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Supplementary Note 1: Description of band structure of MAPbI; within K.P/crystal field model.

In orthorhombic MAPbI; the conduction and valence band edges are located at the zone center? .
Within  K.P theory the energy band structure near the band edge at I is found by writing the
Hamiltonian in a basis of the band edge periodic Bloch functions and then diagonalizing the
Hamiltonian at non-zero wave vector k. Then at any value of k the conduction and valence band
states may be written approximately in the form,

1 .
Unk(T) = Up k=0 (T) \/_Velk-r’ (S1)
where n is a band index, r is the electron coordinate, and V is the crystal volume. In order to
describe optical properties we require expressions for the band edge Bloch functions u,, y—o atk =
0 for the conduction and valence bands. We express the Bloch functions within a quasi-cubic
model?, in which the effect of lattice distortion from the cubic phase to the orthorhombic phase is
captured in terms of a crystal field. Within this model the valence band functions can be written
as the 2-fold degenerate | = 1/2, J, = +1/2 states with S orbital symmetry:
uiy=S1T, uw=s51, (S2)

where the symbol S denotes an orbital function that transforms as an invariant under the operations
of the crystal point symmetry group, while T () denote the spin functions with projection S, =
+1/2 (—1/2). For the conduction band, the Bloch functions have orbital p-symmetry; in a cubic
perovskite in the absence of spin-orbit coupling these can be represented by the X,Y, Z orbital
basis. To find the Bloch functions in the presence of spin-orbit coupling (SOC) we diagonalize the

band-edge Hamiltonian, including the spin-orbit interaction, H, s = %A L-S, whose strength is

given by A, the spin-orbit split-off parameter which separates the upper / = 3/2 bands from the
lower ] = % conduction bands. We must also include the crystal field (CF) Hamiltonian Hp,
which represents the effect of lattice distortions relative to the cubic phase. All together, the band
edge Hamiltonian H, ., IS,

Hortho = Ho + Hep + His (S3)

Here, H, gives the band edge energies in the absence of SOC and CF splitting. The crystal field
Hamiltonian Hr can be expressed in invariant form as?,

1) ) 2
Her = (5—5) L +(‘<—§) Li*(?) L 9

where Ly, L,, L, are the x,y,z components of the orbital angular momentum operator, and the
crystal field parameters &, ¢ reflect symmetry breaking relative to the cubic phase in the z and the
x,y directions, respectively; we call §, { the “tetragonal” and “orthorhombic crystal fields,
respectively. The portion of the Hamiltonian H,,,, given by H, + Hp is represented in the
S,X,Y,Z orbital basis within a quasi-cubic approximation by ?,



E? 0 0 0
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where EQ and E? are valence and conduction band edges without SOC or CF splitting. The
eigenvectors are found by diagonalizing the matrix H,,n, in EQ. S3. Within the basis of
eigenstates of total angular momentum, J = L + S, taken inthe order J = 1/2(L=0),] =
1/2(L=1),] = 3/2 (L = 1), with the values of J, for each J running over ] >J, > —J
ordered high to low, this has the matrix representation,

Hortho=
E2 0o o 0 0 0 0 0
0o EY o 0 0 0
0 V2 2
o o EY o 0 =50 0 ﬁ(
2 V2
o o o E° B e 0 Y5 0
3 3
(S6)
2 0 ¢
0 0 0 ~—|2¢ El+n+- 0 = 0
3¢ Fe V3
V2 0 1) 4
— E A —— =
0 0 6 0 0 c+A—3 0 =
V2 { 0 5
_— = E A——
0 0 0 56 = 0 c+A-3 0
2 ¢ 0 1)
0 0 [5¢ o 0 = 0 Ec+a+3

The conduction band edge states can be solved exactly in the tetragonal case, when § # 0 with

vanishing orthorhombic crystal field, { = 0. The lowest conduction band in this case has energy
2-4

30 -6 1 2 1
= 0 —_—— 2 — 2. :+—> 87
Ec(8,8) = B¢+ — 2\/5 38A+A,(]Z > (S7)

Note that the energy zero has been set so that with zero crystal field the conduction band edge is
at energy E. = E2. The upper conduction bands, which originate from the J = 3/2 states of the
cubic crystal, are split by the tetragonal crystal field. In the tetragonal case these bands have band-
edge energies given by 2,



30—68 1 2 1
Eie(A,8) = B¢ +—¢ +E\/82—§8A+A2;<]Z=i§) (S8)

) 3
Ene(8,8) = B + 5+ 4, (1 =£3) (9)
Finding a closed form expression for the band edge energies and Bloch functions in the presence
of an orthorhombic crystal field is more complicated since the energy is a cubic function the
orthorhombic crystal field. However the band edge energies and eigenvectors can be readily found
by numerical diagonalization. An approximate result for the lowest band edge energy is [2],
Ec.(A8) + Epe(A,6) 1 S10
E0.6,0 ~ D FEne(88) 1 (510)
2 2
where the phase angle 6 is given in terms of the spin orbit coupling, A and the tetragonal crystal
field 5 by3*:

V(Epe (A, 8) — Ec(A, 8))2 + 402 cos? 6,

2v2 A

A—38’
while the lowest energy conduction bands have band edge Bloch functions that can be expressed
in the general form,

