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Recent experiments have demonstrated impressive photo-catalytic performances in spin-polarized materials. The exis-
tence of spin-dependent recombination between spin split bands has been suggested as the cause for at least part of the
improved photo-catalysis. To test the efficacy of this mechanism, we develop a set of rate equations for carrier charge
and spin to shed light on recent experiments with metal-defected or doped oxides, magnetically decorated metal-organic
frameworks, and magnetically-doped perovskites. Our results show that recombination will be dependent on the band
spin polarization and the lengthening of decay times can be optimized by engineering the electronic structure.

. INTRODUCTION

In the past handful of years, a new branch of interest into
photocatalysis has taken place wherein reaction efficiency is
measured using inorganic magnetic catalysts. While spin-
dependent reactions have been studied for some time!= the
work has been in the context of singlet-triplet transitions on
which molecular reactions depend upon. The reactivity at the
surface, which will not be the focus here, has been attributed
to better photo-catalytic performance in recent years*’. One
other observation that has been used to explain the increased
photo-catalysis is that optically generated carrier lifetimes are
sometimes elongated by using a ferromagnetic catalyst and
sometimes a magnetic field. These longer lifetimes allow for
carriers to travel to the surface which increases carrier re-
dox reactivity.® This Letter lays out a phenomenological the-
ory to model generation and recombination in the ferromag-
netic semiconducting catalysts that have demonstrated signif-
icant improvement in photocatalysis over non-magnetic cata-
lysts. Present descriptions of spin-dependent recombination
for photo-catalysts have been qualitative, vague, and some-
time contradictory. Our work here will shed light on the im-
portant microscopics at play and moreover direct future ex-
perimental and theoretical research toward materials, such
as half-metallic ferromagnets®!?, that will achieve superior
photo-catalytic yields.

A central observation correlated to the efficacy of ferro-
magnetic photo-catalysts has been the extension of photolu-
minescence (PL) lifetimes for ferromagnetic catalysts over
their non-magnetic counterparts as first observed in metal-
defected TiO, by Pan et al.3. This critical work led to fur-
ther PL measurements by others in a variety of systems such
as Fe304/n-TiO; nanoparticles'!, Mn-doped Co304'%, Co-
doped Zn-based metal organic frameworks (MOFs)'3, and Mn
or Fe-doped perovskite nanocrystals'*!>. Another endeavor
explored carrier lifetimes in Mn-doped perovskite nanoplates
via reflectance measurements'®. Gao et al. saw enhance-
ments in photoelectrochemical performance using ferromag-
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netic ZnFe,O4 but did not perform any transient measure-
ments of PL or reflectance. The longer fluorescence times
has been accompanied by improved catalytic performance in
some but not all'*!# of the aforementioned experiments. Refs.
5 and 16 were able to correlate slower photo-carrier decay
with increased H generation, pollutant degradation, and CO,
reduction. Ref. 13 reports faster fluorescent decay alongside
with CO; reduction for the more magnetic samples. Expla-
nations for the the spin-dependent recombination in these ar-
ticles are similar and Ref. 13 is representative when stating
“Under light irradiation, the spin-up electrons are excited to
the LUMO (corresponds to the conduction band minimum),
and the corresponding holes with the spin-up direction are left
in the HOMO. The photoexcited spin-up elecrons will change
their spin direction to spin down due to the spin-orbital cou-
pling, hyperfine interaction, etc., while the spin-up holes re-
maining in the HOMO keep their spin direction. In this case,
the charge recombination will be suppressed due to the spin
mismatch of photoexcited electrons and holes, which illus-
trates that a high degree of spin polarization will bring about
enhanced charge separation.” Explanations such as this are
qualitative and lack important details on how the density of
states may control the spin relaxation and concomitant sup-
pression of recombination. In fact, Ref. 13 finds shorter PL
lifetimes in their magnetic MOF. In this Letter, a rate equation
model is devised to encompass the various processes occur-
ring during photoexcitation and recombination in magnetic
semiconductors like those that have been studied in photo-
catalysis. Our model allows for a more detailed description
of how charge lifetimes are enhanced and guides researchers
on ways to further enhance those times.

