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ABSTRACT: We present evidence for the magnetic field depend- -0-80 l - - - - r

ence of the electron and hole Landé g-factors in films of the hybrid n e
organic—inorganic perovskite formamidinium lead iodide HC- -0.85- - L34
(NH,),Pbl; (FAPI). We perform transient pump—probe Kerr .- —n = Hole g-factor
spectroscopy on FAPI in magnetic fields up to 25 T, which reveals -0.90 4 S i = Electron g-factor | >°
a significant deviation from the expected linear dependence of the . - .

quantum beating frequency on the applied magnetic field. We also  -0.95 - = . [

found a decrease of the quantum beating frequencies with
increasing pump intensity for a fixed magnetic field. These
observations are discussed in terms of the dependence of the Magnetic Field (mT)

electron and hole Landé g-factors on the band gap, within a simple

model in which the effective band gap increases at high magnetic field due to Landau level formation and increases with increasing
pump intensity by virtue of shifts in the quasi-Fermi levels.
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1. INTRODUCTION using degenerate pump and probe, from a single pulsed Ti-
Many variations on the hybrid organic—inorganic perovskite Sapphire laser, with a typical spectral width of $ nm at FWHM.
have been explored in recent years, due to promising Quantum beats in films of CsPbBr; have been measured up to
optoelectronic properties such as a wide range of bandgap high magnetic fields (B < 60 T),"" where the exciton Zeeman

tunability’ and interesting spin dynamics. Previous studies into
methylammonium lead iodide (MAPI) perovskite have
revealed long spin lifetimes”™* (~10 ns) in addition to the

splitting energy was shown to be linear in the applied magnetic

field over the full range from 0 to 60 T. Here, we report our

strong spin—orbit coupling effects due to the presence of lead, investigation of the magnetic field dependence of electron and
making such materials quite intriguing for applications in spin hole Landé g-factors in films of FAPI. Our investigations show
quantum computation. Based on the Kerr resonances that the electron and hole Landé g-factors in FAPI films exhibit

measured in the S.I. (Figure S3) showing several zero-
crossings, the perovskite HC(NH,),Pbl; (FAPbI, or FAPI)
possesses a bandgap of 1.51 eV at a temperature of 12 K in our

a nonlinear dependence on magnetic field when tested at high
magnetic fields up to 25 T. Effects due to the intensity of the

thin films. This places it just outside the visible spectrum, optical pump have also been investigated previously in other
making this material potentially more interesting than MAPI systems, but no changes to the measured quantum beating
for solar cell applications.” Both compounds can be produced frequency have previously been observed, although changes to

using notably inexpensive spin-casting techniques. These
materials have inspired considerable research into solar cells,
owing to the swift advancement of their efficiency over the past

the photoexcitation relaxation rate are known.'” In this work,

we report pump-intensity dependence of the measured carrier

decade. FAPI has a perovskite crystal structure, characterized g-factors in FAPI films. We explain these results in terms of
as ABX;, where the A-site is occupied by a cation, the B-site is pump dependence of the quasi-Fermi energies leading to
the heavy atom, and the X-site is occupied by a halide. There is significant deviations of the observed g-factor due to carrier

a structural phase transition from cubic to the beta-tetragonal
phase at 285 K and another transition at 140 K, between the
beta phase and gamma phase of the tetragonal structure.”” Our
measurements are done at 12 K, putting us in the gamma-
tetragonal phase.

Time-resolved Faraday rotation (TRFR) has been a very
useful technique for investigating spin dynamics in direct band
gap semiconductors, in both crystals and films.*"'% In the
present work, we used TRFR spectroscopy on neat FAPI films,

density and magnetic field.
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Figure 1. Quantum beats from FAPI at relatively low field along with the associated FFT. (a) The time-resolved Faraday rotation setup with a
magnetic field oriented in the Voigt configuration (see the text). (b) The TRKR response in a FAPI film at various magnetic fields; the inset shows
the related FFT spectra. Two clear quantum beat frequencies are observed. (c) The transient quantum beat angular frequencies @ from Figure 1b
vs the applied magnetic field. The fit straight line gives the respective Lande’ g-factor of holes gh = 1.25 and electron ge = 3.63, for magnetic fields B

< 300 mT.