(S11)

tan 20 = g<=
an = _2

)

u§ = —C, Z 1 —(CxX + iGyY) L,
u§ = —(CyX — iCyY) T +C,Z L. (S12)

In these expression the symbols X, Y, Z denote orbital functions that transform like x ,y, z under
rotations, while Cy, Cy, C; are c-numbers that reflect the effect of the crystal field splitting. The
coefficients Cy, Cy, C; can be written approximately in terms of two phase angles, 8 and ¢,
determined by the crystal fields, §, and ¢, as?,
cos ¢ cos @ — sin ¢
Cx = Cx(0,9) =

\/E ]
cos ¢ cos B + sin ¢
CY ~ CY(Hﬂ (P) = \/5 ’
C; = Cy(0,p) =cos¢sinb . (S13)

In these expressions, the phase angle 8 is given in terms of the spin orbit coupling, A and the
tetragonal crystal field 6 by Eqg. S11while the phase angle ¢ has non-zero values in the
orthorhombic structure and is determined by?,

—4 ( cos©

tan2¢ =

2 ' (S14)
A+8+ |A?—3A8+ 82

In applications in this work, the coefficients Cy, Cy, C; were determined numerically as a function
of the crystal field parameters &, ¢ and the SOC parameter A by diagonalizing the full Hamiltonian
Eqg. S6 rather than using approximate Eq. S13, in order to ensure accuracy. The energies of the

5



heavy- and light-electron band edges can also written in approximate closed form, but in this work
we find the energies by numerical diagonalization of Eq. S6. The corresponding Bloch functions
can be shown to have the following general forms: For the heavy electron band,

ull = —(HyX + iHyY) T +H,Z L,
Wl =H, 71T +(HxX — iHY) L, (S15)

where the coefficients Hy, Hy, H are found numerically as functions of §, { and A. The
corresponding result for the light-electron band is,

uf = L7 1 —(LyX + iLyY) L,
ub = (LyX — 1Ly T+L,Z ). (S16)
Here again, the coefficients Ly, Ly, L are found numerically.

Supplementary Fig. 1 shows the calculated conduction band edge energies for the light-, heavy-
and conduction electron bands computed by diagonalization of Eq. S6, parametrically as a function
of the orthorhombic crystal field, ¢, with fixed SOC split off parameter A =1400meV * and
tetragonal crystal field § = + 349.8 meV, determined by fitting to the measured electron and hole
g-factors as described in the main text. Note that the tetragonal crystal field is positive, in
agreement with density functional theory calculations of band-structure of tetragonal MAPbIs3
reported in Refs.[1,5], the hybrid density function theory calculations for both tetragonal and

orthorhombic MAPDI3 reported in Ref. [2], and the 16-band K.P model for tetragonal MAPbI3
reported in Ref.[6].
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Supplementary Fig. 1. Band edge energies in orthorhombic perovskite. The figure shows
calculated conduction band edge energies for the light-, heavy- and conduction electron bands computed
by diagonalizing Eq S3 parametrically as a function of the orthorhombic crystal field, ¢, with fixed SOC
split off parameter A =1.4 eV*and tetragonal crystal field § = + 349.8 meV, determined by fitting to the
measured electron and hole g-factors as described in the main text. The splitting between the heavy- and
light- electron band edges for zero ¢ is approximately 2/3 &. The legends labels he, le and ce stand for
heavy-electron, light-electron, and conduction-electron bands, respectively.



Section S1.1: Calculation of the electron and hole g-factors

Using the results in the last section for the band edge energies and Bloch functions in the
orthorhombic crystal structure, we can apply the K.P theory to calculate the electron and hole g-
factors. To do we first write the full K.P Hamiltonian reflecting coupling between the conduction
and valence bands near the zone center I" point, the conduction band Hamiltonian H, can be written
as,

H® = Hy + Hop + Hyg, (S17)

where Hy represents the band edge energies in the absence of SOC and CF splitting plus the k-
dependent terms which give rise to dispersion of the band energies away from the zone center;

while H; 5 = EA L - S is the spin orbit coupling and H.p is the crystal field Hamiltonian given in

Eq. S4-S5 apart from the band edge energies E2, E2. The Hamiltonian H,, for the cubic phase has

the following representation in a basis of states S,X,Y,Z in the absence of spin orbit coupling:
Hk) =

. h . h
( E9 i — kP i —k,P i —k,P \
0 0 0
h h? h? h?
e 0 o 2 2 2 o -
| ke B4 (4K, + B(k,? +k,%)) 2 C Ky o C Rk |
i e M ek E°+h—2(Ak2+B(k2+k2)) M ek -
| my Y 2mo Yy ¢ Zmo * y z Zmo vtz |
h h? h? h? /
s - - 0 - 2 2 2
\ kP o € ks 2 € ks B+ G (4,2 + B(ky? +k,%))

(518)
Here P = —i(S|p,1X) = —i(S|p,|Y) = —i (SIp,|Z) is the Kane momentum matrix element” .
Following Luttinger® the terms 4, B, C can be expressed in terms of the well-known Luttinger
mass parameters as follows:

A=y, +4y,,
B=y,—-2vy,,

Note that the quasi-cubic treatment here assumes that the effect of symmetry breaking from the
cubic phase is due solely to the effect of the crystal field, i.e., the Kane and Luttinger parameters
have the same symmetry relations as in the cubic phase. Our treatment differs in this sense from
that in Ref.[4], where for the tetragonal phase, separate Kane and Luttinger parameters are
introduced for the directions parallel and perpendicular to the tetragonal c-axis, but this approach
leads to a proliferation of undetermined parameters.