Il. RATE EQUATION MODEL

We begin by examining the density of states of an idealized
ferromagnetic semiconductor in Fig. 1. Due to exchange in-
teractions, in general, both the valence and conduction bands
are split such that the density of states for up spins is differ-
ent than the density of state for down spins. Fig. 1 (a) de-
picts 100% spin polarization at the top of the valence band
but in most cases there will be both spin states leading to
a polarization |P,| < 1. Fig. 1 (a) shows an undoped sys-
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tem where the Fermi level lies somewhere mid gap. In some
of the ferromagnetic semiconductors demonstrating extended
lifetimes>'®, p-type behavior has been displayed so we will
assume p-doping in our model here; extending to n-type is
straightforward. Doping may be unintentional or a byproduct
of producing the magnetic material (e.g. titanium vacancies in
TiO,> or doping with magnetic atoms such as Co or Mn). A
consequence of doping is traps which leads to a non-radiative
route for recombination and diminishes band-to-band recom-

bination. These traps have been seen to capture valence elec-
trons leading to equilibrium holes'”!3, with density p°, which
is shown in Fig. 1 (b).

For the exchange split density of states of the valence and
conduction electrons, we write the following rate equations to
encompass the effects of photo-excitation, spin relaxation, bi-
molecular electron-hole recombination, and electron capture
by traps:

% = FTT(PT P+ %(m —p))—k (I’T”T anT) (1)
% FLT(‘” P FTz (1 =) =k (pum, = pin) @
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% 112 (n *”8)+F%2—¢ (an,ﬁ)—k(nw\Lfn?pﬁ) — kg (Nt —nr)n, 4)
dnr

which are similar to previous modeling of photo-
recombination in non-magnetic systems'’!® except for
the inclusion of the spin relaxation terms (I" terms) and the
exclusion of excitons. Fi.fk are spin flip rates of carrier
type i € {v(alence), c(onduction)} between subscripted spin
states j,k € {1,l}. k is the recombination coefficient for
electrons and holes which we take to be spin independent. Ny
is the total density of traps while n7 is the density of filled
traps. p; is the density of holes in the spin i valence band.
n; is the density of electrons in the spin i conduction band.
Superscripted O for n and p are equilibrium values. Since a
p-type material is assumed, n? = 0. In general, there will be
equilibrium hole states of both spin directions so the number

density of holes in the up/down bands are p? = HEP v 0.,

Photoexcitation, at the bandgap energy (here shown to be
the energy between spin up conduction and valence bands),
will preferentially populate one spin in the conduction band
over another as shown in Fig. 1 (c). Each number density of
photoexcited electrons and holes is n,, at t = 0. For simplicity
we will assume that the distribution of spins in the conduction
band at t = 0 mirrors that of the valence band so 6ny/,(0) =

ny/(0) = lizp nex where dny is the non- equ111br1um electron
density. Similarly, 5p4,,(0)

_pT/i( ) pT/i =i

5 Nex-

After excitation, electron spins may relax between up and
down states. Fig. 1 (c) shows the initially up polarized spins
falling down in energy to the down states with rate I'{_, due to
spin interactions that may include spin-orbit and hyperfine ef-
fects. Similarly, hole spins also relax. Fig. 1 (d) illustrates
electron spin relaxation back to the up states (expected to
be much slower for the configuration shown), spin-dependent

(&)

(

band recombination, and recombination through trapping cen-
ters. Without specifying the spin and charge states of the
traps, we simplify their recombination by making their cap-
ture of electrons spin independent with rate k7. The impor-
tance of asymmetric spin relaxation must be stressed. Con-
duction spins will populate down states at a higher amount
than up states while holes are primarily present in the up va-
lence band. This leads to a bottleneck where spin down elec-
trons persist to much longer times than would be expected in
a non-magnetic semiconductor!?2%,