2. METHODS

Our primary experiments have been done using TRFR on thin
films, with which we measure the transient quantum beating
(QB) signal of the optically excited spin carriers in FAPL In
Figure la, we show the TRFR setup, with pump and probe
pulses separated by a time delay At. The pump beam is
circularly polarized, and the probe beam is linearly polarized.
In the measurement, the polarization angle of the probe light
changes due to the influence of the pump-beam. A magnetic
field is applied in the Voigt geometry (in-plane to the sample),
and the rotation of the probe’s polarization axis is measured by
a balanced photodiode bridge. For our TRFR setup, we use a
degenerate pump—probe scheme using a Ti-Sapphire pulsed
laser having a repetition rate of 76 MHz. Our closed-loop He
cryostat cools the sample to 12 K, where we measure the
TRFR signal at various pump excitation intensities and
temperatures. The pulses of the Ti-Sapphire laser are separated
by ~12.5 ns, which gives a large time interval for observing
QBs, which are resolved on the order of hundreds to thousands
of picoseconds (see Figure 1b). Typically, at relatively low
pump intensities, the photogenerated spin lifetime in FAPI is
significantly smaller than the pulse separation time of 12.5 ns,"
but if FAPI is analogous to other hybrid perovskites in terms of
the spin physics, we would expect the spin lifetime of a high-
quality single crystal to be much longer. Other efforts have
measured spin relaxation lifetimes of >10 ns in single-crystal
MAPL"® which can lead to a spin resonance amplification
effect. However, for our deposited films, the lifetimes are closer
to 1 ns with a narrow laser bandwidth of 5 nm fwhm. When
pumped with a laser energy of 843 nm at zero magnetic field,
FAPI produces a clean biexponential decay. The lifetimes were
measured to be 7, = 1.2 ns and 7, = 100 ps at 12 K. With an
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applied magnetic field, we observe distinct quantum beats,
shown in Figure 1b. The high magnetic field data were
measured at the National High Magnetic Field Laboratory, or
MaglLab, in Tallahassee Florida. When measured at the facility
at MagLab, the pulsed laser was centered at 820 nm, having a
broader bandwidth of 30 nm fwhm. Here, a lifetime of roughly
20 ps was observed due to various geometric and spectroscopic
constraints, which we explore in the Supporting Information.
We were able to reconcile the two data sets using
measurements at B = 1 T, but only after normalizing the
low-field data according to the observed pump intensity
dependence.

3. RESULTS AND DISCUSSION

As seen in Figure 1, the QB contains two oscillations with fast
and slow frequencies. These responses can be fit using a linear
combination of damped harmonic oscillators of the form

TRFR = Ale_t/tlcoswlt + Aze_t/tzcoswzt (1)
where t; and t, are the measured T,* lifetimes of each QB
component. The decoherence lifetimes show dependences on
pump intensity, temperature, and magnetic field, which are
explored in the (see Figures S1 and S4 and the discussion of
these figures in the Supporting Information Experimental
Section). However, the bulk of this work is focused on the QB
frequencies. In the FAPI film, there are two distinct QB
signals—the electron at high QB frequency, and the hole at a
lower QB frequency.' Alternatively, we could assign them to a
positive trion at high QB frequency and negative trion at lower
QB frequency ' since the g-values of positive (negative) trions
are the same as those of the electron (hole); also, some studies
suggest that the photoexcitations could be excitonic in MAPL

https://doi.org/10.1021/acs.jpcc.4c08269
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Figure 2. Quantum beat response from FAPI film at various fields in the high-B regime (a), along with the associated FFT (b). (c) and (d) the
obtained experimental g-factors, g, = @/B at each magnetic field for electrons and holes, respectively.
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= w/B for the electrons (a) and holes (b), respectively. The downward trend

indicates that an increased excitation density introduces changes to the quasi-Fermi level, which, in turn decreases g,

Ultimately, it is difficult to say exactly what the spin species are
in this experiment.14_17 In the inset of Figure 1b, we see the
associated Fourier transforms, showing the two clear QB
frequencies at each magnetic field, from which we may
estimate the error bar involved in the beating frequencies.

In Figure 1c, we show the quantum beat frequencies as a
function of the applied magnetic field. This type of plot is
typically shown to extract the Lande’ g-factor, which assumes
that the quantum beat frequencies are linear with magnetic
field, according to Larmor precession, given in eq 2,

wy, = guyB/h (2)
where g is the electron/hole Lande’ g-factor, piy is the Bohr
magneton, B is the applied magnetic field, and 7 is the reduced
Planck’s constant. This plot shows Lande’” g-factors of g ., =
1.25 and g, = 3.63, and the linear fit passes through what is
essentially the origin, indicating a lack of significant influences
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on the spin Hamiltonian from terms lacking magnetic field
dependence. In Figure 2, we see the same type of plot as in
Figure 1b, but at much higher magnetic fields. These data were
taken at MagLab. These high-field data show something
unusual, which has not previously been reported in hybrid
perovskites. When we use a plot of @ vs B to extract the
“Lande’ g-factor” at high field (see Supporting Information
Text and Figure S3), we find electron and hole g-factors g, ., =
3.21 and g, = 0.84, which are significantly lower values for
both species than were observed in the low-field data set,
Figure 1c This is especially unusual since these measurements
were performed on the same sample, although at different
facilities. The discrepancy between the low-field and high-field
data could have to do with sample degradation, but given the
geometrical constraints of the two systems, we believe the
difference can be explained by a small discrepancy in pump

https://doi.org/10.1021/acs.jpcc.4c08269
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intensity, which we will explain later during the discussion of
the pump intensity dependence.

