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ABSTRACT

We demonstrate the control of CdS aid**-doped-CdS Q-dots in a silicate glass for magneto-optical
applications. The microstructural properties of Q-dot glasses were investigated by X-Ray diffraction
(XRD), Field Emission Transmission Electron Microscopy (FETEM) the optical properties by UV-
Visible-NIR and Photoluminescence (PL) spectroscopic techniques, respectively. The FET&M of
CdS QD-yglass heat treated at 6reveals that the size of CdS and“Mdoped CdS Q-dots are in the
range of 4-5 nm and 5-6nm, respectively. The observed size distributiQxdais were in reasonable
agreement with the data, derived from X-ray line broadening and estimated avehaigadi using

the UV-visible absorption data. Photoluminescence characteristics were investigated at room
temperature by exciting the CdS andfdoped-CdS Q-dot glasswith a 420 nm excitation source,
which yielded broad emission spectra in the visible and near-IR range (450-800nm). We observed a red
shift in the emission peak with increase in the Q-dot size, controlled by heat treatmematerspe
range (550-60iC). The room-temperature magneto-optical Faraday rotation measurements on Q-dots
glasses were carried out using magnetic field strengtb 860 mT, and observed an increase in the
value of Verdet constant, frofi2 to 12.0 degree/@m, when comparing undoped CdS-Q-dot glass with
Mn?*-doped CdS glasdhe demonstration afnhanced/erdet constant in Q-dot silicate glasses with
sub-Tesla field paves the path for engineering range magneto-optical devices for phepartics)ics

and sensors applications, in which the polarisation of phateng be controlled with low-intensity

magnetic field in optical waveguides.

Keywords
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1 Introduction

Dilute or semi-magnetic semiconductor (DMS) nanocrystals (NCs) are materiaicimimpurity ions,

for example, theMn?" ions replace Cd ions in diamond and wurtzite structurékhe chemical
composition of the MS-NCs is represented by;AMn,B, where x denotes the fraction of impurity ions
substitution in the DMS lattice structufg]. The control of spectroscopic and magnetic properties of
Mn?*-doped group 1IB (Zn, Cd, Pb) family of DMS-NCs was originally reported by controlling the size
distribution at nanoscale, for offering potential applications in quantum computing, spintronics,
medicine, and magneto-optics [H this context, th&In**-doped semiconductor quantum dots [3] have
attracted particular attention due to the strong dependence efettieonic exchange interactiam the

IIB CdS structure [4] via[Ar]3s?3p® (S)-[Ar]4s?3dP(Mn), arising from the transition metal ion doping

[5]. The formation of Mn-S bonds within the IIB-S structure further increases the energy of the three
remaining 3d-electrons in Mhion. In the absence of Mhions, the structure of 1IB semiconductor
sulphides involves the interaction of*3ulphur electrons interacting with completely filled d-shells of

IIB metal structure (3¢ in zn and Cd, 5¢ in Pb). For magneto-optic applications, the control of
guantum dot size distribution within the glass structure is an essential step for maintaining the optical
transparency of such materials for photonic deviddewever, since the nucleation and growth of Q-
dots are stochastic of nature, the regime of controlled and anisotropic growth of DMS-NCs for efficient
Faraday rotation remains a formidable challenge even in epitaxial controlled molbeaar
techniques.

A majority of commercially available bulk magneto-optical devices are based on yttrium iron-garnet
(YIG) [6] and Terbium Gallium garnets (TGG) [7], with high transparency in the visible, neagiéh

and these garnet materials [8] hdaege Verdet constant (71.81 degree/T-cm). By comparison, the
single crystal planar optical isolators are difficult to grow, especially by aligninglieal axis with

the crystal growth direct. Such materials also require careful optical alignment because of the
anisotropic refractive index differengesghich then introducemodal mismatch. However, a number of

birefringence controlled single and photonic crystal fibre optic devices are well established for the long-



haul, access and local area communication networks [9]. However, themadamgestill remainsin

the area of coherent and secure data transmission throughout the netivark,a planarized MO-
device may be able to play much more significant roles in providing a bifunctional role in a single
device by controlling polarisation phase amplification of signals after optical switching, thereby
providing an opportunity for a device with loss-less phase amplificaAdthough, both the phase
amplification and optical switching are possible in the photonic crystal and standard optical fibre
geometries [10], such geometries are only physically compatible with the optical fibre interconnects
and, therefore, such devices are not suitable for integration with planar ciBsuitentrast, aglass-

