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SUPPLEMENTARY FIGURES

FIG. S1. Transmission ratio spectra for (PEA),;Snl,. Energy shift of the BX state.

(a) Transmission ratio spectra T(B)/T(0) showing the influence of the magnetic field on the trans-
mission spectra in the spectral range of 1s exciton state. At the low energy side at ~ 1.9eV a strong
feature related to the DX is visible. This low energy feature cannot be reproduced by simulating
the T¢s7/Tor spectra by shifting the 0T spectra by 1meV i.e. Tor—1mev/Tor [22,23,37] thus the
low energy signal is a state which gain intensity when the magnetic field rises. (c¢) The energy
difference (at 65T) between the DX state visible in the Tgs7/Tor spectra and BX state in the
Tesr spectra. For reference we plot the transmission spectra at 0 and 65T spectra in black and
red, respectively. (d) Due to the large broadening the energy shift of the BX state is determined

from the energy shift of the 2nd phonon replica [23]
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FIG. S2. Transmission ratio spectra for (PEA),Pbl,. Signatures of the ¢, state.

(a) Transmission ratio spectra T(B)/T(0) showing the influence of the magnetic field on the trans-
mission spectra in the spectral range of excitonic transitions. At the low energy side at ~ 2.33eV
a strong signal related to the DX is visible. This signal exhibits negative amplitude in the T/Tj
spectra, indicating that the new absorbing state is red shifting in magnetic field. On the high en-
ergy side of DX we observe a signal with positive amplitude related to ¢37, and labeled BX (dotted
line shows the baseline). (b) The DX signal cannot be reproduced by simulating the Tgs7/Tor
spectra by shifting the 0T spectra by 1.2meV i.e. Tor—1.2mev/Tor [22,23,37] thus the low energy
signal develops when the magnetic field is on. (c¢) The 2nd derivative spectra (|g%€|) showing the
signature of ¢9 out-of-plane excitonic state. The signature of this state is also visible on the high

energy side of the 2nd phonon replica in panel (d). Here the (b; is the phonon replica of ¢s.
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FIG. S3. Transmission spectra for (PEA);PbBrj.

Transmission spectra measured for the (a) B | E'and (b) B L E polarizations. In the high magnetic

field (B=65T, bottom curve) we observed the development of new spectral features related to ¢,

and ¢ states.
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FIG. S4. Oscillator strength of the dark states in (PEA)2Pbl.

In order to reproduce the transmission spectra measured without the magnetic field (black bottom
curve) three Voigt-profiled components were used (dashed green) plus an additional component to
mitigate the broad background (dashed gray). The cumulative fit (dashed magenta) overlaps well
with the measured signal. The oscillator strength of the bright exciton (BX) corresponds to the
area under the low-energy component at ~ 2.35eV. For the spectra measured with magnetic field
an additional component was used (dot black), corresponding to the increasing absorption due to

the dark excitonic state (DX).
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FIG. S5. Oscillator strength of the dark states in (PEA);PbBr,.

In order to reproduce the transmission spectra measured without the magnetic field (black bottom
curve) two Voigt-profiled components were used (dashed blue) plus an additional component to
mitigate the broad background (dashed gray). The cumulative fit (dashed magenta) overlaps well
with the measured signal. The oscillator strength of the bright exciton (BX) corresponds to the
area under the low-energy component at ~ 3.05eV. In the magnetic field an additional component

develops (dot black), corresponding to the increasing absorption due to the dark excitonic state

(DX).
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FIG. S6. Zeeman splitting in (PEA);PbBr,.

(a) Transmission spectra of (PEA)9PbBry measured for two circular polarizations o+ and o— for
selected strengths of magnetic field. The energy shift of the 1s exciton (~ 3.05eV) in the function
of magnetic field. Solid lines stand for AFE = :I:%(geH + g BB + coB?, where up is the Bohr
magneton. The fitting yields effective g-factor g + g5 = 0.8 £ 0.1 and diamagnetic coefficient
co = 0.07 +0.01 &5

1.5
1.0
0.5

0.0
-0.5

Energy shift AE (meV) T

- -1.0

.TI.TICT._. | 1 1
3.053.10 0 20 40 60
Energy (eV) B (T)




FIG. S7. PL spectra at low magnetic field.
(a) PL spectra in the magnetic field B < 2.6 T. LX = localized exciton. (b) PL energy vs. magnetic

field. The DX dominates the PL response already at B ~ 1T and hinders the LX emission.
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FIG. S8. PL spectra of (PEA)2Snl, in the magnetic field.

(a) The evolution of PL spectra in the magnetic field presented in the form of a false-color map.
(b,c) Fitting results to the 1T and 35T PL spectra, respectively. (d) The increase of the BX and
DX intensities with respect to the BX intensity at 0 T. (e) The BX /DX intensity ratio. Solid lines

|dsr (B)|*+|dsr (B)|? exp (_ Es—F;

stand for r ~ (B2 W) (see main text) for selected temperatures.
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EXCITON STATES IN MAGNETIC FIELD UNDER VOIGT CONFIGURATION.