Attempts to fit the high-field Larmor frequency data to a
linear dependence of @ vs B revealed unusual behavior in the
fit residual. It appeared that there was a monotonic error as a
function of the magnetic field. Attempts to explain this effect
by introducing a nonmagnetic-field-dependent term in the spin
Hamiltonian were unsuccessful, suggesting that this is not the
proper explanation. So instead, we decided to plot a different
quantity, which we call the “experimental g-factor”, defined as
the QB frequency divided by the applied field at each magnetic
field point, g.,,=®/B. A plot of this quantity is shown in Figure
2¢,d. These plots highlight the slight deviation from linearity of
the g-value as a function of magnetic field, which cannot be
explained by a frequency offset originating from possible
magnetic-field-independent terms in the spin Hamiltonian. At
high magnetic fields of B > S T, there is a monotonic decrease
in the “experimental g-factor” that lies well outside of the error
of our data, although it is small enough that it is difficult to see
on a standard plot of @ vs B. Below we will show that this
nonlinearity can be explained within a Landau level model. We
suggest that the formation of Landau levels (LLs) at high
magnetic fields has the effect of creating a magnetic-field-
dependent increase in the band gap, which decreases the g
factors At the same time, the quasi-Fermi energy shifts with
increasing magnetic field as the density of states changes due to
Landau level formation, also resulting in a monotonic decrease
of both electron and hole g factors.

In Figure 3, we see the “experimental g-factors,” g.,,=®/B of
electrons and holes as a function of pump intensity. Curiously,
the magnitude of the g, decreases with increasing pump
intensity, which has not been observed in similar measure-
ments of other hybrid perovskites. The downward trend
indicates that an increased excitation density introduces
changes to the quasi-Fermi level, which in turn decrease the
amplitude of the Lande’ g-factor. These data were measured at
1S T. Curiously, the monotonic decrease of the experimental
g-factor is well outside of error and provides an explanation for
the g-factor discrepancy between our low-field data and our
high-field data, which were measured using different cryostats
and different laser systems. Due to the geometry of the
experiment, we needed to use a higher pump intensity when
measuring the data at Maglab to reach an acceptable level of
signal-to-noise. This resulted in changes to the quasi-Fermi
level of the excited population, lowering the g-factor. However,
the observed magnetic field dependence must still be
explained.

Using k.p theory, we show how certain assumptions can lead
to a model that explains the magnetic field dependence in the
Lande’ g-factor that we observe at high magnetic fields. In
Figure 4, we show a cartoon dispersion relation for a typical
semiconductor, where the conduction band minimum (CBM)
and valence band maximum (VBM) are separated by a
bandgap energy E,. For this case, with no magnetic field, the
3D DOS is as follows:

3/2
L(Z_m) g2
27\ n?

where m refers to the effective mass of carriers. When
integrated, the carrier density scales as energy to the 3/2
power,

DOS34(E) = 3)
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Figure 4. Quasi-Fermi level effects. (a) Magnetic field-induced
conversion of the electron dispersion relation to one involving Landau
levels (LLs). As the energy increases, new LLs become available,
separated by discrete energy interval determined by the cyclotron
frequency for each carrier. The density of states can be broken into
two parts—the 2D DOS associated with the LLs in the plane
perpendicular to the magnetic field and a magnetic field dependent
DOS that accounts for the dispersion along the direction of the
applied field, as described by eqs 3—7. (b) The density of states as a
function of the quasi-Fermi energy that shows the onset energy of
each Landau level at high field compared to the smooth density of
states for the zero-field case.

2m

E 1 3/2 3/2
N,(E) = / DOS(E)dE = —|—-| E
3d( ) 0 3d( ) 37[2( hz )

(4)

At high magnetic fields, however, Landau levels (LLs) are
formed. LLs are discrete energy levels associated with carrier
motion in the plane perpendicular to the magnetic field,
consisting of a discrete set of states separated by a uniform

energy determined by the cyclotron frequency w, = %. Note

that there are two separate populations here—a population of

electrons, with m = m,, and a population of holes, with m = m,.
eB

Each Landau level has a degeneracy per unit area of G = p

18-22
For motion in the direction parallel to the magnetic field, the

carriers associated with a given Landau level, n, have a one-
dimensional density of states function given by