Introducing spin orbit coupling as before, the 8x8 Hamiltonian Hy + H; s is diagonalized at k =
0 in a basis of eigenstates of total angular momentum, J = L + S. Adding the crystal field
Hamiltonian, as in the last section, the total Hamiltonian is diagonalized using Bloch functions Eq.
S2 for the valence bands, Eq. S11 for the conduction bands and Egs. S14, S15 for the heavy- and
light- electron bands respectively. The matrix representation of the Hamiltonian can be written in
closed form in this basis but we will not show it here; it is represented as an 8x8 matrix.



With the Hamiltonian for the orthorhombic crystal determined, we can calculate the electron and
hole g-factors by considering the effect of an externally applied magnetic field. The magnetic
Hamiltonian is given by?,

H, = —’%"(3K+1) L-B +g0'u—; S B, (S20)

where u, = eh/2m, is the Bohr magneton, g, = |g.| is the free electron spin g-factor,
approximately equal to 2.0023, and x is Luttinger’s magnetic parameter®. We evaluate the
effective Zeeman Hamiltonian for the lowest conduction band and the valence band using
Lowdin’s partition method®. The effective magnetic Hamiltonian has the form for electrons
(holes) given by,

Up
H;fe](ch) = 7 {GetmyxJemyx Be + Genyy Jemyy By + Ge(ny,z Jeny,z Be}

which is represented in the band edge basis as a 2x2 matrix. We find the g-factors using Lowdin’s
method® for constructing the effective Hamiltonian from the 8x8 K.P Hamiltonian* :

R0 = Ay + Y (k) (k) (s22)
poy i(k) - Hnn

We apply this procedure using the 8x8 Hamiltonian derived from Eq. S17 plus the magnetic field

Hamiltonian Eq. S20, approximate the energies E;(k) and the matrix elements H,,,, by the band

edge values; and utilize the commutators [kx,ky] = —i ih B, and its cyclic permutations®. We

retain only those terms linear in the applied magnetic field. Eliminating the Kane momentum
matrix element in favor of the Kane energy, defined by,

(S21)

2 p? (S23)
E, = —,

mo
We obtain the electron and hole g-factors after a straightforward but lengthy calculation. For

the holes, the g-factor components are,

Ohx = Go—2E (CYCZ Ly Ly 7'[Y7'[Z>
hx — Yo — P - ’

Ec - Ev - Ele - Ev Ehe - Ev

CXCZ LX LZ 7{X }[Z
Ec - Ev - Ele - Ev Ehe - Ev) '

Cx Cy + Ly Ly _ Hy Hy > (S24)
Ec - Ev Ele - Ev Ehe - Ev .
Here, the band edge energies E,, Ej., and E,, are found by numerical diagonalization and E,, is
determined from the measured the bandgap via Ey, = E.(4, 6, ) — Eg. The coefficients C;, H; and

L; that enter this expression are determined numerically as well. We note that hole g-factor is the
same in both the electron and hole representations as described in detail in Ref. [10]. The electron
g-factors are found as,

Iny = Yo — 2Ep (

Ihz = gO_ZEp(

E
Jex =2Cy Cz 2= {4Cy C; Bz +1) = go(Cx” = 6" = €;°)}
g



E
ey = 2CxCr = {4CxC,(B 1, + 1) = go(Cy* — &x* — €2°)}

Eq

E (S25)
gez =2CxCyr—{4CxCyBrz + 1) = go(C2" — Cx* = &%)}

g
We verified that the expressions in Eqs. S24-S25 reproduce previously derived results* for the

tetragonal and cubic phases in the corresponding limits.

We note that the six g-factors (X, y, z values for the electron and the hole, respectively) are fully
determined by six parameters: These are the band gap, Ej;; the Kane energy, Ey,; the spin orbit
split-off parameter, A; the tetragonal and orthorhombic crystal field parameters §,¢, and
Luttinger’s magnetic parameter, k. In practice the bandgap is easily measured; the split-off
parameter can be measured or calculated”, so that the remaining parameters E,,, §, { and k can be
determined by measuring the electron and hole g-factors along two symmetry axes of the crystal

as described in the main text. The expressions are summarized in Supplementary Table 1.
Section S1.1.1: Electron and hole g-factors in the cubic phase