based QD structures for planar magneto-optical devices may be able to play an important role. As of
now, the development in MO glasses is limited because of a comparatively small Verdet constant [11-
14] in spite of the fact that there has been a significant progress in the design of novel magmeto-acti
glasses in recent years. Since, the degree of Faraday rotation (polarization), essential for optica
switching and phase amplification, depends on the product of the Verdet constant (V) and the optical
path-length (L), a magneto-optically transparent materials with large Verdet constant in waveguide
geometries will be able to offer much better option in terms of loss-less switching with phase
amplification. The nature of glass materials and its processing for optimising the nucleation and growth
of quantum dots for enhancing Verdet constant particularly matters for waveguide geomiieies
comparing the processing of single crystalline and polycrystalline materials which are harté&aefab

with low scattering loss and cost. For engineering the Q-dot BM&edevices using glass may be
possible by combining the glass fabrication with thermal annealing as a first step for engisebidg

host material with large Verdet constant.

Considering the neecdif optically transparent devices for phase amplification and loss-less optical
switching in the secure data transmission network, we prahesgse of dilute magnetic semiconductor
(DMS) in a suitable glass matrix for optical integration. Although there are reports on dispersion of
DMS nanocrystals in the polymer matrix (PVP) [1Bhwever such polymers offer only 30% optical

transparency in the optical window 1500-1530 [d®)], compared with close to 99.9% transparency in



pure silica There are reports on thermal annealing and control of size distributions of the DMS Q-dots
(ZnMnS [17], PbMn(Te,S) [18] CdMnTe [19] and Mfi-doped Bj}S; [5,20]) in oxide glass matrices,
which form the basis for developing an approach for controlling the thermal annealing condition for Q-
dot size distribution for Mfi-doped CdS glasses. Techniques of Q-dot structural characterisation for
maximizing the Verdet constant usithe electron paramagnetic resonance, room temperature and
below 4K magnetic susceptibility and AC field-induced magnetisation characterisation hawve bee
reported [1, 21].

In this article, an alternative method of synthesizing the DMS-NC has been explored. ThadCdS
CdixMn,S Q-dots in a glass matrix, were grown using the glass melting followed by controlled heat
treatment. The X-ray diffraction, Field-emission transmission electron microscopyEHME-and
photoluminescence (PL) characterization techniques were adopted for engineering such ricaterials
potential device application&esides controlling and optimizing the Verdet constant irf Mioped

CdS glass in a silicate glass, we also report the QD size distribution dependence of Verdet bgnstant,

controlling annealing.

2 Experimental details

The glass samples with DMS-QD were prepared with the nearly 99.9 % purity synthetic precursors
(Sigma-Aldrich). The host glass matrix for the quantum dot growth was constituted of a nominal
composition (mol %) 50-52SiG-6B,03- 8-10ZnG- 12K,O — 10Ng0O - 6MgO — 4TiO,. The
composition wasnelted and homogenizeat 1156C for 4 hours in nitrogen atmospheueing an
alumina crucibleFor making and comparing the spectroscopic and MO properties CdS-doped silicate
glass with MA*-doped CdS glass, 2 mol% CdS and &éVing 166S, were incorporated, respectively, in
each homogenized silicate melthe doping concentration of each was calculated a priori, based on the
evidences presented in relevant literature [1,5,7,8,2128¢r doping the melts with CdS and
Cdy.s4Mno 166S, they were quenched in air in a stainless steel mould. After casting the CdS-containing

semiconductor glass samples, isothermal annealing treatments for 8 hours were carried out in the



temperature range of 550-6@0for controlling the growth of DMS quantum dofBhe transmission
electron microscopic characterization was carried out using a field emission source in a Philips CM20
(300 kV) microscope. The structural and phase analysis was carried out using the X-Ray D#feactom
(XRD) (Bruker D8). However, for characterizing the UV-visible-NIR absorption properties of Q-dot
doped glass samples before and after annealing, the Perkin Elmer Lambda 950 spectrophotometer wa:
used. The photoluminescence (PL) measurements were performed with an excitatioatsé2ocem

using a Horiba Flurolog 3 FluorimetelFor magneto-optical Faraday rotation characterisations of CdS
and Mrf*-doped quantum dots glass, each 1-mm thick sample was optically polished with parallel face,
and the polarisation rotation of laser beam was recorded using a phase sensitive detection technique, a
discussed previously [24]. Fig. 1 shows the ray diagram of optical setup used for magneto-optical
Faraday rotation (MOFR) characterisation in Q-dot containing CdS aftiddped CdS glass samples.

