Magneto-optical Stark effect in Fe-doped CdS nanocrystals
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Abstract

Fe2* doping in 11-VI semiconductors, due to the absence of energetically accessible multiple
spin state configurations, has not given rise to interesting spintronic applications. In this work,
we demonstrate for the first time that the interaction of homogeneously doped Fe?* ions with
the host CdS nanocrystal with no clustering is different for the two spin states and produces
two magnetically inequivalent excitonic states upon optical perturbation. We combine ultrafast
transient absorption spectroscopy and density functional theoretical analysis within the ground
and excited states to demonstrate the presence of the magneto-optical Stark effect (MOSE).
The energy gap between the spin states arising due to MOSE does not decay within the time
frame of observation, unlike optical and electrical Stark shifts. This demonstration provides a
stepping-stone for spin-dependent applications.
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The combination of nanotechnologies with quantum physics uses the power of laws of physics
for practical purposes. The use of the spin degree of freedom of an electron, specifically in a
system with strong spin-orbit coupling leading to ultrafast spin selectivity,! promises to lead to
enhancement of data processing speed and integration densities, allowing a reduction in
electrical power consumption in comparison to the conventional electronic devices.?*
However, the most important parameter for potential applications in spintronics is the presence
of multiple low energy spin configurations of the transition metal ions. Hence, even though
iron is naturally magnetic, so far there has been no demonstration of spintronic-like states in
Fe?* doped simple 11-VI semiconductors.> ¢ However, the spin of the Fe dopant is very
sensitive to the local environment and CdS nanocrystals (NCs) have the potential to strongly
hybridize with magnetic ions, beyond the classical description of diluted magnetic
semiconductors.>’ Until now, however, the power of spatial confinement of the wavefunction
as well as the role of dopant-host interactions, free of dopant-dopant interactions, has not been
explored. Here we combine ultrafast transient absorption spectroscopy and density functional
theory within the ground and excited states to demonstrate that the uneven interaction of the



two spin states for uniformly doped Fe?* ions in spatially confined CdS NCs produces two
magnetically inequivalent excitonic states upon mild optical perturbation. Interestingly, this
energy gap arises from a newly discovered phenomenon that we label as Magneto-Optical Stark
Effect (MOSE) and does not decay within the time frame of observation. Further, this gap
corresponds to ~ 2 T external magnetic field that would be required to obtain this splitting from
the Zeeman effect at room temperature, thus demonstrating a long-lived splitting.

Modulation of the absorption edge of semiconductors with external perturbations like an
applied electric field® ° or an optical pulse,” 1 leads to transient shifts in energy within the
bandgap region, due to the non-linear interaction of electronic states with the electric
field/photons, and is known as the Stark shift. In a system wherein the quantum states are
strongly coupled to phonons through exciton-phonon interactions, the optical Stark effect
(OSE) can be used to generate closely spaced spin selective states. However, most often the
quantum states affected by OSE are buried deep in the continuum®! and OSE is only present
for the duration of the illuminating light pulse, typically on ultrafast (femtosecond)
timescales'? ** and are hence not very practical for use in device applications. Additionally, the
possibility of impact ionization'* due to the intense external stimulus limits the modulation of
the absorption edge through the Stark effect. However, the observation of an enhanced Stark
effect in quantum-confined materials compared to their bulk counterparts significantly
enhances their chances in real applications.!® ¢

In this work, we demonstrate the power of small optical perturbations in presence of a Fe?*
dopant uniformly distributed in a semiconductor to generate long-lived spin-selective excited
states using the example of Fe?* doped CdS NCs. We observe that the interaction of Fe?*
acceptor states, uniformly doped within the CdS host semiconductor, is strong and interestingly
spin selective. Upon excitation with a weak optical pulse, we demonstrate that the spin-down
transition interacts strongly with the host while the spin-up states are largely unaffected, as
clearly observed from the DFT calculations, leading to a spin splitting of the degenerate
excitonic states in Fe?* doped CdS systems. In contrast to OSE, this effect is long-lived and
stronger than the best reported shifts so far at room temperature, using a weak excitation fluence
of 24pJ/cm? (Table S1, Supporting information (SI)). We term this phenomenon as MOSE and
establish it with a combination of ultrafast transient absorption (TA) spectroscopy and
theoretical analysis of ground and excited states.