It is a useful to evaluate the expressions derived above for the orthorhombic crystal phase against
the limit of cubic crystal symmetry, that is, when the crystal fields § = { = 0. In this case, the
lowest conduction bands have band-edge Bloch functions that can be represented as eigenstates of
the total angular momentum, J = L + S, with J = 1/2 , and the coefficients in Eq (S12) can be
shown to take the values, Cy = Gy = C; = 1/~/3. Similarly, the upper conduction bands become
4-fold degenerate, separated in energy by A from the lower / = 1/2 conduction bands, and have
band-edge Bloch functions that can be represented as eigenstates of ] = L + Swith /] = 3/2. Then,
the coefficients in Egs. S15, S16 take the values, Hy = Hy = 1/v/2; H, =0,and Ly = Ly =
1/V6; L; = m Using these coefficients leads to the following expressions for the isotropic
electron and hole g-factors in the cubic crystal structure:

gcubic= g —EE _1_ 1 .gcubic= E& — (4K +2) (S26)
h °"3P\E, E,+4) 3E, L

Supplementary Note 2: Exciton fine structure model

In this section we describe the Hamiltonian that determines the exciton fine structure in
orthorhombic perovskite crystals such as MAPDIs. We consider the effects of the short-range (SR)
electron-hole exchange interaction, Hgy, and the effects of an applied magnetic field, B, through
the Zeeman Hamiltonian H,. The magneto-exciton Hamiltonian is thus,

H = HSR + HZ (827)
We will determine the eigenstates of this Hamiltonian for free excitons in orthorhombic MAPDIs.
We write the exciton state as the product wave function®?,

wg;g:K;nlm(refrh) = uf(re) u]h(rh) fK;nlm(re: rh)- (828)



Supplementary Table 1. Hole and electron g-factors in orthorhombic perovskites.

The subscripts X, y, z denote the [1,0,0], [0,1,0] and [0,0,1] crystallographic directions. The coefficients
Cx,Cy,Cz; Ly, Ly, Ly; and Hy, Hy, H,, determine the lowest conduction band Bloch functions, and the
light- and heavy-electron band Bloch functions. These are determined by numerical diagonalization of the
8-band K.P Hamiltonian, Eq. S6, which includes the tetragonal and orthorhombic crystal fields & and ¢,
and the SOC parameter A. In the expressions, g, = 2.0023 is the free electron spin g-factor, E, =
E.(4,8,0) — Eg, Where Ej is the bandgap, E,, is the Kane energy, and k is Luttinger’s magnetic parameter;

A is the SOC split-off parameter.

Hole g-factors Electron g-factors

h — E
9 g% =20,C;
g

Cy Cy Ly L, Hy Hy )

gO_ZEp ( -

EC_E‘U Ele_Ev_Ehe_Ev _{4CYCZ(3K2+1)

- gO(C’X2 - cyz - CZZ)}

91’} = e Ep
gé =2 cXcZE—g —{4c4c,3 K, + 1)
o (B e 2 e -6
92 = gs =2 cXcY% —{4CyCy (B, + 1)
g
9o — 2E, (ECCX_C;;U Eixfzv - ;[:z{;v) - 90((522 - sz - Cyz)}

This is a product of the band-edge periodic basis functions for the electron and hole, uf and u”,
respectively, which contain information pertaining to the spin of the exciton, and the envelope
function for the exciton, f,, x(r., 1), which describes the relative and center of mass (COM)
motion of the electron and hole in the exciton state. For free excitons, the envelope function is
specified in terms of the COM wave vector K and quantum numbers n, [, m associated with the
state of internal relative motion of the electron and hole, which we describe in terms of a
hydrogenic model. The lowest exciton is a 1s hydrogenic state with n = 1 and [ = 0 so that,

1 . S29
fK;lS (T, Th) = \/_VelK R(pls(re —Th), ( )

where the wave function is the relative coordinate is given by,
(S30)

s (r) = —rze /o
1s axg/z

i
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The Bloch functions for the hole and the electron, u;, and u, are given in Egs. S2 and S12
respectively. Using these expressions we form a Bloch function basis of electron hole pair states:

P, = uéul; P, = ubul; Py = uSul; P, = uSul (S31)
With the wavefunction in hand, we start our analysis by developing the electron-hole exchange
Hamiltonian.

The short range exchange interaction can be written as an effective spin operator for the bulk
exciton which can be written!?,
(S32)

1
HSR= EC@[I - O'e.O'h].

Here, o, and oy, are Pauli operators representing the true spin (not the total angular momentum)
of the electron and the hole, respectively; r. and ry, are their respective position vectors, C is the
exchange constant for the material, and Q is the unit cell volume. The term @ is the electron-hole
overlap factor, representing the probability that the electron and hole reside in the same unit cell.
For the exciton n, K it can be written,

Ok = O jj B rod® Ty £ (o 1) (e — 1) foc (For 1)
vV

=0 fV d3r Ifn,]((rlr)lz' (833)

The integration above is taken over the entire volume, V, of the crystal. The “ground state” exciton,
by which we mean the lowest energy exciton state for a given wave vector K, corresponds to the
1s hydrogenic state of relative motion as discussed above. Using Eqgs. S29-S30 for this state, the
overlap factor is,

Q (S34)
was '’
where a, is the exciton Bohr radius. With this result we can rewrite Eq. S32 for the ground
exciton in terms of the singlet triplet splitting Aw,, = 2/3 CO4q,

0,5 =

S35
Hgp = 4 hog [I — 0. 0y]. (535)

This equation is our effective spin operator for the electron hole exchange interaction. With the
eh pair basis Eq S31, we find the exchange Hamiltonian has the following representation:

