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ABSTRACT: We investigated the magnetic control of the Mn Mdgnefic
photoluminescence (PL) in iron oxide/L-cysteine-capped zinc c‘

sulfide (Fe;0,/L-cys ZnS:Mn) nanocomposites via temperature-
and field-dependent PL intensity studies. Fe;O,/L-cys ZnS:Mn was
synthesized following a wet chemical deposition route and then its
physicochemical, morphological, and magnetic properties were
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characterized. X-ray diffraction analysis indicates the formation of a \ y 2 Tetrahedral 172
semiconducting composite material with coexisting phases with LU § A ;j:
high crystalline quality and purity. Electron microscopy reveals that FesOu/L-cys InS:Mn s
the surfaces of the nanoparticles are clean and smooth, sized JohnTeller Induced Zeeman Splitting

between 15 and 30 nm, without any sheathed amorphous phase.
Vibrating sample magnetometry and UV light excitation show a
clear superparamagnetic behavior and an optical response of Fe;O,/L-cys ZnS:Mn, which revealed its bifunctional nature.
Magnetoluminescent coupling at 1.0 T is seen in the form of PL suppression in Fe;0,/L-cys ZnS:Mn from low temperature (10 K)
to room temperature, with a PL intensity drop of ~5% at 10 K and a maximum drop of 10% at room temperature. This observation
can be explained by restriction of the energy transfer to Mn orbitals through magnetic ordering and Jahn—Teller distortions. Fe;0,/
L-cys ZnS:Mn shows promise as a bifunctional biocompatible compound that can be applied as a theranostic agent and a quantum
computational element. A deeper understanding behind the magnetic control of the optical response in bifunctional materials brings
forth new arenas in diagnostics and drug delivery.

B INTRODUCTION ascribed to the prominent exchange interaction between the
sp band electrons of ZnS and the d electrons of Mn>*
ions.”> ™" Recent challenges in ZnS:Mn focus on better
understanding the mechanism by which the spin-forbidden
4T, —SA, transition of manganese becomes less spin forbidden,

Various research initiatives for producing new tools to advance
magnetoluminescent (ML) technology have led to widespread
attention on diluted magnetic semiconductors (DMSs).'~*
DMSs exhibit unique properties, offering ample opportunities
for designing photonic devices with tunable functionalities.’
Doping of transition metal ions into DMSs induces the
hybridization of sp levels of host matrixes with the d orbitals of
impurities, whose degeneracy is lifted by Zeeman splitting.*’
Such a hybridization along with itinerant carriers may trigger
interactions between localized d orbitals (e.g.,, double or super
exchange), anion vacancies, and lattice cores. As a result,
different magnetic orderings (paramagnetism, superparamag-
netism, ferromagnetism, or antiferromagnetism) are estab-
lished depending on the strength of the d—d and the d—sp
exchange interactions.® ! In this sense, new optical, magnetic,
and ML responses may be tuned by surface modification and
depletion of shallow luminescent centers. To date, only a few Received: December 17, 2020
reports that elucidate the hybridization mechanism in Accepted:  March 2, 2021
magneto-optics have been documented.'”™"* Published: March 10, 2021
Nanostructured zinc sulfide (ZnS) doped slightly (i.e., <5%)
with manganese (ZnS:Mn) has been studied due to its lifetime
shortening and high photoluminescence (PL) efficiency,

which would in turn bring about faster energy transfer via
orbital hybridization.">'®*" Tt has been reported that ZnS:Mn
(dopin§ < 5%) exhibits ferromagnetic ordering below 30
K,'>'%?° which is associated with both the movement of the d-
level within the host lattice and the degree of disorder due to
its low dimensionality.”” Sarkar et al. reported that the
ferromagnetic ordering-induced spin-sensitive energy transfer
to Mn-states in ZnS:Mn can produce a significant drop of
emission band PL intensity at high magnetic fields (20—50
T).">*° More recently, our group reported that the internal
orange emission transition in ferromagnetically ordered

© 2021 The Authors. Published b
American Chemical Societ; https://dx.doi.org/10.1021/acsomega.0c06164

