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Ferromagnetism in zinc sulfide nanocrystals: Dependence on manganese concentration
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Ferromagnetic ordering in nanocrystallites of dilute magnetic semiconductors arises due to a fascinating
interplay of carrier concentration, randomness of magnetic impurity sites, and size-induced quantum confine-
ment. We here report results of a magnetization study on ZnS nanoparticles (~2.5 nm) carried out by varying

the doping concentration of substitutional Mn ions that occupy cationic sites without altering the carrier
concentration. Ferromagnetic ordering and giant Zeeman splitting are observed below 30 K in these nanopar-
ticles for doping above 1.5%. The change in coercive field AH - exhibited \T temperature dependence expected
for noninteracting nanoparticles. The values of blocking temperature 73 and H are found to be maximized for
a doping level of 2.5% that corresponds to around five Mn atoms per ZnS nanocrystal.
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I. INTRODUCTION

Magnetic-ion-doped semiconductors popularly known as
dilute magnetic semiconductors (DMSs) have been an active
field of research due to their immense potential in spintronics
applications.!> The difference between the two genre of
DMS, namely, the group III-V (Refs. 3—-5) and II-VI (Refs. 6
and 7) semiconductors, lies in the fact that the transition-
metal impurities do not introduce additional charge carriers
in II-VI semiconductors. This aspect is particularly interest-
ing to refine our theoretical understanding of ferromagnetic
ordering in DMS as proposed models®~!'! depend strongly on
both density of charge carriers and randomness of the mag-
netic impurity site. Yet another important facet in the mag-
netic ordering of DMS is the effect of dimensionality or
confinement'? as the hybridization of impurity d level with
the valence band and conduction band of the host lattice
plays a pivotal role in determining the type of interaction
being mediated between the impurity sites.!>!# In spite of the
myriad of intriguing effects'>!® expected in nanoparticles of
DMS, only few systematic experimental studies'”'® have
been carried out so far. Here, we report observation of ferro-
magnetism in 2.5 nm zinc sulfide nanoparticles having more
than 1.5% manganese doping. The results on the magnetiza-
tion study of 1.5%, 2.5%, 3.5%, and 6% Mn-doped 2.5 nm
ZnS nanocrystals (NCs) are presented here that respectively
corresponds to 3, 5, 7, and 12 Mn per NC,19-20 assuming that
Mn ions occupy cationic sites. Earlier studies?® on a similar
system with low doping (<1%) have shown them to be
paramagnetic with signature of antiferromagnetic interaction.
Our findings are quite intriguing as Mn doping in bulk ZnS
does not exhibit ferromagnetism.?!-??

II. EXPERIMENTAL PROCEDURES

The Mn-doped ZnS nanocrystallites were prepared by sol-
vothermal technique?® by stirring together an appropriate
amount of zinc acetate, manganese acetate, and thiourea in a
Teflon-lined cell filled with ethanol up to 80% of its volume.
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After stirring for 30 min, the reaction mixture was annnealed
at 433 K for 12 h and, finally, allowed to cool down natu-
rally. The resulting white precipitate is filtered off and
washed several times in water and ethanol. The transmission
electron microscopy (TEM) measurements [Fig. 1(a)] show
the particles to be highly crystalline and fairly monodisperse
with an average size of 2.5 nm. The selected area electron
diffraction pattern [inset Fig. 1(a)] confirms the crystallinity
of the sample with lattice parameters consistent with zinc-
blende phase of ZnS, revealing no perceivable lattice distor-
tion. The sample was further characterized using x-ray pho-
toelectron spectroscopy and energy dispersive x-ray analysis
[Fig. 1(c)] to confirm the absence of any type of magnetic
impurity except Mn. The positions and widths of the peaks in
the powder x-ray diffraction data reconfirmed the zinc-
blende structure and formation of 2.5 nm ZnS nanoparticles,
respectively. Furthermore, photoluminescence (PL) measure-
ment gave strong characteristic orange emission at room
temperature associated with a transition between 4T1 and
6A1 energy levels of the Mn ions embedded in the ZnS
lattice [Fig. 1(b)]. This confirmed that the Mn particles have
preferentially gone to substitutional cationic sites inside the
nanocrystals.?*