CZ+C: 0 0 C2-c? (S36)
0 Cz (2 0
0 Cz (2 0

C;—C2 0 0 CZ+C)

It is convenient to diagonalize this Hamiltonian with the transformation'?,

Hpgir = E hwg X

~ ~ ot~ t~ -
Hyy; = My M; Hpgir My M,

Where the unitary transformation matrices M,, M, are given by,

11



0 1 0 O 1 0 0 O
-1 1 -1 i

M, = w0 a0 and M, = R
1 0 1 0 0 O 0 1
V2 vz 0 1 0
0 0 0 1 V2 2

The first transformation ( M,) transforms the Hamiltonian to a basis of total angular momentum
F=],+],, taken in the order, |F,E,) = ]0,0),|1,1), |1,0),|1,—1), while the second
diagonalizes the Hamiltonian in a basis of exciton states |qu.), taken in the order | D), | X), |Y), |Z),
whose transition dipoles to the crystal ground state respectively vanish (D) or are aligned along
the symmetry directions X, Y, Z which correspond to the three mutually orthogonal C, symmetry
axes of the orthorhombic crystal system. In this basis the exchange Hamiltonian is given by,
E,b 0 0 O (S37)
q _ 0 Ex 0 O
DXYZ — 0 0 EY 0
0 0 0 E
In this expression, the exciton eigen-energies are given by?,
Ep =0,

Ey = 3hwy C2
EY = 3h(l)st 63% )
E, = 3 hawg CZ . (S38)

The corresponding dipole transition moments, (uy, |P|G), evaluated between the Bloch functions
of each state, |uXi) and the |G) is the crystal ground state, are given by?,

p=0,
5x=\/icxp9?,
5Y=\/§Cyp37'
p,=V2¢C,Pz . (S39)

where P = |(S|P|Z)| is the Kane momentum matrix element that appeared above.

In Ref. [6] the exchange constant and exciton radius are given for orthorhombic MAPI as Awg; =
0.126 meV and a, = 4.8nm. In our model, we use these parameters, and determine the crystal
fields, § and ¢, and the spin orbit coupling split-off parameter, A, by fitting the measured g-factors
of the electron and hole using the orthorhombic model presented above. This determines the phase
angles and hence the phase angles 9, ¢.

Section 2.2: Magnetic field splitting of the exciton —Zeeman model
The Zeeman Hamiltonian for the exciton, neglecting crystal anisotropy, can be written 41 |

Hy = getigJe "B+ gniigJn' B, (S40)

12



where, Je,J, are the vector total angular momentum operators for the electron and hole,
respectively, ug is the Bohr magneton, and g,, g5, are the electron and hole g-factors. Note that
the hole term above is written with a positive sign, moreover the magnitude and the sign of the
hole g-factor is the same in both the electron and hole representations as noted in Ref. [10]. The
Zeeman Hamiltonian expression is easily generalized to the case of orthorhombic symmetry,

HM = Up {(ge,x]e,x + gh,x]hx) Bx + (ge,y]e,y + gh,y]hy) By (841)

+ (ge,z]e,z + gh,z]h,z) BZ}
Expressing the Hamiltonian in the pair basis Eq. S31 and then transforming to the exciton basis
D,X,Y,Z as before, we find the representation of the Zeeman Hamiltonian as,

Hpxyz (S42)
0 Bx(gh,x - ge,x) By(gh,y - ge,y) Bz(gh,z - ge,z)
_ M Bx(.gh,x - ge,x) 0 _iBz(ge,z + gh,z) +1i By(ge,y + gh,y)
2 \By(.gh,y - ge,y) +iBz(ge,z + gh,z) 0 —i Bx(ge,x + gh,x) l
Bz(.gh,z - ge,z) —i By(ge,y + gh,y) +in(ge,x + gh,x) 0

Inspection of this matrix indicates that in the presence of a magnetic field the dark exciton state D
will mix with any bright exciton whose transition dipole has a non-zero projection along the
magnetic field. If the magnetic field is along the Z direction, the states D and Z will mix; if B is
along X, then the states D and X will mix. At the same time, a magnetic field component i will
mix states j # i and k # i, i.e., az component of B will mix X and Y, while an x component of B
will mix Y and Z. The magnitude of the mixing will be determined by the magnetic energy
~g|upB] in relation to the exchange splitting For reference, at 700 mT, wu,B is 40 ueV, which is
not small relative to the singlet-triplet splitting Aw,; = 126 ueV in orthorhombic MAPbIs.