It is important to note here that uniformity of the Fe?* doping in the NCs is crucial to observe
interesting magnetic phenomena.'’-*® Doping in NCs with uniform distribution of the dopants
in the bulk rather than the surface is plagued with non-trivial problems of phase segregation,
leading to the non-uniform distribution of magnetic dopants. However, recent literature has
shown that the use of diffusion of the dopants inside out is successful in generating uniform
doping of Fe?*in the NCs. %21 Here we use a similar technique to obtain Fe?* doped CdS NCs
wherein FesO4 was overcoated with a thick shell of CdS using the successive ionic layer
adsorption and reaction technique?? followed by high temperature annealing (Sec. 11, SI). X-
ray diffraction confirmed the hexagonal structure for the doped as well as undoped CdS, (Fig.
S1, SI) with no signature of any impurity phase. Transmission electron microscopy confirmed
the uniform spherical morphology of both undoped and doped systems (Fig. S2, Sl). The



comparison of Fe and Cd K-edge in Fe doped CdS obtained by extended x-ray absorption fine
structure (Fig, S3, SI) suggests that Fe is replacing Cd in the CdS lattice, corroborating the fact
that Fe is acquiring a +2 oxidation state in the CdS lattice similar to earlier literature.?® 24
Further, the doped system is devoid of any impurity phase of the FesOa4 core, as the Fe K-edge
for the doped system is very different from the Fe K-edge for the core (Fig. S3, SI). Similar to
earlier literature,® 24 no other oxidation state of Fe ions has been observed in our work in the
final sample due to the extended annealing. The absorption spectra exhibit a bandgap of ~2.5
eV for both pristine and Fe?* doped systems, as shown in Fig. S4, SI. TA spectroscopy?® (Sec.
SI1l, SI), both with linearly and circularly polarized light, was used to study the de-excitation
pathways of the doped and pristine CdS. Non-resonant excitation was performed at 3.1 eV
photon energy, while resonant excitation was carried out at 2.58 eV.

For non-resonant excitation, the TA time trace for pristine CdS NCs at 2.5 eV probe energy
(shown in Fig. 1a) reveals a very long excited-state lifetime (> 1 ns measurement window, as
shown in Fig. S5a, Sl), demonstrating the high quality of NCs and the absence of surface trap
states for the electron/hole. The positive differential transmission (AT/T) signal is assigned to
transient photobleaching (PB) of the band-edge excitonic transition. The signal also shows a
build-up time constant of 460+10 fs (Fig. 1b), due to electron/hole relaxation from the higher
energy excitonic states, followed by a biexponential decay, with a small amplitude component
with a time constant of 4.85+0.2 ps and a long-lived signal >1000 ps. In contrast, Fe?* doped
CdS NCs reveal a dramatic difference in the dynamics, namely the PB signal decays within a
few picoseconds as shown in Fig. 1a and the AT/T colour maps (Fig. S5b, Sl). This difference
is attributed to acceptor states created by Fe?* doping. Early time data of Fe?* doped CdS decay
demonstrates that all concentrations of Fe?* doping show an instantaneous rise and a very fast
decay, as shown in Fig. 1b. The decay time constant of the PB signal of Fe?" doped CdS
decreases from 1.37+0.04 ps to 312+10 fs with an increasing percentage of Fe (Table S2, SI).
This decay is similar to the rise time in undoped CdS, explaining the absence of band-edge PL
in Fe?* doped CdS. Importantly, the gradual and systematic decrease in the exciton lifetime of
Fe2* doped CdS with an increasing percentage of Fe (Table S2, Sl) indicates the involvement
of a density of states arising from the interaction of Fe?* with the host rather than just one single
acceptor state of Fe. Additionally, when the decay time-constant is longer than the rise time
of pristine CdS exciton (for example, 1.37+0.04 ps in 5% Fe?* doped CdS), we do not observe
a complete decay of the PB signal, suggesting that few of the excitons do not decay through
the fast Fe channel.