Egs. (1) are a set of nonlinear equations due to the dndp
product terms that are formed from the dn;8p; terms. As such,
there are no closed-form expressions for the solutions. How-
ever, in the limit of low fluence or excitation densities such
that p° > n,,, on;8p; terms are negligibly small compared
to Snip? terms. Likewise, since 8p; < p°, p; never stray far
from their equilibrium values so we can completely neglect
the dp;/dt rate equations (the accuracy of this approximation
is tested in Fig. 2). In addition, low fluence implies that trap
filling is changed little from its equilibrium value of ny = pg
so dnr /dt =~ 0 which leads to a set of two coupled linear first
order differential equations:

s | v
e — —MS}’Z +ﬁ8ni—ka6nT kT(NT_pO)SnT
dt 2
dd I I3
7’” ETS”V" 1= LéSnT kpgﬁm kr (Nt — po)369)

which gives us a linear set of equation that we can solve. The
full solutions for 8n| and dn4 can be found analytically but are
too extensive to write. However the two non-zero eigenvalues
(decay constants) of this set of equations are
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FIG. 1. Stages of electron-hole generation, spin population transfer, and recombination in a type II ferromagnetic semiconductor. (a) shows an
ideal undoped half-metal ferromagnet. (b) traps are present in the material which we assume will collect valence electrons thereby introducing
holes into the valence band. In our model, this represents our system just before photo-excitation. (c) Electrons and holes are excited upon
illumination of an appropriate wavelength at which polarization is transferred into the conduction band. Due to the spin splitting, spin relaxation
necessitates energy relaxation and up spins decrease and down spins increase in the conduction band. (d) photo-excited electrons may either
(1) radiatively recombine with photo-excited or, more likely, doped holes at a rate k or (2) their spins may relax to the lower conduction band
of opposite spin with rate I'{ Gy or (3) non-radiatively leave the conduction band by being captured by traps, with capture coefficient kr. At

this later time, some now down spins from the population n. | will relax back to the upper conduction band with rate FE_T but this process will

be much slower due to the energetics. Radiative and non-radiative recombination will continue to deplete the spin up conduction band. Due to

the spin selection rules, transitions from the spin down conduction band to the valence band will be weaker the larger P,, is.
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FIG. 2. Demonstration of agreement between analytical approximate
solution and full numerical solution of rates equations for low flu-
ence. The valence band density of states is split and the conduc-
tion band density of states are split as shown in Fig. 1. Black slope
bars show rates r .y /50, from Eq. (7). Spin relaxation times are
1T =1ns, 1/T{_, =100 ns, l/l“i_T =1 ns, and 1/1"¥_l =10
=3, Nr =5x10" em ™3,
cm3/s, Nex = 1013 cm 3, and P,=0.2.

ns. Other parameters are p° = 10! cm
k=107 cm?/s, kr =108

Figure 2 shows the validity of the analytic solution (solid
lines) in the low fluence limit by comparing to the numeri-
cal solutions (circles) of the non-linear differential equations.
Under the assumption of low fluence, the agreement between
the two for conduction electron densities is extremely close.
Non-equilibrium holes are tracked in the full solution but are
ignored in the analytic. Due to the loss of electrons to traps,
the photo-holes do not have recombinant partners so are thus
retained at the longer times shown. In reality they will eventu-
ally recombine with trapped electrons on a longer timescale.
While more up electrons are generated than down electrons,
the up electrons rapidly relax into the down states whereas the

1 1
Z(ri,T+er+2p°k+4kT(1vT—p“))j:z\/(rb—zﬂ)ido) +2(TC_, +2p0%P)TS_ +T5_ 2 (7)

(

vice versa process is much slower — this gives an abundance
of down conduction spins.

lll. MODELING SPIN-DEPENDENT RECOMBINATION IN FOR
DIFFERENT CONFIGURATIONS OF DENSITY OF STATES

\/\/\/\/

@) : (b) (© :

FIG. 3. Density of states schematics for (a) unpolarized bands (b)
polarized valence band (c¢) Type I polarized conduction band (d) Type
II polarized conduction band. Left (right) of the dashed line indicates
down (up) states.