Under the magnetic field the intrinsic symmetry of the crystal is broken. Therefore the
exciton states are no longer eigenstates of the Hamiltonian without magnetic field. The new
eigenstates ¢ can be expressed as a linear combination of exciton states without magnetic
field . In the Voigt configuration the magnetic field mixes the in-plane excitonic states
with the dark and out-of-plane excitonic states [12,31] (in contrast to Faraday configuration
the stats 1; and 1)y are not mixed with each other). New exciton states form two pairs of
states. One pair (¢; and ¢3;) is characterized by the dipole moment along B and is called
longitudinal while second pair (¢ and ¢37) has its dipole moment perpendicular to B. Each
of the states at B # 0 contain bright longitudinal (/3" — ¢37) or transverse (*T + ¢/37)

component and dark ! or out-of-plane component v%:

¢1 = ! +di (P77 —¢7T) (1)
Bar, = cart' + dap (VP —97) (2)
¢s = cot)® + do (V7T +977) (3)
Gar = carp? + dar (P +¢77) (4)

The energies of the exciton states as a function of magnetic field are described by (as-

suming state order as presented in manuscript):

E(B) = 5 (By+ By /B~ B + (g0 B o)
Byu(B) = 3 (B + Bs + /By = B + (guB)) (0
B:(B) = 3 (Bs + By +/(Bs — B + (griuw B ™
Eyr(B) = %(@ By \/(Bs— B3 + (gT,uBB)2> ®)

where g, = g1 —gn1 and gr = g., +gn. are the effective Landé g-factors for the longitudinal
and transverse states, g., and g, are the electron and hole g-factors perpendicular to the

c-axis, following the notation in [12], and pp is the Bohr magneton.



The coefficients c1, ¢z, ,co, c37, d1, dsr, do, dsp which are all functions of the magnetic

field, the splitting of the exciton states, and the effective g-factors, are given as follows:

o — \%gLNBB ©)
V2(E(B) = B + 3911 B)?
o T59rhpB (10)
\/2(BsL(B) = B + 3(guis B)?
dl _ El - El(B) , (11)
V2(E(B) = B2 + Sguus BY?
doy = £ — Ban(B) | (12)
\/2<E3L(B) — E1)? + 5(9rpsB)?
o veorinB , (13)
\/Q(Ez(B) — [)? + %(QTMBB)Q
P \%QTMBB , (14)
\/2<E3T(B) — E2)? + 5(9rppB)?
dy = Ex(B) = B . (15)
V2(E(B) = E2)* + H(grus BY
E3T<B) —EQ (16)

dsp = .
V2B (B) = o) + 3(grunB)?

It is easy to notice that when B — 0 then ¢ — .

DISCUSSION OF PHONON-BOTTLENECK.

While the detailed analysis and explanation of phonon-bottleneck effect is certainly be-
yond the scope of our work, based on the textbook description of carrier-phonon scattering
in semiconductors we can point out some of the properties of perovskites that can favor
the formation of a phonon bottleneck between bright and dark states. Let us first consider
the acoustic phonons bottleneck. It is a well established phenomena in perovskite physics
observed not only in 3D materials [14] but also for 2D derivatives [42] since perovskites are
soft materials. In general, the carriers/excitons weakly couple to acoustic phonons with de-

formation potential for acoustic phonons D several times lower than for archetypical GaAs



(1.9eV vs 7.8eV). Since the electron scattering rate on acoustic phonons is proportional to
D?, we can expect a decrease of the carriers scattering rate on acoustic phonons. This very
rough prediction finds support in the temperature dependence of the photoluminescence
response, which is particularly well elaborated in [14] for 3D and examples for (PEA),Pbly
can be found in [42,43]. Moreover in the context of the bright-dark scattering mechanism
we have to be aware that there are important restrictions related to the energy-momentum
conservation for acoustic phonon scattering. Namely, the energy-momentum conservation
(due to significantly different dispersion of carriers and phonon bands) imposes maximum
change of the carrier energy in the range of 0.1 meV for GaAs [44], thus in perovskites with
its soft lattice it will be even lower. At the same time the energy separation between the
bright and dark states in 2D perovskite is much larger, as we have shown in the range of
tens of meV. Therefore, there is an evident energy mismatch between the allowed carrier
energy change and initial and final states energy difference in scattering process. We ex-
pect that the same applies to optical phonon scattering (both deformation potential and
polar scatterings). Obviously in this case there is no restriction related to the momentum
conservation (different phonon dispersion), however the problem of the energy mismatch
between the bright-dark splitting energy and phonons energy is still valid. For example, the
direct scattering from the bright state light cone to brightened dark states light cone is not

possible, therefore we observe signs of non-Boltzmann distribution in PL spectra.
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