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Magnetic properties of manganese-doped ZnSe quantum dots with the size of approximately 3.6 nm
are investigated. The amount of Mn in the ZnSe quantum dots has been varied from 0.10% to
1.33%. The doping level in the quantum dots is much less than that used in the precursor. The
co-ordination of Mn in the ZnSe lattice has been determined by electron paramagnetic resonance
(EPR). Two different hyperfine couplings 67.3X 10~* and 60.9 X 10~ cm™! observed in the EPR
spectrum imply that Mn atoms occupy two distinct sites; one uncoordinated (near the surface) and
other having a cubic symmetric environment (nanocrystal core), respectively. Photoluminescence
measurements also confirm the incorporation of Mn in ZnSe quantum dots. From the Curie-Weiss
behavior of the susceptibility, the effective Mn-Mn antiferromagnetic exchange constant (J;) has
been evaluated. The spin-glass behavior is observed in 1.33% Mn-doped ZnSe quantum dots, at low
temperature. Magnetic behavior at a low temperature is discussed.

© 2007 American Institute of Physics. [DOI: 10.1063/1.2733625]

I. INTRODUCTION

Diluted magnetic semiconductors (DMSs) are transition
metal doped semimagnetic semiconductors and are known
for their intriguing magneto-optical effects due to strong
sp-d exchange interaction between band electrons and mag-
netic ions. DMS materials also have great potential for spin-
tronic devices,' in which spin as well as charge is exploited.

Mn-doped II-VI semiconductors are peculiar DMSs.?
High fluorescence efficiency along with magnetic ordering
makes Mn an interesting transition element dopant3 % in the
semiconductor nanoparticles. Recently, Mn-doped ZnSe
nanoparticles“o received much attention since it has the po-
tential application for luminescent as well as spintronic
devices.' Moreover, the number of Mn ions incorporated at
substitutional sites can also modify the lattice parameters as
well as the band gap of semiconducting materials. Addition-
ally, the Mn-related electron paramagnetic resonance (EPR)
signal is strong3’5’11 in the ternary compounds and has been
modeled for various chemical environments. However, the
large variations in magnetic properties of doped quantum
dots have been reported, and the role of the synthesis route in
chemically controlled magnetic effects has been
identified.'*" Consequently, the study of magnetic proper-
ties is worthwhile in each case.

Here, we report the magnetic behavior of Mn-doped
ZnSe quantum dots. The concentration of Mn is varied in
ZnSe quantum dots of size as small as 3.6 nm. Paramagnetic
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behavior is observed for all concentration of Mn in ZnSe
quantum dots. The tendency of Mn to segregate at the quan-
tum dot surface with an increasing Mn concentration has also
been observed. EPR spectroscopy is employed to distinguish
various sites of Mn in the ZnSe lattice. The effective Mn-Mn
exchange constant in Mn-doped ZnSe quantum dots is de-
duced from the magnetic susceptibility measurements.

Il. EXPERIMENT

Mn-doped ZnSe quantum dots were prepared via a high
temperature, organometallic synthesis route.” This procedure
leads to highly crystalline, zinc-blende Mn-doped ZnSe
quantum dots. In a typical synthesis procedure, dimethyl-
manganese (MnMe,) was prepared by using 0.5 mL of 0.2 M
manganous chloride (98%) slurry in tetrahydrofuran (THF,
Qualigens) with 0.2 mL of 3 M methylmagnesium chloride
in THFE. The MnMe, solution was diluted with 1.8 mL of
toluene (Qualigens). Part of this solution was added in 2 mL
of trioctylphosphine (TOP, 90%), 1 mL of 1 M selenium
(99.998%) in TOP, and 0.18 mL of 1 M diethylzinc in hex-
ane. This organometallic precursor was injected rapidly in
hexadecylamine (90%) at 300 °C. The particles were grown
at 300 °C and were isolated by a standard procedure,21 in
order to obtain a fine nanocrystalline powder. All chemicals
were purchased from Aldrich (unless specifically mentioned)
and were used without any further purification. Undoped
ZnSe quantum dots were synthesized using identical experi-
mental conditions, excluding MnMe, in the organometallic
precursor.