)2 ACS Publications 7598 ACS Omega 2021, 6, 75987604


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shyam+Sutariya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammed+Bsatee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Olesia+Gololobova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daysi+Diaz-Diestra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bibek+Thapa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brad+R.+Weiner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brad+R.+Weiner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerardo+Morell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wojciech+M.+Jadwisienczak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Beltran-Huarac"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.0c06164&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c06164?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c06164?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c06164?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c06164?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c06164?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/11?ref=pdf
https://pubs.acs.org/toc/acsodf/6/11?ref=pdf
https://pubs.acs.org/toc/acsodf/6/11?ref=pdf
https://pubs.acs.org/toc/acsodf/6/11?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c06164?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

ZnS:Mn is stable when exposed to low magnetic fields (~1
T).'° No ML coupling was reported in its paramagnetic phase,
between 40 and 90 K.'° In a separate account, we showed that
a surface modification of ZnS:Mn with a surrounding magnetic
perovskite matrix induced a ML response at moderate
temperatures of up to 225 K at 1 T. This was explained by
evoking a magnetic ordering-induced spin-dependent restric-
tion of the energy transfer to Mn states.”’ L-Cysteine-capped
nano-ZnS was applied as a fluorescence probe for protein
detection.”” Recently, we employed 1-cysteine-capped ZnS:Mn
quantum dots as probes for dopamine detection.'” Nonethe-
less, rare earth-free ZnS:Mn systems capable of activating spin-
dependent restrictions upon surface modification remain still
unsettled.

We report here a comprehensive study on the magnetic
control of the Mn PL in iron oxide (Fe;O,)/L-cysteine-capped
ZnS:Mn (Fe;0,/L-cys ZnS:Mn) nanocomposites. Fe;O,, used
as the biocompatible matrix for ZnS:Mn, exhibits a super-
paramagnetic response at room temperature (RT).24 The
synthesis and material properties of Fe;0,/L-cys ZnS:Mn are
studied along with its optical response. The orange emission
tunability of the nanocomposite stems from L-cys ZnS:Mn,
obtained from temperature- and field-dependent studies, and
indicates that ML coupling takes place even at temperatures
higher than that of the ferromagnetic ordering when exposed
to low magnetic fields.

B RESULTS AND DISCUSSION

The optimized Fe;O,/L-cys ZnS:Mn product was synthesized
via wet chemical routes and manufactured into powder and
pellet forms for characterization. Quality control inductively
coupled plasma (ICP) elemental analysis revealed that the
composition of the compound contains 15.3% w/w Fe;O,,
19.8% w/w ZnS, and 1.7% w/w of Mn (11.1% of Fe and 13.3%
of Zn). To study the structure, crystallinity, phase, and size of
the products, we conducted X-ray diffraction (XRD). The
XRD pattern of Fe;O,/i-cys ZnS:Mn (Fe;O, and L-cys
ZnS:Mn are also included for comparison) is depicted in
Figure 1. The diffraction peaks observed were indexed to the

Fes0.
Fe;0,/ L-cys ZnS:Mn
L-cys ZnS:Mn

Intensity (a. u.)

20 (deg.)

Figure 1. XRD patterns of the Fe;O,/L-cys ZnS:Mn nanocomposites
and the Fe;0, and L-cys ZnS:Mn NPs.

diffraction planes of the cubic sphalerite ZnS phase [(111),
(220), and (311)] and the cubic inverse spinel Fe;O, phase
[(220), (311), (400), (422), (511), (440), and (553)], in
accordance with the JCPDS no. 77-2100 and JCPDS no. 79-
0418 cards, respectively.”* ">’ The observed well-defined peaks,
the absence of mix-valence phases (including Fe,O; and ZnO)
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in the XRD pattern, and the coexistence of both phases
evidently suggest the formation of the semiconducting and
composite materials with high crystalline quality and purity.
Note that there is a small but noticeable peak between the
(311) and (400) diffraction peaks. Because the peak is not
well-defined and very low in intensity (basically at the level of
the signal-to-noise ratio), the peak is presumably related to a
secondary or parasitic phase typical in iron-based nano-
composites. The broadening of the diffraction peaks is ascribed
to the nanocrystalline nature of the particles. Their average
crystallite size was calculated using Scherrer’s formula, yielding
~11 nm for Fe;0,/L-cys ZnS:Mn. Similar calculations yield ~3
nm for L-cys ZnS:Mn and ~8 nm for Fe;O,. It was also
observed that the diffraction peaks of Fe;O,/L-cys ZnS:Mn
were relatively shifted (and consequently overlapped) when
compared to those of bare Fe;O, and L-cys ZnS:Mn. This is
due to the internal strain between both phases developed
during the synthesis conditions, and to the lattice mis-
match.”"**