As an example, for a magnetic field applied along the [001] direction, taken as the Z direction, the
magneto-exciton Hamiltonian, including exchange and the Zeeman effect, breaks down into two
2x2 submatrices as follows: The first submatrix describes coupling between D and Z states:

U
ED _Bz 717 (ge,z - gh,z) (543)
U
_BZ 71) (ge,z - gh,z) EZ

The energy eigenstates that are formed from the magnetically coupled Z and D levels have
energies,

Hz,d(Bz) =

1 2 (S44)
Ezi-d =5 {ED + E; + \/(EZR —Ep)? + .ulZ)Bzz(ge,z - gh,z) } )
and eigenvectors given by,
1 1 a
lp;d = N_ - Z:ub(ge,z - gh,z) = [_ﬁl ],
1 2(6f -E) '
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B 1 | ~bzHp (ge,z B gh,z) b1 (845)
Yra = N_l 2 (Ef —Ep) = al].
1
Here N; is a normalization factor and we note that a4, §;are real. The other submatrix describes
magnetic coupling of the X and Y states:

. Hb
- EX -1 Bz 7 (ge,z + gh,z) (846)
Hiey (B = .o Hp
+le7(ge,z + gh,z) EY
Solutions for the energies of the magnetically coupled X and Y states are,
N 1 5 212 2 (S47)
Ex_y = E Ex + Ey & (EX - EY) + /'LbBZ (ge,z + gh,z) ’
Corresponding to eigenvectors given by,
-1
1 .
l/)xy = N— Bz.ub(ge,z + gh,z) = lﬁaz] )
2l 2(EF - Ey) :
B 1 —iBup (ge,z + gh,z) i B, (848)
ol - | = el
1

As above, N, is anormalization factor and we note that a,, 8, are real. It is important to note that
as the magnetic energy increases, the triplet states X and Y mix, as do the Z and D states. The
dipoles are given at zero magnetic field and at high magnetic field in Supplementary Table 2 and
the energies are plotted as a function of the magnetic field in Supplementary Fig. 2.

Supplementary Table 2. Energies and transition dipoles for magneto excitons in a magnetic
field oriented along the Z direction.

Transition dipoles are given at zero field and at non-zero field. The state index 1 to 4 is assigned
to each level for convenience in the discussion of quantum beating of the magneto-exciton. P is
the Kane matrix element.

State State Energy Energy and Dipole at Dipole at B, # 0

index index B,=0
vy |1 E}y Eyx; V2 PCy& V2 P(i a,Co% + B,Cy9)
Yy |2 Exy Ey; N2 PCyy V2 P(=i BCy & + a3C, 9)
Va 3 Ej4 Ep; O —V2 PB;C,2
Yoa |4 E,, Ez V2 PG,z V2 Pa,C,2
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Supplementary Fig. 2. Energies and transition oscillator strengths for magneto-excitons in

MAPDI3, B along [001]. Energies, panel (a) and oscillator strength, panel (b), are calculated with
magnetic field applied along the [001] direction, taken as z. Lines are labelled according to the states in
Supplementary Table 2, with the dipole character at zero magnetic field in parenthesis. For these
calculations, Aws; = 126 ueVe; A=1.4eV* The CF parameters § = +349.8 meV, { = +147.7 meV; k =
0.206 and the Kane energy, E,,=13.9 eV are determined by best fit to the measured electron and hole g-

factors, resulting in gfo1) = 2.52, g{oo1] = —0.28.

Section 2.2: Quantum beating model for magneto-excitons

In the transient photoinduced circular polarized reflection (c-PPR) quantum beating experiments
described in the main text, a short optical pulse that is spectrally broad in comparison to the fine
structure splitting is incident on the sample with wave vector K at time t = 0. With respect to the
wave vector, the exciting pulse is arranged to be either left or right handed. For light propagating
along the + Z direction, the left and right circular polarization vectors have positive and negative
helicity, respectively:

e, = 1/V2 (2+i¥§), (left)

e_=1/V2 (£—i¥y), (right) (S49)
We consider the wavevector K along the X direction for which,
e,(K=KR) = 1/V2 (+iy—2) (S50)

The magneto-exciton fine structure of the system consists of four states which we index, i, each
with energy E; and a transition dipole from the crystal ground state with is the vector p;; these
are given in .
Supplementary Table 2. When the exciting pulse arrives at time t = 0, an exciton is created by
action of the electric field e, on the crystal ground state |G). This state, ¥, at time ¢t = 0 is
given by,

¥4y = e, P|G) . (S51)

We can represent this state as a superposition of the magneto-exciton fine structure levels y;:
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Wi = Z(ei- po) ¥; EZA? i

AE = (ey- py) (S52)

In this expression, the term e, - p; represents the relative strength of the dipole interaction of
exciton level i with the light field, whose transition dipole is, p; = (y;|P|G), where G is the
crystal ground state. These are given for each level in Supplementary Table 2. The exciton state
subsequently evolves in time as,

CCRDWE “ith EDICEE Ry (559

In the c-PPR experiment, the system is interrogated by a + circularly polarized pulse, which we
denote by d, = 1/v/2 (+iy — 2), ata later time t. The signal, S, (t), corresponding to the
state initially prepared by a pump pulse with polarization e, is then proportional to,

5:(0) ~ |(#hal 2O (854
where the state ¥, ; is,
exd - Z(d+ pl) l/)l - ZB+ l/}l ’
Bf =(d; - py) (S55)

The measured signal, which we denote QB(t), is the difference between the plus and minus
signals:

QB(M~ S, () — S-(©) . (S56)
Using the expressions worked out above and using the orthogonallty of the states y; we find,
E (S57)
S+(0) ~ Z[Bi I'afe R |,
i
To determine the selection rules we will evaluate S (t) using the definition,
. Ej
Dli(t) — [Bl-l-]*Ali e—ltf (558)
The expression for the signal then becomes,
2
Sy ()~ Z DE) | . (S59)
i
This can be expanded out:
2 *
S.(t)~ 2|Dii(t)| + 2 DE®) [DE®)] . (S60)
i i#j