1/2 -1/2
DOS4(E) = i(zh—r;‘) (E - ha)c(n + %)) )

Therefore, the total B-dependent DOS apart from Zeeman
splitting is as follows:

eB 1(2m 12 1 2
DOSL(E) = — —— E — 7 + —
o) =, Zn:n(fﬂ) ( wﬂ(" 2)]

(6)
where e is the charge of an electron and w, is the cyclotron
frequency. Again, there is a separate cyclotron frequency for
electrons and holes, and both populations are experiencing

https://doi.org/10.1021/acs.jpcc.4c08269
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The best fit of the electron and hole Lande’ g-factors calculated using the K-P model given in eqs 10 and 11.

these effects simultaneously. When integrated, the carrier
density scales as the square root of the Landau level term E —
ha.(n + 1/2)

Ny(E) /0 : DOSy(E)dE

1/2
2eB( 2m 1
—| — z E-nh + —
ﬂ'fl(flz) a)c(n 2)

n (7)

Here, n represents the number of the Landau level in
question. To fully calculate the magnetic-field-dependence, a
sum must be taken over the number of Landau levels occupied.
However, the effect of the Landau levels on the g-factor is
periodic with the magnetic field, meaning that below a certain
maximum magnetic field, adding more Landau levels has no
effect on the field-dependent Lande’ g-factor. Figure Sa shows
the integrated carrier density as a function of Fermi energy,
which is then inverted to produce Figure Sb, showing the
Fermi energy as a function of magnetic field for certain
constant carrier densities.

The expressions for the electron and hole g-factors have
been explored previously, where a small external magnetic field
is applied, and the resulting effective Zeeman Hamiltonian for
the lowest conduction band and the valence band can be
analyzed."” The resulting calculation gives an approximate g-
factor expression for the cubic phase. We performed our
measurements on a polycrystalline film, so it is not possible to
measure the g-factor along two symmetry axes of the tetragonal
phase, as one might do in a single crystal sample. Therefore, we
use the cubic phase expression as an approximation. These
expressions are
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gcubic: _%E i_#
" © 37E, Eg+A (8)
i 2 E
Ecublc:__P_(4K1+2)
3 E )

These expressions must now be modified to account for the
high magnetic field and high carrier density. In this regime, the
effective band gap should reflect the transition between the
greatest occupied LLs in the VB and CB, which will be
reflected by the quasi-Fermi energy of both the valence band
and conduction band. Therefore, the band gap shifts to Eg +
Egx + Epp, where Epy and Egp are the conduction and valence
band quasi-Fermi energies, respectively. In summary, the effect
on the g-factor is described by eqs 10 and 11,

cubic — _ EE 1
h O 3 M E + Ep + Egy
_ 1
Eg+ Epp + Epy + A (10)
i 2 E
ECublC — = P _ (4K1 + 2)
3Eg +EPP +EPN (11)

In Figure Sc,d, we show the magnetic field dependences of
the electron and hole Lande’ g-factors as predicted by this
model, together with a best fit using the LL model. Based on
this model, we extract a carrier density of 3¢22 m™>, a Luttinger
parameter of k = 0.225, and a Kane energy of Ep = 13.7 eV,
which closely match the values reported in other works.'*
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To synthesize the FAPI thin films, we created 1 M precursor
solutions from 1 mol Pbl, and 1 mol FAI powder, mixed with 1
mL of dimethylformamide (DMF) solvent. This solution was
then left on a magnetic stirring plate for 24 h. We then spin-
coated the solution onto glass substrates at 3000 rpm for 60 s
and annealed them at 100 C for 1 hour. This process was done
entirely within an inert nitrogen atmosphere.

4. CONCLUSIONS

In conclusion, the experimental g-factors of the photoexcited
spin species in FAPI have a dependence on magnetic field and
intensity at high magnetic fields. In the B > S T regime, the
magnetic field dependence produces about a 10% deviation
between S and 25 T. Since our trends show that the electron
splitting will decrease with increased field and the negative hole
splitting will decrease in magnitude, they will average out to
something that appears constant with field. From S to 25 T, @/
B for the hole rises +0.006 ps™' T~, and w/B for the electron
falls —0.006 ps™" T7', averaging to zero between the two
effects. Additionally, the pump intensity influences Lande’ g-
factor by about 5% over a 20-fold change in pump intensity.
The intensity dependence can be explained by the shifting
quasi-Fermi level due to carrier injection, which fills up the
conduction band and shifts the effective band gap. The
magnetic field dependence reflects a generation of Landau
levels, as well as a field-dependent dispersion along the
direction of the magnetic field. These effects have not been
previously observed in other hybrid perovskites, even when
measurements of quantum beats have been performed at high
magnetic fields, such as in CsPbBr;.
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