To further confirm the size of the nanoparticles (NPs), and
determine their morphology and degree of abundance,
transmission electron microscopy (TEM) was conducted by
dispersing the NPs onto carbon grids. TEM images of Fe;0,/
L-cys ZnS:Mn nanocomposites (L-cys ZnS:Mn and Fe;0, are
also shown for comparison) are depicted in Figure 2. It was
observed that the Fe;O,/L-cys ZnS:Mn nanocomposites form
some thin clusters with minor void volumes (Figure 2b). From
the gray scale contrasts, they appear to be composed of small
crystalline NPs formed by two different constituents (Figure
2a,c). In general, the surfaces of individual particles are clean
and smooth without any sheathed amorphous phase, which
indicates that our synthesis method provides a low degree of
interdiffusion between Fe;O, and L-cys ZnS:Mn and the
surrounding medium. The NP size was determined to be 22 +
8 nm, consistent with that estimated from XRD analysis. It
should be noted that the electron beam illumination did not
cause any increase of planar induced phase transformation or
amorphous carbon deposition. The polycrystalline nature of
the nanocomposite was corroborated via selected area electron
diffraction as shown in the inset of Figure 2b.

To evaluate whether Fe;O,/L-cys ZnS:Mn inherited the
intrinsic magnetic properties of Fe;O, cores, vibrating sample
magnetometry (VSM) was performed on each type of NP at
RT. The M—H curves of bare Fe;O, and Fe;O,/ZnS:Mn
collected at RT are depicted in Figure 3. The curves show that
Fe;0, exhibits a high saturation magnetization (M) of 71.5
emu g~ ', negligible coercivity (Hc), and almost-zero remnant
field (Mg, very low volume anisotropy). Along with the fact
that Fe;0, is rapidly magnetized when exposed to an external
magnetic field, it provides clear indication that Fe;O, is
superparamagnetic, consistent with the single-domain super-
paramagnetic criteria in this size regime (average core size < 20
nm).”> When compared to Fe;O,, Fe;0,/L-cys ZnS:Mn shows
a similar magnetic trend that arises from the super-
paramagnetic cores.””*® Fe;0,/1-cys ZnS:Mn possesses a
saturation magnetization of 36.5 emu g~'. The decrease in
observed Mg (~45% compared to Fe;O,) is ascribed to the
charge transfer change caused by the interaction between L-cys
ZnS:Mn and Fe;0,°' "% and to the dielectric ordering
coupled to the superparamagnetic phase that acts as voids or
pores in the presence of an external magnetic field. These
effects disrupt the ma§netic circuits thus resulting in a
significant drop of M.*" A reduction of My and H from

https://dx.doi.org/10.1021/acsomega.0c06164
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Figure 2. Bright-field TEM images of (a) Fe;O, NPs, (b) Fe;0,/L-cys ZnS:Mn nanocomposites (the inset shows the selected area electron

diffraction pattern of Fe;O,/1-cys ZnS:Mn), and (c) L-cys ZnS:Mn NPs.
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Figure 3. M—H curves of Fe;0, and Fe;0,/L-cys ZnS:Mn.

1.75 to 0.63 emu g ' and from p,Hc = 2.33 to 1.53 mT,
respectively, was observed when L-cys ZnS:Mn is incorporated
with Fe;0,.

We conducted temperature-dependent PL spectroscopy on
Fe;O,/1-cys ZnS:Mn. Figures 4a and S1 shows the PL
response as a function of temperature for Fe;0,/L-cys ZnS:Mn
and L-cys ZnS:Mn taken after two cycles of temperature
measurement, respectively. On average, the respective PL
intensities (as seen in Figure 4b) showed an intensity
suppression for Fe;O,/L-cys ZnS:Mn when compared to L-
cys ZnS:Mn in all ranges of temperatures. This effect is
ascribed to the presence of Fe;O,, which acts similar to
activated impurities. This process changes surface defect
(vacancy) states for energy transfer that in turn reduce the

influence of Mn?*. The whole effect results in lowering the
amount of *T,—%A, transitions.””**

We have studied the ML effect of Fe;O,/L-cys ZnS:Mn in
the presence and absence of an external magnetic field (1.0 T)
in the temperature range of 10—300 K. ML measurements
were performed by applying a static magnetic field on the
longitudinal plane of Fe;O,/L-cys ZnS:Mn, above and below
its superparamagnetic ordering temperature. Prominent and
reproducible ML coupling was observed at various temperature
ranges, as depicted in Figure 5.