The rates found in Eq. (7) are dependent upon the spin
flip rates, hole density, band polarization, and traps; we now
seek out how these rates control carrier lifetimes for different
densities of states arrangements. This knowledge will provide
key insights into the design of materials for carrier lifetime
optimization which is one factor controlling variable for pho-
tocatalysis. We now apply our linearized rate equation model
to the four different scenarios schematized in Fig. 3.

* (a) non magnetic. When the density of states is equal
for up and down spins, there is no spin-dependence in
the generation and recombination so the loss of elec-
tronic carriers to either hole recombination or traps re-
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duces to

1
r= §P0k+kT(NT - Po) ®)
where the first term is band-to-band recombination of
electrons and doped holes.

(b) valence band splitting/no conduction band splitting.
When the density of states is equal for up and down
conduction electrons, l"%f = Fi*T = I'"“ which reduces

T'fast /slow to

|
I fast /slow = 5 (T + pok +2kr (N1 — po)) )

1
+ 3 (pokP,)% +T<2 (10)
which in the limits of very slow (I < pokP,) or very
fast (I > pokP,) spin relaxation, becomes, respec-

tively,

1
T'fast /slow = 5(1 :th)kp() +kr (NT - PO) (11)

T'tast /slow :FL/O—Fk%"'_kT(NT_pO) (12)
where we see, for slow I'“, there is a polarization ef-
fect enhancing lifetime which competes with trapping.
The solution is shown in Fig. 4 (a) for both P, =0 and
1 for intermediate situation where trapping and recom-
bination time scales are comparable. For the polarized
case, electrons are initiated up but quickly relax into the
down states shown by the rapid rise of the blue curve at
early times. Then trapping and band recombination lead
to further decay. One observes a slight improvement in
lifetime in the polarized case (cf. black and gray lines).

(c) type I conduction band splitting. The conduction
splitting implies Fi*T much greater than 1“%7 < kp°P,,
SO I fast /slow Decomes

T'tast /slow =

1 =

5(1 + P,)kpo + kr (Nr — po) +0/T (13)
when ijT < pokP, and

T'fast/slow =

Tt 1

T/0+ E(IZFPv)kPOJrkT(NT*Po) (14)

when ri*? > pokP,. The configuration is disadvan-
tageous for photocatalysis as polarization leads to the
overall more rapid decay shown in Fig. 4 (b). This is
physically understood by noticing that excited up spin
electrons are energetically unable to flip spins to the
more ‘protected’ spin down states.

* (d) type II conduction band splitting. Under the condi-
tions this alignment, Fi—T much less than all other rates,
I fast /slow Teduces to

T'tast /slow =

s 1
)0+ S(UEP)kpo+kr(Nr=po).  (15)

Fig. 4 (c) shows a substantial increase in lifetime
when polarization is at maximum. This is under-
stood by generated up spins quickly flipping spins to
down which have difficulty recombining with spin mis-
matched holes. Thus the lifetime is trap limited (i.e.
decay rate for P, = 1 is kp (Nr — p°)).