The MOFR study was carried out in magnetic field ranging from 40 to 360 mT. The diode lasers with
35 mW output powers operating at 405, 532, 635 and 670 nm wavelength were selected for the MOFR

characterisation.
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Fig.1: The ray diagram of optical setup used for the MOFR characterisation of CdS ahdoltked
CdS containing Q-dot silicate glasses.



3 Results and discussion

The X-ray powder diffraction (XRD) of heat treated DMS-QD glass was carried outbgisg glass
powder samples a scan speed 0.8%er minute. From the diffractogram in Fig. 2, the presence of
broad peak shows the evidence for the presence of amorphous silicate matrix, depicted by the large anc
broad peak on to which the diffraction peaks of nano crystallites of Cd®afiddoped CdS are
apparentThe d-spacing data from diffraction analysis are in good agreement with the JCPD data (77-
2306) for the hexagonal CdS. From the diffraction analysis, it is possible to confirm the presence of
nano-crystalline Q-dots of CdS and fhuoped CdS, which have formed as a result of thermal
annealing for 8 hours at 58D and 606C. The crystallite size range of Q-dots was determined from X-
Ray line broadening data using the Scherrer equation, and the estimated range was fobr@l nonbe

and 5-7nm for CdS and (Cd,Mn)S quantum dots, respectively. As was observed in our earlier
investigations [5, 24] that the calculated values of Q-dot size distribution, determined from the Scherrer
equation, vassystematically larger than that was observed and measured directly using the transmission
electron microscopy. However, the values derived from two techniques were in good agreement and

provided direct evidence.
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Fig.2: X-Ray powder diffraction pattern of CdS and®4rdoped CdS in a silicate glass matrix heat
treated at 608C for 8 hours in air.



For more detailed microstructural propertiésQdots formed after 8 hrs of annealing in air at°&50

and 6006C in the silicate glass matrix, tl&E-TEM analysis was carried out and the images in Fig. 3 (a-

h) show the morphological features, size distribution of Q-dots, selected area diffraction patterns (in
insets) and lattice fringes of Q-dot particles. The SAED analysis in Fig. 3c and 3g also confirm that the
Q-dot structures are of polycrystalline in nature and the doping of CdS Q-dots Witfiod® does not
change the morphological and phase constitution characteristics of Q-dots.

The FETEM micrographs ifrig. 3 (a - d) show nearly uniform spherical 3-4 nm and 4-5 nm CdS
quantum dots, formed after 8 hours annealing afG%hd 600C for 8 hours, respectively. During
early stage of annealing only 1-thrsize crystallites are formed, as can be seen in Fig. 3 (a-b) and 3(e-
f), respectively for CdS and Mhdoped CdS. From Fig. 3(c-d), the growth mechanism appears to be
comparable with the Ostwald ripening phenomenon, via which ther lange size CdS Q-dots form

glassy matrix. From both the selected area diffraction (SAD) and the lattice fringe analysis show that
the measured values of d-spacing, 0.318nm and 0.317nm, corresponds to the (101) planes of hexagone
(JCPDF No. 077-2306) poly type of CdS and’fMdoped CdS solid solution phase, respectively.

From the FETEM analysis, the estimated sizéMof*-doped CdS Q-dots, formed after annealing at
550°C and 606C for 8 hours ar@-5 and 5-6 nm, respectively which compare reasonably well with the
estimated values for CdS-doped Q-dots, and these values are in agreementlwithi8ince, the ionic

radius of MiA* (low spin radius=81 pm, high spin radius= 97pm) is smaller than that f5ra€409 pm,

the lattice parameters is unlikely change significantly, considering that the maximum doping level of
Mn?* in CdS quantum dots may not be exceeding beyond 15 ion pendent, compared with the
starting doping concentration of £44Ving166S. The glass transition temperature of host silicate glass

is ~546'C, above which the QD-containing samples were annealed and then slowly cooled down to
room temperature. Since, the ionic radii ofland Cd* are comparablet is apparent that there is no
clear evidence from TEM for nano-scale CdS-MnS solid solution phase decompaaitsimy as a

result of heat treatment abovg. TAlso, the crystal structures of CdS and MnS are based on zinc

blend/wurtzite and rock salt, respectively,vimich the crystallographic habit planes (101) may be



shared for promoting either isotropic or unidirectional growth on quantum scale, depending on the
atomic packaging density of the dominating growth plane. However, the apparent growth in the 550-
600°C is slow due to the high viscosity of matrix glass®(10’ Pa.s). Note that the amorphous silicate
network does not offer any preferential growth direction for the nucleating CdS (with and without MnS)
phase, thereby forcing the Q-dots to grow isotropically.