A noticeable drop in the ML intensity for the Fe;O,/L-cys
ZnS:Mn was observed from low temperature (LT) (10 K) to
RT. The calculated percentage difference of the PL intensity
between zero field and 1.0 T at 10 K was ~4.5%, which
reached a peak value of ~10% at 300 K. This quenching
correlates well with the changes in the PL spectra under zero
field, attributed to the charge transfer change caused by the
interaction of Fe;0, with 1-cys ZnS:Mn."* The ML-quenching
mechanism is ascribed to the photoinduced electron transfer
between the conducting and valence bands (Figure 6).
ZnS:Mn containing NPs exhibit a characteristic band, an
internal Mn?* ion transition between the *T first excited state
(spin 3/2) and the ®A; ground state (spin 5/2).'%*" It results
in a unique energy transfer pathway in which the exciton flows
from the s—p electron—hole pair band states (host ZnS) to the
Mn?* jon d-electron states rather than the ground state, leading
to a broad orange emission band centered at ~598 nm (Figure
6¢).'° When Fe,O, is linked to create the bifunctional
nanocomposite, the energy transfer pathway is disrup-
ted.’”*¥3>3% In the absence of a magnetic field, the PL

300
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Figure 4. (a) Maximum PL intensity of the orange emission band (598 nm) as a function of temperature of Fe;O,/1-cys ZnS:Mn at 325 nm
excitation and zero field. PL spectra were collected following the sequence: (1) sample was cooled from RT to LT, (2) sample was warmed up from
LT to RT, (3) sample was cooled down from RT to LT, and (4) sample was warmed up from LT to RT. (b) Averaged PL intensities of L-cys

ZnS:Mn and Fe;O,/1-cys ZnS:Mn in zero field.
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Figure 5. (a—c) PL spectra of the Fe;O,/L-cys ZnS:Mn nanocomposites at 10, 125, and 250 K in the absence and presence of an external magnetic
field (1.0 T). (d) High peak PL intensity as a function of temperature of Fe;0,/L-cys ZnS:Mn in the absence and presence of an external magnetic
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Figure 6. (a) Inverse spinel lattice structure of Fe;O, (magnetite). (b) Tetrahedral and octahedral distortion of Fe;O, (c) Mechanism of the
internal Mn-PL transition of Fe;O,/1-cys ZnS:Mn restricted by magnetic-ordering-induced spin dependence.

suppression is due to the inherent nature of adding impurities
to a lattice. The Fe;O, in Fe;0,/L-cys ZnS:Mn provides
vacancies in which the excitons may flow to rather than the
Mn?* band, lowering the number of *T;—°A, transitions and
leading to a decrease of recombinant photons and PL
intensity.”””” Further suppression, due to ML coupling, may
be a result of ordering within magnetic domains. When
magnetic domains within the nanocomposite are oriented in a
nonsuperparamagnetic fashion the PL intensity might drop.
The exposure to a magnetic field (>0.2 T) is known to induce
Zeeman splitting, splitting the d-electron orbitals of Mn from §

7601

to 10 (4 for the first excited state and 6 for the ground state)
nondegenerate orbitals."> The magnetic ordering can result in
spin polarization, which would limit the pathway that excitons
are able to take from within the internal split Mn bands
(Figure 6¢). In this sense, less excitons could flow from *T| to
SA,, instead opting for the more energetically favored spin-
restricted transitions, resulting in less photons being emitted.
In addition, the structure may have also an effect on the PL
intensity. The magnetic matrix (Fe;O,) within the nano-
composite has an inverse spinel lattice structure.”® This means
that there are both tetrahedral and octahedral domains within

https://dx.doi.org/10.1021/acsomega.0c06164
ACS Omega 2021, 6, 7598—7604
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the lattice, each able to undergo their own Jahn—Teller
distortions (Figure 6a,b). Nonlinear molecules (including
Fe;0,) undergo geometric distortions to lower the overall
energy by removing degeneracy, resulting in spin polar-
ization.*” These distortions are also able to block the flow of
excitons due to further spin polarization, resulting in less
photon emission”’ Nonetheless, further studies are needed to
better understand the dynamics of excitonic complexes at
which magnetic ordering shifts for Fe;O,/1-cys ZnS:Mn and
other bifunctional biocompatible nanosystems.

