orv )
NV, t

Xexp(‘ﬁv - 7)

sphere n

where 1y, is the intrinsic lifetime of an excited Mn*" ion.
The parameter N represents the number of killer centers
(defects) in the material and is given by Ciiyer = NIV ppere,
where Cy;y., is the average killer center density and V. is
the volume of the spherical particle with diameter dpey.
The parameter V,, is related to R,, which is defined as a vol-
ume representing the distance from the Mn”" ion to the killer
center, in the form of V, = (4n/ 3)R03. The term p(N N) stands
for the Poisson’s distribution (N =0,...00) valid when N is
much smaller than the number of atoms per dot. The fitting
of the PL decay curve to Eq. (3) produced values of
Tyn=8.9ms, R,=3.74nm, and Cier=2.59 x 10" cm 3.
This fit reveals initially a fast multi-exponential intrinsic
Mn?" jon lifetime (see inset of Figure 3) as previously
reported.® For the spectral region where the band tail pre-
dominates, a longer lifetime of 8.9 ms is observed, which is
principally due to electron scattering processes. This value is
longer than that reported for 9-nm ZnS:Mn nanoparticles,'
which may be due to the size dependence of the decay life-
time. The obtained value of the average killer density,
Criler=2.599 X 10" em 3, is also greater than the reported
value in Ref. 1, and is probably associated to a larger con-
centration of intrinsic defects and/or surface states existing
in synthesized semiconducting 4-nm ZnS:Mn particles.

3)
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Although the energy transfer from an excited Mn”" ion to a
killer center is mediated by a dipole-dipole interaction, the
inter-sphere coupling among nearby spheres likely happens
in samples with small nanoparticle size since the value of R,
is larger or comparable with the sphere diameter.'
Furthermore, it was found that the orange band PL decay is
stable over the range of temperatures studied here.

We have attempted to study the PL kinetics of the blue
emission band at 426nm observed in 4-nm ZnS:0.05Mn*"
using the same excitation conditions as for the orange band
PL decay; however, the semi-square excitation pulses
kinetics were too slow for studying the blue band PL decay.
Thus, a pulsed nitrogen laser operating at 20 Hz and generat-
ing pulses with 50ns at full width at half maximum was
employed to excite the 4-nm ZnS:0.05Mn particles. No life-
time in the order of ms was observed. In addition, a lifetime
much faster than that of the orange band and comparable to
the N, laser excitation pulse decay was found (not shown
here). This suggests that the shortening in PL decay time
from ms in bulk to ns in nano-sized ZnS:Mn is not due to the
Mn>" but rather to the overlapping of the tail of broad
defect-related ZnS band and the Mn>" ion band as proposed
in Bhargava and Gallaguer’s pioneering work.® Similar con-
troversial findings were found by Bol er al. and Godlewski
et al.;*"* the controversy is not yet settled.

The magnetic hysteresis loops of ZnS:0.05Mn nanopar-
ticles at 30K, 40K, and 300K are displayed in Figure 4(a).
A diamagnetic behavior was observed in the range from
100K to 300K, whereas a paramagnetic behavior within
40K-90K, as reported earlier for ZnS:Mn.*>® A prominent
magnetic ordering was observed in the range from 10K to
30K.""1? A closer look of the M-H hysteresis curve at 30 K
is shown in the inset of Figure 4(a) from which a coercive
field of 0.2 kOe was estimated. It is known that the transition
from a paramagnetic state to an ordered magnetic state is a
characteristic feature of nanoparticle ensembles'> and entails
a blocking temperature, Tg. The Ty estimated from 10K to
90K was approximately 35K. The existence of hysteresis
with finite coercivity below that temperature implies that 4-
nm ZnS:0.05Mn nanoparticles present ferromagnetic order-
ing. It is worth mentioning that bulk ZnS:0.05Mn does not
show any evidence of ferromagnetism.>” The origin of such
ferromagnetism in highly confined systems is attributed to
the formation of non-interacting magnetic polarons.?®° This
finding is consistent with the picture of non-interacting