The ionic radius of Sanion is 170 pm, which means that the average distance between two sulphur
anions (%) will be no more than 340 pm. Assuming that CdS and MnS are thermodynamically stable at
the silicate glass melting temperature, these two sulphides with over 270 pm catfé)Cfpranion
(S%) distance might be virtually insoluble in the silicate matrix with less than 175 pia@%) bond
distance.This is because for overall stability of silicate glass matrix, the soluble species must have
comparable bond lengths for being accommodated within the silicate nidiexapparent disparity
between the bond lengths between the silicate and chalcogenide crystallites is likely to force the CdS Q
dots to nucleate within the amorphous matrix, which is the driving force for promoting nucleation and
growth during, leading to Oswald ripening [5, 24-25]. Abowgtfie thermal energypromotes ionic

conductivity leading to formation of CdS and:GMIn,S phases, as shown schematically in Fig. 4.



Fig. 3: TEM images of QDs formed via isothermal heat treatment conditions in a silicate glass matrix:
(a,b) held at 55¢C for CdS QD, (c,d) at 66T for CdS QD, (e,f) Mfi-doped CdS formed at 530
and (g,h) formed at 60C.



Fig. 4: Schematic representation of growth of’Maoped CdS in glass matrix
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Fig. 5a are 5b depict theJV-visible optical transmission spectra for CdS and*Mioped CdS
containing Q-dots, respectively. The corresponding Tauc plots are shown in Fig. ESBIl W&
conclude from the spectroscopic studies that:

(i) By increasing the heat treatment temperature fron’G30 600C, the size of QDs increase,
resulting in the red shift of the electronic bandgap edge from 2.88eV te\2ibTig. 5a in the CdS-
containing glass (see also ESI-JIAhe corresponding shift in Fig. 5b in the band edge fof"Mpped

CdS QDs is from 2.88eV to 2.55eV (see also ESI-II B).

(i) The incorporation of Mfi-ions in CdS lattice blue shifts the band eilgthe annealed glass

i) The band edges of annealed glass samples &€ 560 ig. 5a and 5b are not as sharply defined as
thatin the as-cast and annealed glasses aboV&53Dis apparent difference is quite distinct in CdS-

and Mrf*-doped CdS QDs samples, with a specific presence of absorption bands below Z26nm.
change in the slope of the band edge afG5flearly confirms a distribution of QD states in the glass
matrix which may be nucleating at sub-nano meter scale. AboVRC5TBe average size of QDs
increases with increasing temperature, under this condition the states in quantum dots become more
sharply defined than the glass samples annealed beld@.575

The average Q-dot size distribution was calculated from the experimentally measured absorption edge

by using the Brus equation below [24-26]:

RZm2[ 1 1 } 1.8e2

(1);

Eqp = Epuik + 5z me T mi| ™ Fmregecas
where Bp and By designate the band gap of the quantum dots and bulk @8Sand m*, are
effective masses of electron and hole, apdndéecysare the dielectric constants of vacuum and ,CdS
respectively. The table 1 shows the calculated QD size from the Brus model which compares reasonably

with the size distribution data, determined using the TEM and XRD analyses.



Table 1 Comparison of average size of quantum dots using the Brus model [24-26].