© 2007 American Institute of Physics
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FIG. 1. Optical absorption (solid line) and photoluminescence emission
(dashed line) of undoped and 0.76% Mn-doped ZnSe quantum dots. The
arrow indicates the bulk band gap of ZnSe. For Mn-doped ZnSe quantum
dots, the emission feature at 585 nm is attributed to the Mn (*T; —°A))
internal transition. Inset shows the TEM images of corresponding quantum
dots.

Transmission electron microscopic (TEM) measure-
ments were carried out using a Philips CM200 microscope
operating at 200 kV. Optical absorption measurements were
performed using a Hitachi-330, double beam spectrophotom-
eter at room temperature. Photoluminescence was measured
using an assembled photoluminescence set-up with a Jobin-
Yvon 450W Xe lamp, TRIAX 180 monochromator, and pho-
tomultiplier tube. Quantitative elemental analysis of Zn, Se,
and Mn of doped quantum dots was performed using induc-
tively coupled plasma-atomic emission spectroscopy (ICP-
AES) employing LABTAN-8440 Plasma Laboratory.

EPR measurements were carried out using a Bruker
EMX spectrometer operating at 9.1 GHz (X band) micro-
wave frequency, at liquid nitrogen temperature. Magnetic
susceptibility versus the temperature curve was acquired us-
ing a superconducting quantum interference device (SQUID)
magnetometer. Magnetic susceptibility measurements were
performed in the temperature range of 5400 K, in an ap-
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plied magnetic field of 100 Oe. A vibrating sample magne-
tometer (VSM) was used to record magnetization as a func-
tion of the applied magnetic field (Model: 4500 EG and G
PARC VSM).

lll. RESULTS AND DISCUSSION

The crystalline phase and average size of Mn-doped
ZnSe quantum dots have been determined by TEM (inset in
Fig. 1). The average particle diameter for undoped ZnSe
quantum dots is approximately 4.6+0.4 nm, whereas in the
case of Mn-doped ZnSe quantum dots the average diameter
is about 3.6+0.3 nm. The Bohr exciton diameter of bulk
ZnSe (Ref. 22) as 9.0 nm, these quantum dots are in the
strong confinement regime. The cubic zinc-blende ZnSe for-
mation was checked by electron diffraction and reconfirmed
by x-ray diffraction (not shown).

The quantity of Mn present in doped quantum dots has
been estimated using ICP-AES measurements. The amount
of Mn in ZnSe quantum dots is found to be substantially less
as compared with the initial Mn concentration taken in the
reaction solution (Table I). A similar observation is also re-
ported by Suyver et al

Figure 1 show absorption and photoluminescence spec-
tra of Mn-doped and undoped ZnSe quantum dots. In the
case of undoped ZnSe quantum dots, the absorption feature
appears at 410 nm, whereas in Mn-doped quantum dots it is
blue-shifted and appears at 400 nm. The absorption spectra
clearly reveal quantum size effects. Undoped ZnSe quantum
dots show a blue shift in the forbidden gap by 54 nm (0.35
eV), whereas Mn-doped ZnSe quantum dots show a shift by
64 nm (0.43 eV), with respect to that of the bulk ZnSe band
gap (464 nm). In the present case, it is observed that the
incorporation of Mn in the ZnSe quantum dot lattice is re-
sponsible for the reduction of the growth rate. The tight bind-
ing calculations® predict the size of the undoped ZnSe quan-
tum dots to be 4.3 nm, and that of the Mn-doped ZnSe
quantum dots to be 3.8 nm. Moreover, the Mn-doped ZnSe
quantum dots also exhibit a sharper excitionic feature at 400
nm indicating a comparatively narrow size distribution.