To shed light on the electronic properties of pristine/Fe?* doped CdS, we used the first-
principles density functional theory (DFT) to determine the spin-resolved projected density of
states (PDOS). Undoped CdS, being a non-magnetic system, exhibits degeneracy between the
two spin states (Fig S6, SI). Conduction band minimum (CBM) of undoped CdS is primarily
comprised of Cd-5s orbitals while the valence band maximum (VBM) has major contributions
from S-3p orbitals. DFT calculations with substitution of single and pairs of Fe ions in a 2x2x2
supercell of CdS reveal Fe acceptor states. The negative formation energy of Fe substituted
CdS (Sec. 1V, SI) confirms the stability of substitution. Using Lowdin charge analysis it has
been shown that the s-orbitals of Fe lose ~ 2 electrons, forming Fe?* ions. There is not a



significant change in the Lowdin charges of Fe going from ground state to excited state and
hence the oxidation state remains +2. (Sec. IV, SI). In its ground state, Fe states are mainly
observed as spin-up states along with the S-3p states in the VBM while the CBM largely
comprises the spin-down states at ~1 eV resulting in mid-gap states as evident in Fig. S7, Sl
due to the magnetic nature of Fe ion.

We modelled an exciton using the constrained occupation of electronic states to estimate the
exciton formation energy (Sec. 1V, Sl). Since Fe?* doped CdS is a magnetic system, excitation
of a spin-up/down electron is not equivalent. We find that the excitation of a spin-up electron
involves exciton formation energy of 0.70 eV, while that of a spin-down electron being 0.14
eV (Table S3, SI) with strictly enforced spin selection rules. To understand the interaction of
Fe2* with the host, we examine the PDOS and their respective charge density of frontier states
in Fig. 1c-1f. For spin-down excitation, the acceptor state is delocalized within the host while
the electron state is localized at the Fe ion, suggesting the decay through the Fe states to the
host. In contrast, when the electron is excited from the spin-up states, both electron and hole
are delocalized within the host with no involvement of the Fe states, suggesting a decay through
the band-edge. This not only demonstrates the non-equivalence of the two spin states but also
corroborates the fact that the exciton decay involves the host and hence depends on the density
of states and not just on the atomic-like Fe levels. Further, calculation reveals a reduction in
the magnetic moment of the Fe ion from its value of 3.25 ps/Fe in the ground state to 2.56
ps/Fe in the spin-up and 3.00 ps/Fe in the spin-down excited states, reflecting the different
interaction of the spin states with the host material.

However, it is important to note that this strong hybridization of Fe with the valence band of
the host is only true for low concentration of Fe ions, that is, within the regime, wherein a Fe
atom would not see the presence of other Fe atoms. We study the role of Fe-Fe interactions by
substituting two Fe atoms/cell in our calculations. The relative positions of the two Fe-atoms
were finalized using energy minimization calculations (DFT). PDOS and charge density of the
lowest energy configuration with interacting Fe ions are summarized in Sec 1V, SI. The lowest
energy structure (Sec. 1V, Sl) shows an exciton formation energy of the spin-down electrons
of 0.17 eV that is much lower than the spin-up electrons (1.59 eV). Furthermore, Fe-3d states
behave as both donor and acceptor for the spin-down states, while the spin-up states are
dominated by contributions from the Cd 5s and S 3p, with the same magnetic moment of 3.42
ps/Fe in both ground and excited states (Fig. S8, SI). Hence magneto-optical interaction of the
magnetic ion with the host is destroyed and localized Fe acceptor states lead to instantaneous
quenching of the excitonic states as observed in earlier literature due to intraionic transitions
of magnetic dopants in semiconductors.?6? Thus, clearly, the presence of Fe-Fe interactions
is detrimental to the observed magneto-optical splitting of the spin states.