Glass Heat treatment Band gap Calculated QD size
temperature (eV) (nm)
Cds-glass Without Heat Treatment  2.88 2.24
550°C held for 8 hours 2.79 2.50
575°C held for 8 hours 2.64 3.20
60C°C held for 8 hours 251 4.69
Mn?* doped  Without Heat Treatment  2.88 2.24
CdS-glass  55pc held for 8 hours 2.75 2.63
575°C held for 8 hours 2.68 2.94
600°C held for 8 hours 2.55 4.01

Fig. 6(a and b) compare the room temperature photoluminescence (PL) of CdS?aunipéa CdS Q-

dots in the silicate glass matrix, anrehbetween 55 and 600C. The excitation wavelength for

room temperature PL was 420nnin case ofMn®*-doped CdS Q-dot glass, the colour changes as a
result of heat treatment between &5@&nd 606C, and the consequential colour changes are compared

in Fig.6 (a1, a2, b1, b2)or visualising fluorescence in bulk glass samples, we used 322 nm UV source
as shown in Fig.6 (a2 and b2)The Fig.6a compares the PL spectra for CdS quantum dots in glass
matrix which shows that the emission peak, centred at 648nm, shifts to longer wavelength i.e. 684nm
when the annealing temperature increased fronfG%6 600C. Such a temperature dependent PL
emissions signifies the quantum confinement of CdS because average QD size increases with heat
treatment which ultimately the red shifts the emission bakido, there is an increase in the full width

of half-maximum (FWHM) of the peak with increasing heat treatment of glass. However, ab8@e 550

the change in the shape of PL peak and FWHM is almost negligible. The apparent change in the FWHM
corresponds to a distribution of inhomogeneous broadening of the contributing electronic states present
in the Q-dots.

In the literature, there appears ® bwo different models for explaining the PL in the 1I-VI sulphur
based Q-dots and these are attributed to the bound exciton emission of QDs as well as théalectron-

recombination of bulk like nano-crystallitescfEand energetically different Vs di-vacancies (E1



and k) [26]. The second model, based on inter band pumsrexplained in Fig.6 [17,27,28]. For

CdS Q-dot containing glass samples including as casted and heat treaf&6@3C), the bound
excitonic emission and electron-hole recombination model seems to be more plausible and such model
may provide a broad band emission as shown in Fig.6a. Three emission peaks observed at 460, 516 anc
648nm in the PL spectra of undoped CdS glass appear to have single Gaussian feature. However, the
excitonic processes in undoped CdS Q-dots are perturbed by doping withiods due to the ¢@-
electronic state interaction between ¥rmand covalent § becomes significant. Consequently, the
changes in the corresponding excitonic and electron-hole pair interaction may be anticipetedgpr
transfer, which is explained in Fig.7. There is a strong evidence for energy level degenerati6fy in Mn
ions [24] ofll-VI compounds, which may be influenced by the covalent bond structure (zinc blend and
wurtzite) in the Q-dots and surface states of covalent bonds in the silicate glass matrix. The above PL
related observations, compared in Fig. 6a and 6b, appear to be consistent withaktaés Energy

model [24], corresponding t6T15 to °A; for Mn?*-ions in 1I-VI compounds, as shown in Fig. 7.
Consequently, the line shape and the peak of emission of PL, as shown in Fig.aSkexaected from
complex interactions between the p-states iA"Qshoccupied d-states in ¥fhand the p-states in’S

anions which will requires more detailed analysis, and is beyond the scope of thisTHap#trf-ions
apparently has a profound influence on the evolution of two high energy PL peaks in &&48bm

and 587nm. The main peak in the glass sample heat treated’@ti§5flue shifted to 620 nm with
respect to the PL shown in Fig. 6a for CdS Q-dots. The peak at 587nm corresponds to a sharacteri
emission of MA" ions (Bu~2.12 eV) between the; and®A; levels in the MA" doped CdS NPs [29

30]. Furthermore, it is evident that the emission peak in the glass samples heat treaté@ an875

600°C are shifted to much longer wavelengths in“fiioped CdS in Fig. 6b than in the undoped CdS

in Fig. 6a. Based on the analysis of the’lénergy level, a semi-quantitative energy level diagram for

the transfer of energy from the Q-dots to the’lVbtates is summarised in Fig. 7, which may be able to
explain the reason for Stark splitting and energy transfer between the donor CdS states to acceptor