Evidence of successful Mn doping in ZnSe quantum dots
has also been obtained from photoluminescence measure-
ments. The photoluminescence emission (Fig. 1) of undoped
as well as Mn-doped ZnSe quantum dots show strong blue
emission from the lowest excited electron-hole pair, when
the sample is excited with 350 nm of light. Mn-doped ZnSe
quantum dots exhibit an additional orange luminescence at
585 nm, which is assigned4 to the Mn** 4T} — 6A1 transition.

TABLE I. Parameters used for fitting the high temperature susceptibility data according to the Curie-Weiss law.

Concentration of Mn in

percentage
C(x) Co 6(x) 6o Ji
In reaction solution ICP-AES Calculated (10°emu/gK) (10°emu/gK) (K) (K) (K)
2.5 0.10 0.13 43.07 331.31 —24 1846.1 —28.1
5.0 0.23 0.27 89.42 331.19 —3.6 13333 —203
10.0 0.76 0.88 290.00 329.55 =79 897.7 —13.6
12.5 1.33 1.80 592.08 328.93 —16.0 888.8 —13.5
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FIG. 2. EPR spectrum of (a) 0.10% and (b) 1.33% Mn-doped ZnSe quantum
dots. Signal I is related to substitutional incorporation of Mn ions in ZnSe
quantum dots; signal II to Mn ions located near the suface; and signal III to
Mn ions bound to the surface.

A similar internal Mn2* d-d transition (*T;— ®4,) was also
observed in Mn-doped ZnSe nan0c1rystals3_8 as well as in
Mn-doped ZnS nanocrystals.'2

The crystal-field experienced by the Mn impurities will
depend on the location of Mn in the host quantum dots. Also
the crystal-field experienced by Mn impurities near the nano-
crystal surface' will be significantly different from that of
the bulk material. EPR measurements can give insight to the
local crystal-field effects and symmetry around the Mn ions.

Figure 2(a) shows the EPR spectrum of 0.10% Mn-
doped ZnSe quantum dots. Six-line hyperfine splitting is ob-
served. The spin Hamiltonian'""'"* has been used to simulate
different signals in the EPR spectrum. Two signals can be
deconvoluted from the EPR spectrum. Signal I corresponds
to g=2.0024 and hyperfine splitting constant |A|=60.9
X 10™* cm™!, whereas signal II corresponds to g=2.0073 and
|A|=67.3X 107 cm™'. The value of the hyperfine splitting
constant for the Mn substituted at Zn sites in the bulk
ZnSe:Mn (Ref. 24) is 61.7 X 10~ cm™!. This value is close to
the current experimental value for signal I, which indicates
that Mn is substitutionally incorporated in the host lattice.
Signal I also indicates that Mn has a cubic (7,;) symmetric
environment. Moreover, at least in some of the quantum
dots, the Mn-Mn interaction is strong enough to reveal the
hyperfine splitting. Signal II may arise due to the location of
Mn near the surface™' "' of the ZnSe quantum dot. Signal II
is superimposed on signal I, and is originated since Mn?* has
less of a symmetric environment.

For a high Mn concentration (1.33%) in ZnSe quantum
dots, signal III also originates in the EPR spectrum [Fig.

J. Appl. Phys. 101, 103906 (2007)
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FIG. 3. Magnetic susceptibility as a function of temperature recorded by
SQUID for (M) 0%, (@) 0.10%, (A) 0.23%, (X) 0.76%, and (O) 1.33%
Mn-doped ZnSe quantum dots. Inset shows magnetic susceptibility as a
function of the inverse temperature for 0.10%, 0.23%, 0.76%, and 1.33%
Mn -doped ZnSe quantum dots. The best fit of the high temperature data to
Curie-Weiss law is shown (solid line) and fitting parameters are given in
Table L.