B CONCLUSIONS

We have produced bifunctional nanocomposites to remotely
control their orange emission by applying an external magnetic
field. Biocompatible Fe;O,/L-cys ZnS:Mn nanocomposites
were synthesized via a wet chemical deposition route using
bare iron oxide NPs as seeds to grow L-cys ZnS:Mn NPs.
Physicochemical characterization indicates that the nano-
composites exhibit high crystalline quality and purity with a
superparamagnetic response arising from magnetite and orange
emission from L-cys ZnS:Mn. It is proposed that the internal
transition of excitons from the conduction band to the Mn
states is disrupted by the presence of Fe;O,. Paired with a
magnetic field that causes Zeeman splitting, the spin-selective
energy transfer is also compromised. Jahn—Teller distortions
may lower the overall energy by also removing degeneracy
resulting in spin polarization, which is able to block the flow of
excitons due to further spin polarization. The results presented
here help explain the underlying factors contributing to the ML
properties of bifunctional nanocomposites, and reveals the
potential of Fe;O,/L-cys ZnS:Mn as a bifunctional compound
whose optical properties can be remotely adjusted, which is
suitable for theranostics, magneto-optics, spintronics, and
nanoelectronics.

B EXPERIMENTAL SECTION

Materials. Hexane (anhydrous, 95%), ethyl alcohol
(EtOH), oleic acid (OA, 99%), tri-n-octylamine (TOA,
>98.0%), and sodium oleate (NaOL, >97.0%) were purchased
from Alfa Aesar. Sodium hydroxide (NaOH), iron(III)
chloride hexahydrate (FeCl;-6H,0, 97.0—102.0%), zinc sulfate
monohydrate (ZnSO,-H,0), manganese chloride tetrahydrate
(MnCl,-4H,0), sodium sulfide (Na,S), and L-cysteine were
purchased from Sigma-Aldrich and were used without further
purification.

Synthesis of L-Cys ZnS:Mn NPs. 1-Cys ZnS:Mn was
synthesized via an inorganic wet chemical approach reported
previously by our research group.'®'”* In general, 90 mg of
ZnSO,, 3 mg of MnCl,, and 121 mg of L-cysteine were
dissolved in high-purity deionized (DI) water. The pH of the
resulting mixture was adjusted to 11 using 1 M NaOH. S mL
of 0.2 M aqueous solution of Na,S was gradually added in the
presence of argon, then stirred under reflux for 14 h at 50 °C in
open air. The collected NPs were purified by ultra-
centrifugation followed by thorough rinsing with water, and
then freeze-dried to obtain the final product in the powder
form. Adding L-cysteine to the surface of ZnS:Mn provides
more dispersibility in aqueous solution minimizing particle
aggregation, which in turn can prevent fluorescence quenching
due to nonspecific binding.”**

Synthesis of Fe;0, NPs. Fe;O, was synthesized via
thermal decomposition reported previously by our research
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group with minor modifications.” Briefly, OA (1.5 mmol) and
iron oleate (3 mmol) were dissolved in TOA (45 mL) through
bath sonication. The solution was degassed for 30 min in the
presence of nitrogen, and then aged at 340 °C (a heating rate
of 10 °C/min up to 340 °C) for 2 h. The final product was
allowed to cool down to RT before being collected as the pellet
via centrifugation. The pellet was freeze-dried and then used in
part for further synthesis procedures and characterization.

