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ABSTRACT

A theoretical investigation is conducted to describe optoelectronic properties of Fe-doped montmorillonite
nanoclay under low spin (LS), intermediate spin (IS), and high spin (HS). Ground state electronic properties
are studied using spin-polarized density functional theory calculations. The nonradiative and radiative
relaxation channels of charge carriers are studied by computing nonadiabatic couplings (NACs) using ‘on-
the-fly’ approach from adiabatic molecular dynamics trajectories. The NACs are further processed using
reduced density matrix approach with the Redfield formalism. The computational results are presented for
electronic density of states, absorption spectra, charge carrier dynamics, and photoluminescence by
comparing various spin multiplicities. Results on spin o and spin § components are independent and quite
different due to the partial occupation of Fe 3d states. Overall, HS is the most stable with the largest Fe-O
distances. One finds different nonradiative relaxation pathways in space and on time scale for electrons and

holes. The Redfield PL reveals obvious Fe 3d-3d transitions for LS and IS.
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Clay minerals are fine-grained soils that include a group of layered aluminum silicates or
magnesium silicates, also known as phyllosilicates. Clay minerals have attracted widespread
attention due to their different applications in industries such as drug-delivery systems,! catalyst
supports,>? templates in organic synthesis,* cosmetics,” wastewater treatment,®, and petroleum
industry.” Understanding the optoelectronic properties of these types of minerals is a topic of great
interest among researchers, especially in multidisciplinary fields such as chemistry, physics,
engineering, and earth sciences.

Montmorillonite (MMT) with the chemical formula of Al,SizOo(OH),® belongs to the
smectite (2:1) clay minerals category that consists of one alumina octahedral (O) sheet sandwiched
between two silica tetrahedral (T) sheets, T-O-T.? These T-O-T layers are stacked in the ¢ direction
by relatively weak attractive van der Waals forces.!? Several isomorphic substitutions can happen
that lead to the negative charge of layers, with the most common substitutions being AI** or Fe3*
to replace Si*' in tetrahedral sheets and Mg?*or Fe?* to replace AI** in octahedral sheets. Different
interlayer counterions such as Na*, Mg?*, K*, Ca?", and Cs* can balance the negative charges
induced by isomorphic substitution.®!'=17 In addition, it is found that Fe3*-MMT has enhanced
adsorption of organics due to strong interactions such as ligand exchange, van der Waals forces,

and H-bonding.'®

Several experiments have been carried out to explore the physical and chemical features of
MMT minerals. For instance, it was investigated that the number of exchangeable cations and
hydration capability plays a governing role in the amount of absorbed water in MMT minerals.!®20
Moreover, studying of conductance behavior of ions with high valence in MMT reveals that these
minerals can be used as promising solid electrolyte materials.?! There has been density functional

theory (DFT)?>23 studies to explore the electronic properties of MMT minerals.?*28 For example,
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with Perdew-Burke-Ernzerhof (PBE)? functional, a direct band gap of ~ 5.1 eV was reported for
MMT.?® Wungu et al. investigated Li migration from the interlayer into the vacant octahedral site
of MMT.?* The migration led to structural changes of MMT including reorientation of OH groups.
The resulting Li-MMT exhibited charge transfer between Li and MMT and maintained insulating
behavior. Despite extensive studies on electronic properties, optoelectronic properties of MMT
with dopants are still worth investigating.

In this work, we carry out spin-polarized DFT calculations to study the ground state
electronic properties for Fe-doped MMT with low spin (LS), intermediate spin (IS), and high spin
(HS) multiplicities. A similar strategy has been adopted to study Russell-Saunders splitting for
lanthanide ions doped in hexagonal ()-NaYF, nanocrystals.>* We then focus on the nonradiative
relaxation of charge carriers and photoluminescence (PL) following photoexcitation. Such
calculations require descriptions of nonadiabatic couplings (NACs) between electronic and nuclear
degrees of freedom, which serve as parameters for the reduced density matrix (RDM) approach?3!-3?
with the Redfield formalism.3*3* We aim to provide physical insight into the relaxation behavior
of excitation energy for the system with different spin multiplicities where spin majority and spin
minority components are studied independently. The results of this study on optoelectronic
properties of Fe-doped MMT are expected to pave the way for the development of advanced
application of clay minerals in various industries such as pharmaceutical and biomaterial
applications.