2(b)], with g=2.0069 and |A|=84.4 X 10* cm™!. This value
of hyperfine splitting constant is related to the Mn** ions
bound to the surface’® of the ZnSe quantum dot. Mn ions
bound to the surface of quantum dots show less symmetry
than cubic. Thus, the hyperfine interaction is much larger
than that of cubic sites. In other words, the appearance of
signal III in heavily doped ZnSe quantum dots is a manifes-
tation of segregation of Mn at the surface. Enhanced hyper-
fine splitting is a signature11 of reduced covalence, and hence
less coupling is anticipated between the ground state of Mn
and sp-states of the nanocrystals. Less covalence might be
expected for Mn located at or near the surface. The increase
in the doping concentration further leads to a broad, single-
line EPR signal (not shown here) which could have its origin
due to the Mn pair or cluster formation.'** Inevitably, aged
Mn-doped ZnSe quantum dots demonstrated such a broad
EPR signal.

Static susceptibility measurements also provide informa-
tion about the Mn-Mn exchange interaction in DMSs. The
estimation of the Mn-Mn exchange interaction is extremely
important since magnetic properties of DMSs are largely
governed by this interaction. The magnetic behavior of Mn-
doped ZnSe quantum dots was studied using a SQUID mag-
netometer in the temperature range of 5-400 K. Figure 3
shows the temperature dependence of susceptibility (y versus
7) in an applied field of 100 Oe. The temperature dependent
magnetic susceptibility measurements for various concentra-
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tions of Mn in ZnSe quantum dots show an increase in sus-
ceptibility with a decrease in temperature. This is a typical
paramagnetic behavior.

Distinct behavior is observed in heavily (1.33% Mn)
doped ZnSe quantum dots. At about 165 K, magnetic suscep-
tibility against the temperature curve indicates an onset of
different mechanism. Furthermore, the magnetic susceptibil-
ity weakly depends on temperature from 65 to 46 K. The
observed cusplike feature at 74 K, is attributed to character-
istic of a spin-glass transition.>*>?® The random dispersion
of Mn ions in ZnSe quantum dots may be responsible for the
spin-glass type phase transition. The analogous behavior is
also observed in Mn-doped CdS narlocrystals.15 Moreover,
Furdyana et al.*® also observed the spin-glass transition at a
low temperature (20 K) for 45% Mn-doped bulk ZnSe. No-
tably, in the case of quantum dots, such a spin-glass forma-
tion takes place at a much lower Mn concentration.

The calculation of y in the high temperature (7=50 K)
regime exhibits”® the Curie-Weiss behavior

B C(x) _ Cyx (1)
XT T 00) T+ 0
where
2
Coy= B/ SS+VUN

3k

N is the total number of cation sites in a sample of mass m,
x is the concentration of Mn in the sample, and

6(x) = l%s(s +1)>, Jpzp/kB}x =— Gyx,
P

J,, is the exchange integral between pth neighbors and z,, is
number of cations in the pth co-ordination sphere.

The Curie constant C(x) and Curie-Weiss temperature
6(x) can be determined by fitting the high temperature linear
part of plot y versus 1/7, shown in the inset of Fig. 3. The
high-temperature value of y for bulk Zn;_,Mn,Se can be
expressed as”

0.033x

= 2
T+ 944x @

X
The effective exchange constant J; can be determined from
Oy as”

]

B (S+ 1)z
where z;=12 for the zinc-blende and wurtzite DMSs, kj is
the Boltzman constant, and S=5/2 for the ground state of
Mn?* ions. The concentration of Mn in ZnSe quantum dots
has been evaluated using Eq. (2). These values are in good
agreement with that of the ICP-AES measurements. It is ob-
served that, effective Mn-Mn exchange constant J, (Table I)
decreases with increasing concentration of Mn. J; ap-
proaches the bulk ZnSe:Mn?** value (-13.5+0.95 K) (Ref.
26) at a doping level of 1.33%. A similar trend has been
observed in the case of Mn-doped PbSe quantum dots'® and
Mn-doped ZnO quantum dots."” Quantum dots appear to re-
veal bulk type behavior albeit at a much lower doping level.

J. Appl. Phys. 101, 103906 (2007)
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FIG. 4. Magnetization as a function of applied magnetic field reveals the
paramagnetic behavior of Mn-doped ZnSe quantum dots at room
temperature.