Magnetization measurements were carried out usinga 7 T
superconducting quantum interference device (MPMS Quan-
tum Design) facility. The zero-field-cooled (ZFC) and field-
cooled (FC) susceptibility (magnetization versus tempera-
ture) measurements were carried out respectively by cooling
the sample in the absence and presence of field and by mea-
suring the magnetization during the warming cycle. All the
hysteresis measurements were performed by cooling the
sample in zero field from 250 K. For field-cooled hysteresis
measurements, samples were cooled in the presence of 5 T
magnetic field. Samples having Mn concentration above
1.5% showed hysteresis [Fig. 1(e)], and detailed investiga-
tion presented below confirmed the existence of ferromag-
netism in these ZnS nanocrystallites having 2.5%, 3.5%, and
6% Mn doping. The 1.5% doped sample showed paramag-
netism down to 2 K.
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FIG. 1. (Color online) (a) TEM images of Mn-doped ZnS nano-
particles. (b) PL spectra of ZnS nanocrystals for different concen-
trations of Mn. (c) Elemental map for Mn-doped ZnS measured in
scanning electron microscope showing the concentration of Mn, Zn,
and S for the same area. (d) Energy dispersive x-ray analysis inclu-
sive and exclusive of dashed region. No change is observed in
relative intensities of Zn, Mn, and S in either case, indicating a
marginal fraction of Mn precipitate in the sample. (e) Hysteresis
plot of 2.5% and 6% Mn-doped ZnS at 10 K.

III. RESULTS AND DISCUSSIONS

The susceptibility plots [Fig. 2(a)] for 2.5%, 3.5%, and
6% doped samples clearly reveal a sharp branching in ZFC
and FC data at low temperature that varies with concentra-
tion. No such branching was observed for 1.5% Mn doping
within our measured temperature range. Such branching in
the susceptibility plot is well known to occur in nanoparticle
agglomerates,” signifying a blocking transition of individual
nanoparticles from paramagnetic to an ordered state. The
temperature at which this occurs is called blocking tempera-
ture, Tg. The existence of hysteric behavior with finite coer-
civity [Fig. 1(e)] below Ty clearly indicates that the Mn-
doped ZnS nanoparticles undergo ferromagnetic transition
below the blocking temperature 7. Measurements were car-
ried out to investigate the memory effect by cooling the
sample in the presence and absence of field by stopping and
waiting for 6 h at several temperatures below T, and then
recording the magnetization while warming the sample.
However, no change in magnetization was observed when no
wait protocol was used. Absence of any memory effect in
ZFC or FC magnetization measurements ruled out the tran-
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FIG. 2. (Color online) (a) ZFC-FC plot for different concentra-
tions of Mn in ZnS at 300 Oe. (b) Inverse susceptibility plot for
varying concentration of Mn along with Curie fit given by solid
line.

sition to super-spin-glass state.’®?” The ac susceptibility
measurements over a frequency range of 1-1000 Hz did not
show any variation of 7. This ruled out possible blocking
due to superparamagnetic behavior of nanoparticles. The
zero-field-cooled and field-cooled M vs H measurements
showed no shift in hysteresis loop, ruling out the possibility
of antiferromagnetic nanoparticles with net surface moments
that may behave ferromagnetically.?® The value of Ty that
signifies ferromagnetic ordering is maximized for 2.5% dop-
ing (five Mn per NC) and takes the value of 28 K. For 3.5%
and 6% doping, the corresponding values of T reduces to 21
and 20 K, respectively. The ferromagnetic ordering in 2.5%
and higher concentration samples is further confirmed by the
observation of thermal dependence in the change in coercive
field AH(T)=[H~(0)—H(T)] that follows a T temperature
dependence [Fig. 3(b)], H(0) being coercive field at 0 K.
Such temperature dependence is expected in a noninteracting
ensemble of ferromagnetic particles'®?® and can be ex-
pressed as