For the above calculations, we have attempted to use values
that are comparable to what might be expected in the experi-
ments of interest. We have ignored polaronic effects by using
Langevin recombination theory to yield k values on the or-
der of 1077 cm?/s>!1=24. Modeling by Peters et al. and Zhang
et al. have found Ny in CsPbBr3 on the order of a few 10'*
cm3.1825 To conservatively analyze the polarization effects
we have chosen a high number of traps 5 x 10" cm™3 and
p° =10 cm™3 . By the same token, we choose a large kr
of 1078 cm?/s whereas in CH3NH3Pbls_,Cl,, ky was deter-
mined to be 2 x 10719 cm3/s. We are unaware of any ex-
perimental or theoretical results for spin relaxation times in
the magnetic systems we seek to understand. In halide per-
ovskites spin relaxation times are on the order of picoseconds
to nanoseconds depending on temperature.?>% We elect to
utilize relaxation times in the nanosecond range. Choosing
shorter times has little effect on the longer time dynamics of
the carrier concentrations in Fig. 4.

Figure 5 displays the full gy, as a function of trap filling
(p° is being varied from 0 to N7) for a type II DOS arrange-
ment. The orange lines are when there are no traps so the
equilibrium hole density is simply increasing. The rate in-
creases as electrons find holes easier. Polarization decreases
the rate since spin mismatching occurs more often leading to
a bottleneck. The green curves show the rate when traps are
present; there is a competition between rates as p° increases
since electron-hole recombination increases but trap capture
decreases as traps fill with valence electrons. Note that l'ﬁ_T
is not small enough for Eq. (15) to be valid.

IV. DISCUSSION

We now reexamine several of the experimental results on
spin-dependent lifetimes with the insights gained from our
rate equation model.

Guo et al. considered HyO; in perovskite Cs3CuyBrs
nanocrystals that had been doped with magnetic Mn'>. PL
showed two exponential components — one lifetime was ex-
tended and one lifetime was diminished by the Mn. The long
lived component was extended from 14.5901 us to 56.797 us
which is the greatest enhancement in lifetimes in magnetic
catalysts has have been reported. Guo et al. do not report

https://doi.org/10.26434/chemrxiv-2024-573jr ORCID: https://orcid.org/0000-0002-4384-118X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-573jr
https://orcid.org/0000-0002-4384-118X
https://creativecommons.org/licenses/by-nc-nd/4.0/

1

type | c.b. splitting (b) type Il c.b. splitting (c)
0.1
0.01
E
iC), 0.001
c n
0.0001 n thin/light = P, = 0
— —_p thickdark=P, =1
0.00001
Urg_ =10ns T]_,=10ns 1/T¢_, =100 ns 1/F?7i =1ns L/Ty_, =100

0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
t (ns) t (ns) t (ns)

FIG. 4. Densities n, ny, n|, as functions of time for unpolarized (thin, lighter curves) and fully polarized (thick, darker curves) valence bands
with each of the three different band offsets: (a) no conduction band splitting. For P, = 0, ny and n| overlap. (b) type I conduction band
splitting (c) type II conduction band splitting. Other parameters are pg = 10> cm™3, Ny =5 x 10" em ™3, k = 1077 ecm?/s, kr = 108 cm’/s,
and ., = 1013 cm™3. Curves are produced by the solutions Eqgs. (6).

1000
= 100 P, =0 l
=) P =1
% 10 increasing P, *
< P,=0
> 1 P,=1
(L]
(&)
()
o 01
Ny =5x10% cm-3
0.014
0 0.2 0.4 0.6 0.8 1
N+ -
trap filling fraction 2r=Po
;

FIG. 5. Carrier decay rate, 7y, as a function of trap filling fraction.
Nr is held constant and py is varied from zero (filling fraction 0) to
Nr (filling fraction 1). The two green curves are when traps capture
electron and the orange curves neglect electron captures at trap sites.
Thin curves show trends for unpolarized valence band. Thick curves
show trends to maximally polarized valence band. relaxation times
are 1/TY | =1ns, I/FLT = 100 ns. Other parameters are k = 10~/

cm?/s, kr = 1078 cm3/s, and ne, = 1013 cm 3.

any calculations of density of states so analyzing their data in
terms of our model is not feasible. While Guo et al. speculate
that the Mn dopants introducing traps as a cause for the fast
decaying component, our model also suggests that spin polar-
ization for type II density of states alignment introduces a fast
decaying component as well.