Mn?*-states.
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The magneto-optical Faraday rotation (MOFR) investigations were performed for the CdS Znd Mn
doped CdS glasses at different wavelength. Fa&8hj show the linear increase in the value of MOFR

with magnetic field. In the above figurdhe variation of MOFR with Q-dot size, dependent on the heat
treatment temperature is also apparent. The Verdet constants calculated from the measungd Farada
rotation are shown in Fig. 9 and summarized in Table 2. There is a significant enhancement of FR in
CdS and Mf*-doped CdS quantum dot glass samples with respect to host glass (See Fig. ESI IV and

table ESI Il in supporting information). It was observed that during quenching process, there is limited



crystallization of CdS and Mirdoped CdS quantum dots in glass matrix without annealing. The Verdet
constant was calculated from the Faraday rotation angle. The calculated Verdet constaaet€ &3

and Mn doped CdS Q-dots in glass matrix were much greater than those for the host glass (see table 2)
By comparing the values of Verdet constants of CdS anti-Nsped CdS Q-dots glass heat treated at
550°C for 8 hours, we found that values of Verdet constant nearly doubled from 6.2 to 12.0 degree/T-cm
for Mn**-doped CdS Q-dot glass. From table 2 and Fig. 8, it is evident that the Verdet constant
decreases with increase in wavelength ().

When using 405 nm laser for MOFR characterisatiothénCdS Q-dot glass, annealed at 860or 8

hours, the Verdet constant at 6.20 degremilwas found to be 3.5 times larger than that in as-cast
glass at 1.83 degree/T-cm. More significantly, in Ke®"-doped CdS Q-dot glass heat treated at
550°C for 8 hours has 6.6 times larger value of Verdet constant (12.0 degree/T-cm) thaamcabe

glass. The measured value of 12.0 degree/T-cm is also higher than that reported earlier for €dS-dope
glas®es[31].

From Table 2, it may be concluded that the measured values of Verdet constant is depetigent on
annealing temperature, which determines the average size of Q-dots. At 405nm laser wavelength, the
measured value of Verdet Constant is 2.60 degree/T-cm in the as cagjflasdSstructure, which

increased to a value of 6.20 degree/T-cm after heat treatment®@t 550
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Table2 Summary of the measured Verdet constants for Q-dot CdS and Mn?*-doped CdS Glasses.

Verdet constants of glass treated (degree/T-cm)

As prepared 550C 575C 600C
A, Mn
nm CdS- Mndoped CdS- Mndoped CdS- Mn doped CdS- doped
glass CdS-glass glass CdS-glass glass CdS-glass glass Cds-
glass
405 2.60 9.50 6.20 12.0 411 10.70 3.84 9.70
532 3.26 6.56 434 11.2 3.82 9.74 3.66 8.01
635 0.99 6.31 481 9.46 2.79 8.50 2.17 6.86
670 140 8.72 220 731 1.56 5.32 1.00 411
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Fig. 9: Variation of Verdet constant against wavelength of laser source. a: CdS Q dots in gla&s, b: Mn

doped CdS Q-dots in glass.
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The highest value of Verdet constant, 12.0 degresiTin theMn?**-doped CdS Q-dot glass,
annealed @550°C decreased to 9.70 degreeff-when the annealing temperature was
increased above 5%D. This is due to the fact that the temperature and time of annealing
above the { of glass matrix controls the size distribution of Q-dots, and therefore the
resonant bandgap for excitonic process spga interaction in the confined geometry [32].
Similarly, the value of Verdet constant also decreases with increasing wavelength in the
Mn?*-doped glasses.

It is well known that Faraday effect [27] is the rotation of the plane of polarization of linearly
polarized light due to magnetic field induced circular birefringence in the material. The angle
of Faraday rotatio (0r, degree) is calculated by empirical formula as given below [28].

6 = VBL (2)

where V is Verdet constant, B (Tesla, T) is magnetic field strength in the direction of
propagation of polarised light and L (cm) is the thickness of the sample. This effect arises as
a result of the different indices of refraction for right.jrand left (13.) circularly polarized

light. The difference in the indices of refraction of right and left circularly polarized light (n
-n,.) is proportional to the Faraday rotation 0, which is shown in egition (3) between 0 and

(Ne+ -ns) [33].

O = - (ng, —n,.) €)

The most significant distinction of diluted magnetic semiconductors (DMS) is the presence of
magnetic exchange interactions [19, 34]. Amongst the DMS alloygMAB) investigated,

one can distinguish two types of spin interactions: a) the strong interaction between s, p-band
and d- electrons of Mn and, b) the weaker d-d exchange interaction between neighbouring
magnetic ions. Such exchange interactions between the 3d states”ifiofdnand the
excitonic pair, created by the incident laser beam, induce cause Zeeman splitting [15], which

is then enhanced by the applied magnetic field [BB¢ magnitude of spin-state splitting,



AE,, may be then determined as a difference of Zeeman components of circular polarization
(Eq for o+ and E, for o-), which for Mn2+-based DMS is described in equation 4:
AE,=E;—E;,=N,(B —a)x < S5; > (4)

where No is th Avogadro number, (B — a) is exchange constant for the conduction and
valence band respectively, <Sz> is the thermal average of the Mn2+ spins along the direction
of the applied magnetic field. The magnitude of Zeeman splitting of absorption edge and
exciton level in the Mn2+-doped CdS Q-dot medium yields a distribution of refractive
indices for circularly polarized light [27]. Consequently, there is an enhancement in the

Faraday rotation (0F), which can be expressed in one of the two forrs:

L[F,  (hw)?