Delay time (ps) Delay time (ps)

0 2000 400 600 800 1000 0 1 2 3 4 5
1.21 Fe* doped Cds a) b) 1.0
1.0
m Probed at band edge +0.8 =
E 0581 £
£ o4l ] 31ev S%Fe 04 k=
= 24 pdfem? /% Fe S
0.2 H —12%Fe L0.2
0.0+ 0.0
204 Spin up excitation c)
15 ——Fe3d
h ——cCd5s
——5S3p
1 4
0 — S 3s
g mﬁkﬂ__&
g O
2 o0 .
0 V f)z
3 s
o h -
-101 e
——Fe 3d
-151 ——Cd 5s
—5S3p
-204 Spin down excitation —— S 3s e) p

1.0 -05 00 05 1.0 15 20 25
E-E,ono (EV)

Figure 1. (a) Differential transmission dynamics of Fe?* doped and undoped CdS NCs and
zoom-in of the dynamics up to 5 ps region in (b). Spin-resolved projected density of states
(PDOS) of (c) Spin-up excitation, (d) Charge density iso-surfaces depicting the spin-up excited
state hole and electron position; () PDOS of spin-down excitation of Fe?* doped CdS. (f)
Charge density iso-surfaces depicting the spin-down excited state hole and electron position.
Red and silver colours represent positive and negative charge density respectively. Green, grey
and blue spheres correspond to Cd, Fe and S atoms, respectively. Green and red open rectangles
denote the hole and electron states, respectively.

We propose a simplified energy line diagram with the contributions from the various atomic
orbitals to the spin-up/down excited states in Fig. 2a/2b respectively based on observations
from the PDOS and the charge density iso-surfaces. The spin-up excitation is relatively
unhindered as shown in Fig. 2a with regular photobleaching in TA spectra. However, the
absorption is particularly relevant in the spin-down excitation as shown in Fig. 2b wherein it
exhibits a reduction below the resonance energy and an increase above the resonance energy
leading to a nearly symmetrical derivative-like feature. The photoexcitation is just a small
perturbation that initiates the magneto-optical splitting leading to MOSE that would however
persist even beyond the duration of the excitation light pulse if the spin selection rules remain



valid. Therefore, the excitation fluence required to achieve the currently reported splitting is
also much lower (24 pJ/cm?) than the optical Stark shifts in non-magnetic systems reported in
the literature. Typical experimental signatures of a simple OSE include a transient shift of the
optical absorption edge upon excitation with a non-resonant laser and a near symmetrical
derivative-like feature in differential transmission spectra arising from the shift in energy
levels. However, in this case, wherein the excitation is not spin-selective, we observe a sum
of these effects along with normal PB as shown in Fig. 2c. The exact Stark shift for different
Fe concentrations at different time intervals is calculated similar to literature! and is discussed
briefly in Sec V, Sl and depicted in Fig. 2d.
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Figure 2. lllustration of (a) spin-up excitation and (b) spin-down excitation along with the
corresponding line diagram showing the spin-up and spin-down excited states. Schematic
representing (c) sum of spin-up and spin-down excitation, (d) Stark shift calculation.

Figures 3a and 3b show the TA spectra at two different time delays of the NCs, under non-
resonant excitation (3.1 eV) using linearly polarised light. Undoped CdS NCs are characterized