Figure 1a-c shows the simplified schematic band diagram of Fe** doped MMT under
different spin multiplicities. Ideally, one would expect the ‘sandwich-like’ electronic structures
with valence band (VB) and conduction band (CB) mainly contributed by the transparent MMT

host, and partially filled 3d° orbitals from Fe3* as fillings between VB and CB. The crystal field
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splitting energy decreases from LS to HS. Photoexcitation can lead to several types of electronic
transitions: VB — CB, VB — unoccupied Fe*" 3d°, occupied Fe** 3d° — CB, and occupied Fe**
3d® — unoccupied Fe’* 3d°.

The atomistic model in this work is derived from MMT with a formula of
AlgSi6040(OH)g.3>3¢ One of the Al atoms in the octahedral sheet is substituted with a Fe atom.
The resulting Fe-MMT structures are geometry optimized under LS, IS, and HS, respectively.
During the geometry optimization, the ionic positions are allowed to change, while cell volumes
and cell shapes are not. The optimized structure of HS Fe-MMT is shown in Figure 1d.

The total energies of optimized geometries for LS, IS, and HS are -598.460 (E — Eys =
0.449), -598.462 (E — Eys = 0.447), and -598.909 (E — Eys = 0) eV, respectively. HS with the
lowest total energy agrees with Hund’s rule. One also finds structural changes from LS to HS. The
average distances between Fe and six nearest neighboring O of optimized geometries for LS, IS,
and HS are 1.96 A, 2.00 A, and 2.03 A respectively (see supporting information Table S1). HS
with the lowest total energy is found with the longest averaged Fe-O distances.

Figure 2a-c shows the partial density of states (PDOS) of optimized geometries for various
spin multiplicities. In general, the Fe 3d states are found inside the gap of the host materials. From
LS to HS, one starts to see the shifting of Fe 3d states for spin oo components toward the VB edge
of host materials, while the corresponding spin 3 components remain almost unchanged. As a
result, one finds the increased degree of mixing of Fe 3d with O 2p orbitals in spin a from IS to
HS. Substantial differences are observed between spin o and spin § components for Fe 3d states
due to their partial occupations. By contrast, the spin o and spin B components are symmetric for
regions in which Fe 3d orbitals make minimal contributions, as they are composed of filled s and

p orbitals with spin-paired electrons of the host materials.
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For LS, the frontier orbitals are composed of Fe 3d states and HO-LU gaps are ~ 1.52 and
0.41 eV for spin a and spin 3, respectively. For spin o of IS, the frontier orbitals consist of mixed
Fe 3d and O 2p orbitals and the HO-LU gap is ~ 0.74 eV. For spin 3 of IS, the frontier orbitals are
contributed by Fe 3d orbitals and the HO-LU gap is ~ 0.72 eV. For spin o of HS, the HO orbital
is composed of mixed Fe 3d and O 2p orbitals, whereas the LU orbital of Al, Si, and O s orbitals.
The HO-LU gap of spin a is ~ 4.62 eV. For spin 3 of HS, the HO is contributed by O 2p orbitals,
whereas the LU is by Fe 3d orbitals. The HO-LU gap of spin B is ~ 2.23 eV. One should bear in
mind that the electronic structures are obtained using PBE functional.?%37 It is thus not surprising
to learn that the band alignment is different from the one depicted in the schematic diagram in
Figure 1. A band gap of 2.56 eV is observed for Na-MMT models by using generalized gradient
approximation (GGA) with the exchange-correlation functional of Perdew—Wang 913%3% where
only AI**Mg?" substitution took place in the octahedral sheets.?> Ferreira et al.* calculated
different band gaps for Fe-MMT-Na models utilizing various functionals and found band gaps of
1.4 eV by PBE, 7.0 eV by a modified Becke-Johnson (mBJ),?%#! and 4.3 eV by taking advantage
of the hybrid Heyd-Scuseria-Ernzerhof (HSE06),* with the latter comparable to experimental
results. To more accurately describe the electronic structures of Fe-MMT for various spin
multiplicities, one needs to use PBE + U (Hubbard correction)**** or hybrid functionals such as
HSE06.4

Considering the ‘sandwich-like’ electronic structures are preserved for all spin [
components, we will focus on these components for charge carrier dynamics and PL calculations.
The results for spin a components can be found in supporting information. Note that we do not
exclude the possibility of optical transitions that change the overall spin on the model e. g. from

HS to LS. However, in this work, we perform spin-polarized DFT calculations to describe various
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spin multiplicities of Fe-doped MMT. In this case, the spin is conserved and only a-a or -
transitions are allowed. Non-collinear spin DFT calculations*~47 with spin-orbit coupling (SOC)
effect that enables the spin-flip transitions would be a subject for future work. Such an
implementation is available for the study of electronic structures of trivalent lanthanide ions doped
B-NaYF, nanocrystals.*®