6. = AE 5),
F 21c {Eﬁ—fﬁm}z}i o ( )
or

IE 2
g =2Fe M N (B—a)x<S;> (6);

2MC (52— (hw)?)2
where, k is constant, L is thickness of samplg,i& band gap anflo is photon energy of
light. The equation (6) defines the relationship between the Faraday rotation, Zeeman
splitting, energy gap and incident photon energy.
The observation of the highest value of Verdet constant of 12 degree/T-cm in‘hddded
CdS containing Q-dot is the result of spin-state resonance with the incident photon at 405 nm.
As the wavelength increases the spin-resonance condition weakens and, the magnitude of
Verdet constant decreases, which is why the measured values of V show such strong
dependence on the annealing temperature of the glass. The prima facie observations also
show that the Verdet constant is also larger for smaller quantum dot size than that for the
larger Q-dot size, which implies that by optimizing the Q-dot size for reducing the scattering

loss in the medium, there is an opportunity for engineering M-O light waveguide devices.



4 Conclusions

We have successfully demonstrated the growth of CdS aAtiddped CdS Q dots in a glass
matrix. The spectroscopic and microstructural investigations showed a variation in band gap
due to MA*-ion doping.

The data for the range of size distributions of Q-dots of CdS antf-ddped CdS
determined using thEE-TEM, X-ray diffraction line broadening and Bohr radius estimation

are in agreement with the Brus model. As shown Table 1, these values range between 2.24nm
to 4.64 nm and 2.24 to 4.01nm, respectively, for CdS and'-Moped CdS glass Q-dot
glases respectively. The average Q-dot size distribution decreases in felbped Q-dot,
compared with the undoped CdS Q-dot for identical heat treatment conditions.

The photoluminescence spectra in the 430-800nm show distinct features of interaction
between the excitonic pair in CdS with the spin-states ifi Mine emission peak broadening
occurs more iMn?*-doped CdS glass than in the undoped CdS glass.

The Faraday rotation measurements at different wavelengths of lasers in the visible range
demonstrate strong influence of Mions spin-state resonance, which is dependent on the
lower size of the Q-dots. The highest Verdet constant (12 degree/@bseryedin sucha

glassy host, which might be useful for engineering waveguide based Faraday rotation device.
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Graphical Abstract (for review)

Characterizations of Spectroscopic and Magneto-optical Faraday rotation in
Mn?*- doped CdS quantum dots (QDs) in a silicate glass

Shashikant Tekale, Rajendra P. Panmand, Krishna D. Daware, Suresh W. Gosavi,
Animesh Jha and Bharat B. Kale

The control of quantum dots (QD) of hexagonal phase of CdS and Mn?*-doped CdS
in a silicate glass matrix is feasible via conventional glass fusion and annealing
methods. The control of Q-dot structures in a silicate glass matrix offers opportunity
for tailoring both the photoluminescence (PL) and magneto-optical properties which
are characterized herein using the PL and Faraday magneto-optical measurements.
Such glass based optically active materials are potentially suitable for pump
isolators, polarization control in lasers and amplifiers, data encryption, and in
magneto-optical current sensors.
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*Highlights (for review)

Highlightsfor review

We demonstrate control of dimetal chalcogenide quantum dots (CdS dfididped) in a

silicate glass matrix, using post casting annealing process. The size distribution range (2-4.7
nm) of CdS and Mff doped CdS QDs may be tuned by annealing in th&G&6d 656C

range. The photoluminescence spectra change as a result of change in the local field due to
spin-state and excitonic state interaction. Such interaction also lead to a significant
enhancement in the Verdet constant 6.2 to 12.0 deg/Tcm in CdS QD glas$ wolged Q-

dot glass materials for engineering optical waveguides for polarization controlling magento-

optical devices, requiring sub-Tesla field.