Lin et al. also studied a perovskite material: Mn-doped
CsPbBr3 nanoplates'® . A strong polarization dependence of
reflectivity was observed and interpreted as proxy for carrier
concentration. Their DFT calculations indicate the system be-
ing closer to at type II ferromagnet semiconductor with very
little minority spin states in the conduction band. Of the two
lifetimes observed, the longer lifetime increased by a factor
of ~2 when the host was doped with Mn. This large factor is
consistent with our expectations for a type II system.

Kim et al. also examined CsPbBr;3 crystals but doped them
with Fe'4. The magnetic doping substantially decreased the
two observed PL lifetimes (the longer of which reduced from
28.2 ns down to 5.9 ns). From their results, it is unclear how
density of states is influenced by the the doping but in the
doped system, the density of states is largely spin down over
the energy range of the measured PL (near 2.5 eV or 500 nm);
this would make the system type I so photoexcitations would
be between conduction and valence bands of the same spin
and spin relaxation would be largely ineffective at flipping
spins into an anti-parallel bottleneck.

Y. Li et al. studied photocatalytic water splitting in nitrogen
doped TiO, proximal to superparamagnetic Fe3O4 nanopar-
ticles of systematically varying wieghts'!. The authors also
carried out various DFT calculations for the DOS and found
that the superparamagnetic nanoparticle doping, in an applied
magnetic field, led to spin polarized mid-gap states that in-
duced strong valence band spin splitting. Since the conduc-
tion density of states is little affected by the magnetic field,
the situation is nearest to Fig. 3(b) which suggests a longer
PL lifetime in agreement with the observations of Y. Li et
al. (monoexponential with lifetime 2.18 ns compared to bi-
exponential with long lifetime 15.17 ns in sample with largest
amount of Fe304)'!.

M. Li et al. explored photocatalytic CO, methanation when
Mn was incorporated into C0304'2. Their calculated DOS
shows a type I arrangement with weak splitting of the con-
duction band. PL was measured to be dominated by a fast de-
cay rate that was nearly independent of the Mn content. Less
than 1% of the signal exhibited a Mn dependence by which
the lifetime was enhanced by a factor of roughly two. The
smallness of this polarization dependent contribution is sug-
gestive of type I band alignment when F@ < pokP, allows
for some lifetime enhancement (see Eq. (13)) occurring for
those electrons that are able to flip into a bottleneck.

Sun et al. examined three different Zn-based metal organic
frameworks with varying degrees of magnetically split densi-
ties of states'3. While CO, photo-reduction scaled positively
with magnetic splitting, the fluorescent lifetimes showed a
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slight decrease (0.369 ns down to 0.345 ns). Sun ef al. DFT
calculations for the three MOFs show that the most magnetic
sample has much smaller valence splitting than conduction
splitting. At the excitation energy of 3.43 eV (360 nm), most
photo-excited electrons would occupy the lower spin conduc-
tion band which would be akin to the type I alignment of
Fig. 3. Therefore the suppression of fluorescent lifetime is
expected from our model. We speculate that the improved
photocatalytic yield of CO is due some other possible spin-
dependent aspect of the process.*>

The results on anatase TiO; by Pan ef al. are unique since
the p-doping levels were varied and measured ( 1 - 5 x10'3
cm~3) across the different defected samples. PL exhibited bi-
exponential with the longest lifetime of 4.78 ns being present
in the sample with the highest spin polarization. The pure
TiO, was also bi-exponential with the longer lifetime being
4.10 ns. This rather weak dependence on doping indicates that
electron-hole recombination is not the dominant pathway; due
to the indirect band gap, the dominant recombinant pathway
is likely non-radiative and through trapping sites — this is a
linear-in-8n process of Eq. (6) that exists when few traps are
filled (i.e. Nt — po =~ Nr). This insensitivity to doping can be
seen in Fig. 5 where in the low filling regime, the decay rates
changes little (green curves).