b a . 608 nm
—a— 30K " v
8z} e 40K r
© 300 K =3
; 1L '.l' 10K Zero Field| | = FIG. 4. (a) M-H hysteresis curves of 4-
o —— 10 kOe S nm ZnS:0.05Mn at 30K, 40K, and
2 = 28 300K. Inset shows the M-H loop with
g - s = \2‘ +2 kOe magnetic field at 30K. (b) PL
o T o 2 | e —_ spectra of 4-nm ZnS:0.05Mn collected
— /'. é ol f | m at 10K in absence (red curve) and
2 " E | under the influence of a magnetic field
/ T4 =
- g_a. -~ i / . LI of 10 kOe (blue curve).
r . ‘H tl?Oe)‘ " 1 " 1 M 1 M L " 1 i
10 5 0 5 10 550 575 600 625 650 675 700
H (kOe) Wavelength (nm)
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highly confined polarons and dipole-dipole interaction in
nanoparticles.

The PL spectra of 4-nm ZnS:0.05Mn nanoparticles at
10K in absence and under the influence of an applied mag-
netic field are depicted in Figure 4(b). The reference PL
spectra were measured before (0 kOe) and immediately after
applying a magnetic field of 10 kOe (1 T). Special precau-
tions were taken to eliminate ambient temperature fluctua-
tion (*£1K), laser beam intensity drift (£0.001 mW), and
magnetic field instability (£10 Oe) over an extended period
of time (>60min) during the measurement of the magneto-
optic PL spectra. As can be seen from Figure 4(b), the PL
spectra measured prior to magnetization and after magnetiza-
tion of the ZnS:0.05Mn nano-particles with 10 kOe magnetic
field are identical. It should be mentioned that misleading
results were observed (e.g., the PL intensity suppression due
to the presence of magnetic field) when the ZnS:0.05Mn
nano-particles sample was magnetized over the extended
time due to artifact effects (e.g., temperature and laser power
drift). We observed that the magneto-optical spectrum stabil-
ity is identical for both blue (paramagnetic state) and orange
(ferromagnetic state) bands. Chernenko et al. proposed the
spin-selective energy transfer from excitonic to Mn*" ion
state induced by a magnetic ordering model to understand
the magneto-PL spectrum suppression.*® However, that pro-
cess may not occur if such photo-excited excitonic states
preferentially assume a spin state that would modify the
selection rules and inhibit luminescence intensity suppres-
sion.*® Tt is clear from the studies conducted here that such a
scenario is highly conceivable and realistic. However, a
more refined ferromagnetic-induced magneto-luminescence
model is needed to corroborate this claim and to account for
the dynamics of excitonic complexes below T in
ZnS:0.05Mn nano-particles and similar material systems.

IV. CONCLUSION

We synthesized 4-nm ZnS:0.05Mn particles via a
straightforward chemical route at room temperature. These
nanoparticles  exhibited  bifunctionality — below  the
ferromagnetic-paramagnetic transition temperature of 30 K.
Under the influence of an applied magnetic field up to 10
kOe (1 T), no suppression of the Mn>" ion PL intensity in
7ZnS:0.05Mn was observed below 30 K. In addition, the sta-
bility of the internal manganese PL under the influence of an
applied magnetic field in the ferromagnetic state was reason-
ably associated to the fact that the photoexcited excitonic
states responsible for the energy transfer have a preferential
spin state, which modifies the selection rules inhibiting any
PL suppression. Although the dynamics of excitonic com-
plexes below T¢ is still unclear, this study offers experimen-
tal support to test and better understand some current
ferromagnetic models proposed for low-dimensional DMS.
Moreover, the results presented here bring forth new avenues
to widen the range of applications of ZnS:Mn nanostructures
not only in optoelectronics but also in spintronics.
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