He=H(0)[1 - (T/Tp)"]. (1)

H(0), obtained by fitting Eq. (1), yields 0.295 and 0.23 T,
respectively, for 2.5% doping and 6% doping. This result
also shows that the 2.5% Mn-doped ZnS nanoparticles ex-
hibit optimum ferromagnetism.
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FIG. 3. (Color online) (a) Hysteresis plot of 2.5% Mn-doped
ZnS at 10 K, 16 K, and 23 K. Inset shows nonsaturation behavior
of magnetization even in the presence of hysteresis. (b) He vs T plot
for 2.5% and 6% doping. The dashed line gives a fit of Eq. (1) to
the data. Width of hysteresis has been taken as H(T). (c) Spin-
polarized PLE data for 2.5% doped sample measured at 4 K with
7 T field. The insets clearly show giant Zeeman splitting at 4 K.

Spin-polarized photoluminescence excitation (PLE) mea-
surements were carried out by scanning a monochromator
using Xe lamp as primary source. The data were collected in
Faraday configuration with circularly polarized light and by
changing the magnetic-field direction. A double monochro-
mator was used to select the orange PL emission associated
with a transition between 4T1 and 6A1 energy levels of the
Mn ions embedded in the ZnS lattice. This spin-polarized
PLE measurements gave an excitonic giant*® Zeeman split-
ting ~12 meV at 7 T magnetic field below the transition
temperature [Fig. 3(c)]. No such splitting was observed
above Ty and for samples having doping below 2.5%. Such
giant splitting is known to occur in DMS and requires the
presence of strong exchange interaction between the Mn 3d
states and the states of the semiconductor.?! This giant split-
ting is expressed as the sum of Zeeman splitting AE,
=gupH~0.8 meV and s-d exchange splitting.>> The ob-
served value of ~12 meV clearly shows the presence of in-
trinsic exchange splitting®” leading to the formation of mag-
netic polaron,® thus evidencing the intrinsic origin of
ferromagnetism.
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The Curie-Weiss fit y=C/(T—6) of high-temperature
magnetization data [Fig. 2(b)] yields C Curie constant values
of 1.08X 1073, 1.616X 1073, and 2.67
%1073 emu K Oe™! g m™!, respectively, for 2.5%, 3.5%, and
6% Mn doping. This corresponds to an effective number of
Bohr magneton values p of 5.82, 5.88, and 5.84, respectively.
These values are close to the expected value of p=5.9 for
Mn?*, corresponding to a spin moment of 5/2.3* Further-
more, the fit gives 6 values of —65, —78, and —113 K, respec-
tively, for 2.5%, 3.5%, and 6%. This indicates enhancement
of Mn-Mn antiferromagnetic interaction with higher doping
due to the increase in Mn concentration. The II-VI DMS
bound magnetic polaron (BMP) theory®>3¢ predicts that Mn
spins can order antiferromagnetically with respect to the
spins of carriers in the system. This can lead to a region of
large magnetization, with all parallel polarized Mn spins,
near the carrier leading to the formation of BMP. At suffi-
ciently low temperatures, these BMPs can percolate through
the system, resulting in long-range ferromagnetic order in the
presence of antiferromagnetic interaction. However, with the
enhancement of Mn doping, the theory predicts lowering of
transition temperature due to enhanced antiferromagnetic in-
teraction. This is consistent with the observed reduction in
Ty with increase in Mn doping above 2.5%. This occurs due
to a competition between the usual antiferromagnetic inter-
action mediated by virtual hopping of carriers and the loss of
Mn?* carrier exchange energy by intermediate magnetic ions
when the polaron moments are antiferromagnetically
aligned.®