A difficulty faced in all these experiments is that band mag-
netization cannot be controlled without changing other vari-
ables like defect or trap density and equilibrium holes. For
example, when doping a semiconductor to induce magnetism,
is the photocatalytic activity benefitting from the p doping
(and accompanying mobility increase®) or the magnetism?
Likewise, doping increases non-radiative recombination cen-
ters which affects photo-lifetimes. A handle that can be used
to test the efficacy of spin dependent processes is the appli-
cation of the magnetic field which many of the above experi-
ments did utilize. As determined by Ref. 11, the affect of the
field can still be complicated but it does not lead to additional
trapping sites. Ref. 11 suggest the field acts on electron hole
pairs through the Lorentz force as well as by magnetizing the
magnetic nanoparticles. Another influence of the magnetic
field would be on the spin precession of the photo-electrons
which would alter their spin states and recombination dynam-
ics.

V. CONCLUSIONS

Our model, though phenomenological and only semi-
quantitative, points future experimental and theoreti-
cal/computational work in the following directions in order to
understand and optimize magnetic photo-catalysts:

* band engineering is needed to create materials with op-
timal electronic structure in order to suppress recombi-
nation. To wit, strong splitting between up and down
valence states allows for maximal optical generation of
spin polarization into the conduction band. The con-
duction band should be split in same manner as shown
in Figure 3 (d); this will allow for expedient spin flips
into the optically inert minority spin state ({).

* theory will aide in finding optimum density of states for
various materials but theory is also needed to investigate
spin relaxation rates in these materials — especially how
the spin flip rates depend on the band spin splitting.

the role of mid-gap recombination centers warrants de-
tailed experimental and theoretical investigation. These
states will likely lead to spin-dependent capture®®-3
which could have repercussions on trap filling which

in turn affects band recombination?!.

as mentioned above, external magnetic fields are a
probe that should be continued to be used to study spin-
dependent photo-catalysis. As far as we can tell, the di-
rection of the applied magnetic fields have not been re-
ported. A field parallel versus perpendicular to the ma-
terial’s magnetization could lead to differing spin and
recombination dynamics>2.

In light of our results, we hope to prompt the following di-
rections to be taken to optimize and understand photocatalytic
reactivity in magnetic materials:

* Technologically useful magnetic semiconductors have
long been sought after®3-** but have lacked high enough
Curie temperatures. A decade ago TiO, was found to
exhibit room temperature ferromagnetism>® and since
then other materials have as well. In what has been
presented here, recombination suppression is dependent
on the band polarization of the ferromagnet; half metals
would be ideal materials to maximize the recombination
bottleneck.?>3¢ Half metals have recently been studied
in double perovskites” and MOFs!©.

The fact that photocatalytic performance is enhanced,
whether carrier lifetimes are increased or decreased,
suggests that carrier lifetimes are not the catalytic rate
limiting step. Thus, in-depth examination of the spin-
dependent processes of charge transport to the surface
and surface reactivity are warranted.

To summarize, in this Letter we have presented a system
of equations to describe electron-hole generation, spin relax-
ation, recombination and electron-trap recombination in the
emerging field of magnetic dependent photo-catalysis. In
the limit of monomolecular recombination, we derived decay
rates for the photo-excited carriers. We investigated the role
of band spin splitting on spin relaxation rates and put forth
DOS configurations that will maximize carrier lifetimes. We
find that recent experiments using magnetic semiconductors
are consistent with our findings here. This work represents
a first attempt at modeling the complex pathways involved in
spin-dependent photocatalysis. Future extensions of the the-
ory will be to incorporate exciton formation/dissociation, co-
herent spin evolution in magnetic fields, and study the role of
fluence.
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