The smaller value of coupling constant in quantum dots, sug-
gests a weak coupling between Mn spins. On the other hand,
six-line splitting in the EPR data suggests that at least in
some of the quantum dots Mn-Mn interaction is quite strong.
Different implications for magnetic susceptibility and EPR
investigations suggest that the sample may be inhomoge-
neous and sensitivity of Mn location may be far different in
two methods.

Undoped ZnSe quantum dots are expected to be diamag-
netic. However, in the present case, undoped ZnSe quantum
dots indicate a paramagnetic nature. The paramagnetic be-
havior of undoped ZnSe quantum dots may originate due to
intrinsic lattice defects. Consequently, the possibility of ex-
istence of paramagnetism in doped quantum dots due to in-
trinsic lattice defects cannot be ruled out. EPR studies on
undoped ZnSe quantum dots show a broad signal supporting
the conjecture that point defects may be present27 in the
quantum dots.

Magnetization of Mn-doped ZnSe quantum dots, as a
function of the applied magnetic field has been measured for
all Mn concentrations along with undoped ZnSe quantum
dots, using VSM at room temperature. Figure 4 shows the
linear increase of magnetization with the applied magnetic
field, which also confirms the paramagnetic nature of Mn-
doped ZnSe quantum dots. Undoped ZnSe quantum dots are
not diamagnetic but weakly paramagnetic.

It may be noted that in the present case, the absence of
ferromagnetism in Mn-doped ZnSe quantum dots can be ex-
plained with theoretical ab initio calculations.”® Mn 3d states
in the ZnSe lattice, with a cubic (T,) crystal-field, split into
an e doublet and a t, triplet. e levels have a lower energy
than t, levels. t, levels are fully occupied leading to the
absence of a hole for the coupling. It can, however, be fer-
romagnetic if a double exchange via the localized holes is
predominant.

So far, it is not possible to make ferromagnetic Mn-
doped ZnS or ZnSe quantum dots. Mn doping in III-V semi-
conductors is advantageous as it also introduces a hole in the
semiconductor. However, solubility of Mn is limited in the
case of III-V semiconductors. In the case of Mn-doped InP
nanoparticles,18 highly disordered Mn centers were found to
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be responsible for the reduced hybridization with the host
lattice, and hence leads to a magnetically disordered state. In
the present case, an insufficient number of Mn atoms within
the host lattice are hindering the formation of the magneti-
cally ordered state. Perhaps co-doping with p-type impurity
or controlled non-stoichiometry can lead to the magnetic or-
dering in Mn-doped ZnSe quantum dots.

IV. CONCLUSIONS

Mn-doped ZnSe quantum dots were obtained with vary-
ing the Mn concentration. Photoluminescence and EPR mea-
surements confirm that Mn impurity is incorporated inside
the ZnSe quantum dots. In heavily Mn-doped ZnSe quantum
dots, the EPR spectum has been deconvoluted in three dif-
ferent signals. One with g=2.0024 and hyperfine splitting
constant |A]=60.9X 10 cm™!, corresponds to a bulklike
substitutional site. The second signal is due to less symmetric
and near surface Mn ions with g=2.0073 and |A|=67.3
X 10 cm™!. Isolated Mn on the surface of ZnSe quantum
dots represents the third signal with g=2.0069 and |A|
=84.4X 10" cm™'. Highly Mn-doped ZnSe quantum dots
exhibit a broad, single line EPR signal due to Mn pairs or
cluster formation. Magnetic susceptibility measurements re-
veal the paramagnetic nature for a low doping level of Mn in
ZnSe quantum dots (in the temperature range of 5-400 K).
From the Curie-Weiss behavior of the susceptibility, the ef-
fective Mn-Mn antiferromagnetic exchange constant (J;) has
been evaluated, which is found to be larger than the bulk
value. At a higher doping concentration (1.33% Mn) Zn-
Se:Mn quantum dots exhibit spin-glass behavior.
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