The percolation theory of ferromagnetism based on BMP
predicts that for three-dimensional systems, a small fraction
(~20%) of Mn spins participate in percolation volume to
settle in a ferromagnetic state.® The rest do not participate in
ferromagnetism. These free spins align either at very high
fields or at very low temperatures. Thus one expects a rise in
magnetization both with the application of higher fields and
at very low temperature, as has been confirmed through
simulations.3® The observation of a rise in magnetization at
high field [inset Fig. 3(a)] and at temperature below 10 K in
ZFC data [Fig. 2(a)], for 2.5%, 3.5%, and 6% samples, can
thus be attributed to this phenomenon. Similar characteristic
in magnetization has also been observed earlier in DMS
(Refs. 37 and 38) systems. However, additional paramag-
netic contribution of the marginal fraction of Mn atom that
does not enter the NC, as indicated in Fig. 1(c), may also
contribute to the rise in magnetization® below 10 K in ZFC
data [Fig. 2(a)].

To test the veracity of the percolation model as a possible
origin for ferromagnetism, an estimate of the effective per-
colation length R,,,. was obtained for 2.5% doped nanopar-
ticle using a ferromagnetic transition temperature expression
based on percolation theory?®4 as follow: KzT-=S(S
+1)J(R ), Where T¢ is the transition temperature, S is the
spin of magnetic ion, and J is the distance-dependent ex-
change interaction. Assuming Bloembergen-Rowland-type
interaction,*

2

m-A
WKZ(Z}’/VO)

where n is the concentration of host atoms in the sublattice of
substitution, m is the reduced electron mass, A is the smallest

J(r)=- ro=h(2mA)™"2, (2)
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excitation energy gap for electron, and K,(y) is the Mac-
donald function. Using m=0.43m,, A=1.64 eV, obtained
from PL data using the relation A=FE,—peak emission
energy*! for band gap E,=3.8 eV for 2 nm ZnS nanopar-
ticles, ferromagnetic exchange energy J,,=0.36 eV for
MnS,* and T-=28 K, we obtain R,c;.=0.4 nm for a Mn spin
moment of S=5/2. It is interesting to note that for a nano-
particle of ~2.5 nm with five Mn atom, the average inter-ion
distance is ~0.5 nm, which is nearly equal to the percolation
length obtained using the analysis. However, in contrast to
the observed ferromagnetic optimization, this theory* pre-
dicts an increase in transition temperature 7~ with increase in
doping concentration because of a decrease in percolation
length R, due to reduced interimpurity distance. This dis-
crepancy arises as the mean-field calculation does not take
into account the randomness of magnetic impurity, which has
been theoretically shown to be the reason for the maximiza-
tion of T (Ref. 11) for a specific impurity concentration in
group III-V DMS.

IV. CONCLUSION

In conclusion, we have observed ferromagnetic ordering
(above 1.5% doping) in Mn-doped 2.5 nm ZnS nanoparticles
that is optimized at a 2.5% doping concentration of nano-
crystals. The ferromagnetism is marked by the observation of
blocking and hysteresis along with \7 temperature depen-
dence of the change in coercive field AH, which is known
to occur for noninteracting ferromagnetic nanoparticles. We
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have also observed giant Zeeman splitting of 12 meV at 7 T
field that clearly indicates the intrinsic origin of ferromag-
netism in these nanoparticles. Additionally, we observed
nonsaturation of field dependence of magnetization along
with low-temperature enhancement in magnetization. Such
behavior may be explained based on percolation theory of
BMP for ferromagnetism in DMS. However, these theories
have been framed for bulk systems and it will be interesting
to test the nuances of the model for these type of nano DMS
systems. The disorder is expected to enhance ferromagnetic
interaction in low-dimensional DMS.'® The intrinsic origin
of ferromagnetism reported here may be due to movement of
d level in the host lattice due to size reduction, which has
been shown to be quite drastic for Mn-doped ZnS nanopar-
ticles of size ~2 nm.*? It will be interesting to investigate the
links between observed giant Zeeman splitting, possible
magnetoelastic effect on zinc-blende structure at low tem-
perature, and associated ferromagnetic ordering in ZnS nano-
particles. Hence the system reported here forms an ideal can-
didate to investigate the effects of confinement and
randomness in impurity site on the ferromagnetic ordering in
dilute magnetic semiconductors.
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