by a single PB peak centered around 2.49+0.01 eV. Fe?* doped systems manifest instead typical
Stark shift spectral signature, namely a derivative-like feature, characterized by a shifting (AE)
of the excitonic absorption peak (Eo). This shift signifies the shift of energy levels, specifically
near the VBM-CBM energies. It is important to note here that the energy splitting is quite
small, and both the states would be accessible during the excitation at room temperature due to
the intrinsic width of the laser excitation. However, the derivative-like difference spectrum
suggests the presence of more than one pathway. One such pathway would be the conventional
biexciton effect?®3! wherein a derivative-like signature stems from the overall sum of the PB
signal and photoinduced absorption. However, we are working with very low fluence (24
pd/cm?) corresponding to an average exciton <N> of about 0.335 as shown in Table S6, SI.
Additionally, our studies at other lower fluences showed identical data (Fig. S9, SI) suggesting
that the biexciton effect is not responsible for these observations. We also note that in literature
this derivative-like feature due to a biexciton effect is present only “immediately after
excitation” (< 2ps) at higher than band gap excitation. Further, this characteristic feature
persists at all measured times after the excitation in the case of Fe?* doped CdS NCs (Fig 3b),
with a similar magnitude beyond the duration of the pulse but dependent on the Fe
concentration in the host as shown in the inset to Fig. 3a. This splitting of the host spin states
in presence of a magnetic ion like Fe is comparable to a Zeeman effect with a ~2 T magnetic
field at room temperature. On the other hand, the use of light as a perturbation without the
magnetic ion would require an increase in the fluence by at least one order of magnitude, as
observed from references in Table S1, SI. However, a combination of OSE with the internal
perturbative field through the magneto-optical effects generates a spin-dependent quantum-
confined Stark effect.

To obtain definitive proof of our proposed mechanism of spin-dependent magneto-optical
effect within the excited state, we have performed helicity-resolved pump-probe
measurements. These measurements were carried out using right circularly polarized probe
pulses while the pump pulses were alternatively polarized with left or right circular
polarization. Polarization-resolved spectra (Fig. 3c and Fig. S10a) and dynamics of AT/T (Fig.
S10b) are measured for 5 % Fe?* doped CdS at 5.5 pJ/cm? pump fluence and 3.1 eV pump
energy with same and opposite helicities. The difference signal for the same and opposite
circular polarisations of the pump and probe pulses is also shown in the figures, demonstrating
a clear AT/T dependence on the circular polarization. This suggests the presence of two
different states that show a change in the orientation of a component of the angular momentum
of the system. This effect instead does not occur in a purely spin-independent wavepacket.®: 32
Additionally, we also show that the difference TA spectrum is non-zero even up to the largest
time scale of measurement (1200 ps) supporting our observation of long-lived spin-dependent
optical phenomena (Fig. S10a, b).
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Figure 3. TA spectra of Fe?* doped and undoped CdS shown at different pump-probe delay of
0.26 ps (a) and 1200 ps (b), for a pump photon energy of 3.1 eV which is above the exciton
resonance energy. Magnitude of Stark shifts (with error bars) in the inset to (a). (c) TA spectra
of Fe?" (5 %) doped CdS using same and opposite pump-probe circular polarizations shown at
a pump-probe delay of 0.26 ps, along with the difference spectrum (d) TA spectra of Fe?* (5%)
doped CdS under resonant and non-resonant excitations at a pump-probe delay of 0.26 ps.

Further, we have studied the fluence dependence of magneto-optical splitting. Even with the
lowest fluence used (2.7 pd/cm?), the derivative signal persists for extended time scales
supporting the occurrence of MOSE (Fig. S11, SlI). Further, to ensure that these observed
signatures correspond to the Stark shift, we performed linearly polarized pump-probe
measurements under resonant conditions wherein an energy splitting rather than a Stark shift
should be present. We expect a decrease in transmission at energies both above and below the
resonance and an increase in transmission at resonance. This typical response is indeed shown
in Fig. 3d (red line) in contrast to the Stark shift in the non-resonant excitation (blue line).

In summary, we demonstrated the MOSE by studying the magneto-optical interactions of the
dopant states with the host electronic states in Fe?* doped CdS NCs, in the absence of Fe-Fe
interactions. Linearly and circularly polarized TA spectroscopy and DFT calculations were
combined to understand the electron transfer within the host into Fe-3d states, elucidating the
quenching behaviour as well as the Stark shift. We showed the emergence of MOSE due to the
magneto-optical interaction for an extended amount of time at room temperature. DFT
calculations of transient and ground-state electronic structure and properties also mirrored these
changes in the transition.
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