16



The first term is constant in time and will not give rise to a beating signal. The second term is
contains cross terms and is responsible for the beating. Discarding the time independent piece
we write,

.0~ Y DE® [DFO] (S61)
i#j
Then,
QB(t)~6,.(t) — 6_(t) . (S62)

We now consider the selection rules. In the general case, we find that all terms Dii (t) are in
general non-zero, and that six frequencies appear corresponding to the six possible energy
differences between the four fine structure levels of the magneto-exciton. However, evaluating Eq.
S62 for the special case of Voight geometry with applied magnetic field along the z-direction, and
the light incident along a principal axis of the crystal (here taken as the x direction) we find two
strong selection rules such that only four frequencies can appear in the quantum beating signature.
To establish the selection rules explicitly we evaluate the terms D;*(t) in Eq S58.

First selection rule: D/Z mixing: We first analyze the interference term corresponding to the
pair of states lp;—’d states which are magnetically coupled: Referring to Supplementary Table 2

we index these states as state 3, 1}, and state 4, y},. Usingd, = 1/v/2 (+iy — 2) and
referring to Supplementary Table 2 for the dipoles we find,

it E . E
State3: D = [Bf]*A; e R = szﬁlzpze—m% ’

. E E
State 4: D4_i == [BI]*AE e_lt%: CZZ afpze_lt% (863)

We see that both terms are non-zero and the beating terms associated with right and left circular
pump are equal. The corresponding quantum beat term associated with states 3, 4 is,

o340~ 03 (D3] + 0F D3] = 22t g7 preos(

Consequently in the quantum beating signal, Eq. S62, the interference terms involving states 3,4
cancel:

QB3*(t) = 82*(t) — 634(t) =0 . (S65)

We have arrived at the selection rule that the magnetically coupled z/);—rd states cannot beat in the
Voigt geometry, with the wave vector oriented along a principle symmetry axis of the crystal.

Second selection rule: X/Y mixing: We next analyze the beating associated with the magnetically
coupled X,Y pair. For this case, again referring to .

Supplementary Table 2. Energies and transition dipoles for magneto excitons in a magnetic field
oriented along the Z direction. and labelling 5, as state 1 and 1, as state 2, and using the
dipoles listed in the table, we find,

it E . E
State 1: Df = [Bf]*A% e iR = C’ﬁﬁzsze_”Tl ’
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. E . E
State2: Df = [B}I'Ate ''h = cZaZP2e T . (S66)
We again find the result that the beating terms associated with right and left circular pump are
equal,
x x E, —E)t S67
SO~ F 03] + 07 7] = 26§ a3 g7 Proos( T TE). B

Consequently in the quantum beating signal, Eq. S62, the state 1,2 interference terms cancel:
QBY2(t) = 8§1°(t) — 8X%(t) = 0. (S68)

We have arrived at the second selection rule, that the magnetically coupled 3, states cannot
beat in the VVoigt geometry, with the wave vector oriented along a principle symmetry axis of the
crystal.

Analysis of the other four possible combinations shows that non-zero quantum beating signals are
in possible with all four other combinations of states, with the exception of the case of zero
applied magnetic field. At zero field, only one quantum beat frequency is possible for the light
vector oriented along a principal axis of the crystal, as assumed above. This is because, i) all
interferences involving the D state vanish due to the vanishing oscillator strength of the D state at
zero field; ii), the X/Y mixing selection rule derived above leaves only two possible frequencies
and iii), because bright excitons whose dipole is oriented along the direction of the wave vector,
is oriented a principal axis of the crystal, cannot couple to the light, leaving a single possible
frequency. Conversely, at finite magnetic field with the light wave vector oriented along a
principal symmetry axis a total of four beat frequencies are possible. Then, for an arbitrary k-
vector direction in Voight geometry, a total of six beat frequencies are possible at non-zero applied
magnetic field, and two are allowed for zero applied field. The selection rules derived match those
derived for time-resolved Faraday rotation in VVoight geometry as developed in Ref. [13] and are
confirmed by direct diagonalization of the magneto-exciton Hamiltonian and evaluation of the
time dependent cPPR QB signal and its Fourier transform, shown in Supplementary Fig. 3 and
Supplementary Fig. 4.

The calculations shown in these figures are made with the experimentally derived g-factors
observed in the c-PPR quantum beating experiments described in the main text. The results show
that if the quantum beating observed were due to excitons, there would be a clear beat signal at
zero applied magnetic field, due to electron-hole-exchange related fine structure splitting. In
Supplementary Fig. 3, which shows the calculated QB signal with applied magnetic field, B along
[001] and incident light wavevector along [100], a principal axis, there is one allowed interference
at zero field involving Y-Z fine structure levels. At high field, a clear signature associated with
magnetic activation of the dark exciton oscillator strength would be observed, resulting in a total
of four distinct beat frequencies, contrary to what is observed experimentally. In Supplementary
Fig. 4. Calculated quantum beating signal for magneto-excitons in MAPDI3 for transient
photoinduced circular polarized reflection, B along [-110]., calculated with applied magnetic field,
B along [-110] and incident light wavevector along [110], there are two allowed interferences at
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zero field while at high field, a total of six distinct beat frequencies become allowed due to
magnetic activation of the “dark” exciton, again, contrary to what is observed experimentally.