Synthesis of Fe;0,/t-Cys ZnS:Mn Nanocomposites.
Fe;0,/L-cys ZnS:Mn was synthesized following a wet chemical
deposition route.”"”° Bare iron oxide NPs were used as seeds,
and suspended in 85 mL of DI H,O at a concentration of 0.05
M. Then, 5 mL of the L-cysteine solution (0.1 M), S mL of the
ZnSO, solution (2 M), and S mL of MnCl, (1 M) were
gradually added and stirred vigorously for 10 min. To
deprotonate the thiol groups of L-cysteine so they could
anchor the Zn** and Mn?" sites onto the surface of seed cores,
the pH of the solution was increased to 11 by adding 1 M
NaOH. The solution was then purged with N, for 30 min
before 10 mL of the Na,$ solution (1.1 M) was injected to the
flask. The solution was then aged at 50 °C for 2 h.
Ultracentrifugation was then used to remove the flocculate.
After redispersion in DI H,O and ethanol, the resulting
solution was further centrifuged before being magnetically
collected, vigorously rinsed, and freeze-dried.

Mass Spectrometry Analysis. Actual elemental compo-
sition was measured via ICP—mass spectrometry (ICP—MS)
analysis using a NexION 300D ICP mass spectrometer
(PerkinElmer, USA) equipped with SC4-DX autosamplers
(ESL, USA). Decomposition of the samples’ matrix was
performed by heating at 70 °C for 16 h after the addition of
trace metal grade nitric acid (20% aqueous solution). Digested
samples were diluted (1:10) with pico-pure water and with 2%
nitric acid to fit into the calibration curve. ICP—MS was
operated in standard mode, all operating parameters were
optimized to meet requirements as defined by the
manufacturer prior to method calibration and analysis.
Calibration curves were constructed using a five-point
calibration curve in a range 10—1000 ppb for Fe and 0.1-10
ppb for Zn and Mn. Five replicates were analyzed per sample.
Quantification was performed by germanium as an internal
standard.

Structural and Magnetic Characterization. The phase
and crystallinity of Fe;O, L-cys ZnS:Mn, and Fe;O,/L-cys
ZnS:Mn were analyzed from diffractograms recorded using a
SmartLab powder X-ray diffractometer (Rigaku Corporation)
equipped with a Cu Ka radiation source (1 = 1.5406 A)
operating at an accelerating potential of 40 kV and a tube
current of 44 mA. The size, surface morphology, and degree of
abundance were studied from micrographs using a Carl Zeiss
Leo 922 transmission electron microscope. The RT magnetic
properties were studied using a vibrating sample magnetometer
(Lakeshore 7400).

Optical Characterization. The temperature-dependent
PL data were collected using a procedure reported else-
where.'”*! The NPs in the pellet form were mounted on the
cold-finger of a closed-cycle helium-cryostat operating from 10
to 320 K under high vacuum conditions (<0.1 mPa). The
samples were then excited with a 325 nm He—Cd laser (model
IK 3202R-D) with a maximum power of 3.2 mW mm > The
PL signal was dispersed using a 0.3 m Acton spectrometer with
changeable holographic gratings and analyzed using a Prince-
ton Instrument PI-MAX charge-coupled device camera
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equipped with a UV intensifier, operating in the spectral region
of 200—950 nm.

ML Measurements. ML spectra were recorded by placing
the samples onto the cold stage of a closed-cycle cryostat
(model 202-E) coupled to an electromagnet (Lake Shore,
model EM4-HVA). First, the system was evacuated followed
by the temperature setting. The magnetic field strength was
monitored with a Gauss meter probe (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
collection (~5—10 min). The temperature was monitored
using a temperature controller (Lake Shore 340) with a
stability of +0.5 K. The samples were excited with a 325 nm
He—Cd laser (Model IK 3202R-D) with an excitation power
density of 2.6 mW mm™> The optical signal was collected
using a fiber optic spectrometer (Ocean Optics, model
USB2000+). Different optical filters were used along the
optical detection path to selectively record luminescence from
studied specimens. Typically, spectra were measured only at
selected temperatures. Samples were magnetized individually
after a specimen reached a temperature set point. During
temperature change cycles, between different set points, the
magnetic field was turned off. As the temperature was set and
stabilized, the sample underwent two temperature cycles. A
temperature cycle is defined as the process of cooling the
sample from RT to LT or the process of warming the sample
from LT to RT. Consequently, a 2-cycle measurement is the
temperature change from RT(1) to LT(1), LT(1) to RT(1),
and RT(2) to LT(2), and finally LT(2) to RT(2). Extra
precautions in experimental error/drag were taken into
account to eliminate laser beam intensity drift (+0.001
mW), cryostat temperature fluctuations (+0.5 K), and to
provide external magnetic field stability (£10 Oe) over >60
min.
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