Figure 2d shows the computed absorption spectra of spin 3 components for LS, IS, and
HS. The absorption corresponds to electronic transitions from occupied to unoccupied electronic
states. The intensity is related to the transition dipole, which depends on the spatial overlap
between electronic states under independent orbital approximations (I0OAs).*>° For LS and IS,
features a-c and a'-b' are due to Fe d-d transitions, with the most intense transitions from HO-
1—LU at 0.55 eV and HO—LU at 0.72 eV, respectively. Such d-d transitions are not observed for
HS, as all Fe 3d orbitals are unoccupied in spin 3. The leading contributions for features d, f-g, c',
e'-f', and a"-e¢" are from O 2p — Fe 3d transitions. Features ¢ and d' show transitions with
characteristics of Fe 3d — host s orbitals.

Next, one computes NACs using the ‘on-the-fly’ approach from adiabatic molecular
dynamics trajectories. NACs are then processed using the autocorrelation function, the Fourier
transform of which provides components of Redfield tensor according to the RDM approach with
the Redfield formalism. The Redfield tensors control the level-to-level transition rates due to
lattice vibrations. The details can be found in previous work.3!3> Note here NACs rely on solving
Kohn-Sham equations using the projected augmented wave (PAW)>? pseudopotentials. Recently,
it has been shown that for transition metals the pseudopotentials can provide errors to the computed
NAC vectors.’* One should consider the calculation of NACs between all-electron wave functions

when subshell d-electrons are involved in the transitions. Since we are conducting comparative
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studies focusing on various spin multiplicities, the general trend of relaxations governed by NACs
with PAW wave functions is expected to hold if we instead employ NACs with all-electron wave
functions.

Figure 3 depicts the charge carriers' dynamics of spin B components for various spin
multiplicities of Fe-MMT computed based on Redfield tensors. The left panels show isocontours
of population density changes as a function of energy and time, whereas the middle panels show
changes as a function of z-projection and time. The yellow, blue, and green colors indicate electron
gain, loss, and no change compared to the equilibrium distributions, respectively. There is an initial
photoexcitation, which creates a hot hole residing at HO-x and a hot electron at LU+y. This initial
photoexcitation HO-x — LU+y corresponds to the probable transitions with large oscillator
strengths (strong peaks around 6 eV in Figure 2d). Here, HO-x orbitals are concentrated on O 2p
orbitals, while LU+y on s orbitals of the host. Following the initial photoexcitation, hot charge
carriers experience level-to-level transitions until the electron relaxes to LU and hole to HO by
releasing excessive energy into heat.

Along the excited state trajectories, one finds several intermediate electronic states.
Specifically, LU+1 and LU+2 are long-lived intermediate states of hot electrons, while HO-2 and
HO-1 are long-lived intermediate states of hot holes, for LS and IS, respectively. Note that HO-1
to LU+2 and HO to LU+3 orbitals are five Fe 3d orbitals for LS and IS, respectively. For HS, only
the hot electron shows a long-lived state at LU+3 corresponding to one of the Fe 3d orbitals,
whereas HO-13 to HO are all localized on O 2p. The presence of intermediate electronic states is
due to the inefficient charge migration in space.

The hole relaxation is found to be faster than the electron, see Table 1. With increasing

spin multiplicities, one also finds an increase in both electron and hole relaxation rates. The fast
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relaxation of hot hole for HS is due to an efficient relaxation channel among O 2p orbitals. The
hot electron relaxation in space is similar for various spin multiplicities. The hot electron mainly
locates at Si and O layers, which then relaxes to the Fe atom. By contrast, the hot hole relaxation
reveals different patterns for various spin multiplicities. For LS, the hot hole mainly settles at the
middle O layers, which then relaxes to the surface O layers and finally to the Fe atom. For IS, the
hot hole mainly localizes at the middle O layers, which then relaxes to bottom two O layers and
finally to the Fe atom. For HS, the hot hole mainly visits the middle O layers, which then relaxes
to the surface O layers. The distinct relaxation pathways in space and on time scale of
photoinduced carriers would make HS beneficial for photocatalysis.

In addition to nonradiative relaxation pathways, we investigate the competing radiative
relaxation along the excited state trajectories. Figure 4 shows time-integrated emission spectra of
spin B components for various spin multiplicities of Fe-MMT. Here, the initial photoexcitation
conditions are the same as in Figure 3. One finds the most intense peaks are attributed to LU—HO
transitions in accordance with Kasha’s rule.’® Together with LU—HO transitions, one observes
two other transitions, which are all characterized by Fe d-d transitions for LS (LU+1—HO ca. 1.58
eV and LU+1—-LU ca. 1.17 eV) and IS (LU+2—HO ca. 1.98 ¢V and LU+2—LU+1 ca. 1.19 eV).
In the case of HS, intensities of transitions are weak except for LU—HO transition, since hot
carriers relax much faster to frontier orbitals than that of LS and IS. Note that a recent study reveals

that Redfield PL tends to narrow down the linewidth and blueshifts transition energies.>®

In summary, the ground state electronic properties of Fe-MMT under various spin
multiplicities are explored utilizing spin-polarized DFT calculations with PBE functionals. HS is
found with the lowest total energy in agreement with Hund’s rule. With increasing spin

multiplicities, one finds the increase of average distances between Fe and six nearest neighboring
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O atoms. The VB edge of MMT is mainly contributed by O 2p, whereas the CB edge is by s
orbitals of the host. From LS to HS, there is a shifting of Fe 3d states for spin o components toward
the VB edge of MMT, while the corresponding spin B components remain almost unchanged. The
substantial differences are due to their partial occupations. We also study the nonradiative and
radiative relaxation channels of charge carriers by computing NACs using RDM approach with
the Redfield formalism. Focusing on nonradiative relaxation of spin 3 components, the hole
relaxation is found faster than the electron. With increasing spin multiplicities, one also finds the
increase of both electron and hole relaxation rates. The hot electron relaxation in space is similar
for various spin multiplicities. By contrast, the hot hole relaxation reveals different patterns. The
distinct relaxation pathways in space and on time scale of photoinduced carriers suggest HS is
suitable for photocatalytic applications. Focusing on radiative relaxation of spin f components,
the Redfield PL spectra reveal obvious Fe 3d-3d transitions for LS and IS. The only intense PL

peak for HS is Fe 3d to O 2p transition from LU to HO.

Supporting Information: computational details, interatomic distances of Fe and neighboring O,
absorption spectra of spin a, nonradiative relaxation channels of spin a, detailed report on time-
resolved and time-integrated PL spectra along excited state dynamics of spin a and spin f for LS,

IS, and HS.
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Table and Figures

Table 1. Charge carrier relaxation rates related to Figure 3 together with the oscillator strengths and

transition energies for initial transitions.
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10 Spin | Initial condition | Transition energy (¢V) | Oscillator strength | k., ps™! | &, ps’!
11 LS | HO-15-LU+3 6.162 4.2018 0.0345 | 0.1473
12 IS | HO-14—>LU+4 6.143 3.3243 0.1292 | 0.1857
13 HS | HO-13—->LU+5 6.139 4.5063 0.2047 | 5.2758
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Figure 1. Simplified schematic band diagram of Fe3*-MMT under (a) LS, (b) IS, and (c) HS. (d)
Optimized geometry of Fe-MMT for HS.
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Figure 2. Partial density of states (a-c) and calculated spin 3 absorption spectra (d) for various
spin multiplicities. (a) LS, (b) IS, (¢) HS. The black arrows point to the location of HO orbitals in
spin a. In PDOS, the zero energy refers to the Fermi level, which is defined as the midpoint
between HO and LU in spin f. In panel (d), features a-g, a'-f', and a"-e" correspond to LS, IS, and
HS, respectively.
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Figure 3. Charge carrier dynamics of Fe-MMT spin f for (a-c) LS, (d-f) IS, and (g-1) HS. In left

w

and middle panels, green, yellow, and blue colors represent the equilibrium distribution, gain of
electron density, and loss of electron density, respectively. The black dotted and solid lines
represent energy expectation values of electrons and holes, respectively. The left panels show
1socontours of population density changes as a function of energy and time. The middle panels
show isocontours of population density changes as a function of z-projection and time. The right

panels show optimized structures, which are scaled to match with the middle panels.

ACS Paragon Plus Environment

Page 18 of 19



Page 19 of 19 The Journal of Physical Chemistry Letters

—18
IS
——Hs

LU—HO
LU—HO

oNOYTULT D WN =

log, (Intensity, a.u.)

Jah

o -

1 1

P—

g

LU+15LU

=
 —— )
-

-1

R
Energy, eV

—_
)

o

.

22 Figure 4. Time-integrated emission spectra along the excited-state trajectories of Fe-MMT spin 3
24 for LS (red), IS (green) and HS (blue). The initial photoexcitation conditions are the same as those

in Figure 3.
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