We conclude from this analysis that the quantum beating signals experimentally observed in the
c-PPR experiments are not due to excitons, but rather, are due either to the presence of resident
carriers'?; to formation of trions; or to resident carriers left behind after trion decay’*. We turn in
the next section to an analysis of quantum beating due to trions.

QB (R-L)Signal vs Time Bz =700 mT
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Supplementary Fig. 3. Calculated quantum beating signal for magneto-excitons in MAPbI3
for transient photoinduced circular polarized reflection, B along [001]. Quantum beating is
calculated for Voigt geometry, with applied magnetic field, B = B, Z along [001] and incident light
wavevector along [100] taken as X. The magneto-exciton fine structure and material parameters used in
these simulations are shown in Supplementary Fig. 2. Panels (a, b) shows the time resolved c-PPR signal
for zero magnetic field, panel (a), and an applied magnetic field of 700 mT, panel (b). Panels (c) and (d)
show the Fourier transforms of the time-resolved quantum beating traces shown in panels (a) and (b)
respectively. Beat signals are labelled based on the zero-field states to which the interfering magneto-
exciton levels correspond, see Supplementary Fig. 2. For these calculations, damping of 0.4 peV was
assumed, consistent with the measured damping. Note that at zero field, there is one beat frequency
corresponding to the interference between the Y and Z excitons; the Z/X exciton interference is forbidden
with light wave vector along x, which cannot couple to the X state. All signals associated with the D state
vanish at zero field due to the vanishing oscillator strength of this state at zero applied magnetic field. At
non-zero magnetic field, a total of four beat frequencies are possible due to magnetic activation of the “D”
state as described in the text.
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Supplementary Fig. 4. Calculated quantum beating signal for magneto-excitons in MAPbI3
for transient photoinduced circular polarized reflection, B along [-110].

Quantum beating is calculated for Voigt geometry, with applied magnetic field, B along [-110] and incident
light wavevector along [110]. Panels (a, b) shows the calculated time resolved c-PPR signal for zero
magnetic field, panel (a), and an applied magnetic field of 700 mT, panel (b). Panels (c) and (d) show the
Fourier transforms of the time-resolved quantum beating traces shown in panels (a) and (b) respectively.
Beat signals are labelled based on the zero-field states to which the interfering magneto-exciton levels
correspond, see Supplementary Fig. 2. For these calculations, damping of 0.4 ueV was assumed, consistent
with the measured damping. Note that at zero field, two beat frequencies emerge corresponding to the
interferences between the Y and Z excitons and the Z and X excitons. All signals associated with the D state
vanish at zero field due to the vanishing oscillator strength of this state at zero applied magnetic field. All
six possible interferences are allowed for non-zero magnetic field since the light wave vector is not oriented
along a principal axis of the crystal.

Supplementary Note 3: Trion magnetic field splitting and quantum beating

Here we analyze the level structure of trions in a magnetic field, the corresponding absorption
spectra, and the expected quantum beating signature in the VVoigt geometry. We show that a trion
of a given charge type can produce one quantum beat frequency (during its lifetime). For trions
with B = B, Z, the beat frequency is up g.,B, for positive trions, or, uz g, B, for negative
trions. This is in contrast with the result for resident electron or holes where there are two beat
frequencies respectively corresponding to energies ug g..B, and uggn , B;.
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Trion creation- zero magnetic field

Supplementary Fig. 1 shows a conceptual schematic of the process of resonant creation of a
positive trion in its ground state. The positive trion is visualized as two holes and one electron
mutually bound. The electron representation is used for the conduction band (CB) and the hole-
representation is used for the valence band (VB). Optical absorption promotes an electron from
the VB into the conduction band. If the starting hole has spin up, this means that there is a missing
electron with spin down. The photon promotes the remaining electron into the CB so that the final
configuration comprises two spin-paired holes plus the electron in the CB. The bottom row in the
figure shows the same process viewed in the electron representation. Notably, a positive trion in
its lowest energy configuration can be viewed as a single electron excitation in the electron
representation.

The matrix elements for creation of the trion are easiest to write in the electron representation. For
the process shown in Supplementary Fig. 5, bottom row, the transition dipole matrix element
between the initial state, i, and the final state, f, is, (i|P|f) = (v;|P|cs), where v; represents the
initial state of the valence band electron while c, represents the final state of the conduction band
electron. Unlike transitions involving the creation of free electron hole pairs or excitons, the initial
state is not the crystal ground state, |G), but rather, the state of crystal with the initial charge carrier.

Electron hole picture

Hole: [h> absorption Positive Trion: [ehh>

0 CB electrons- 1 1 CB electron  —-f-—t— L

17 I7gX17e=17
1 hole : T - : 2 holes - H
Electron electron picture
One VB electron [v> absorption Positive Trion: [e>
0 CB electrons ‘ - 1 CB electron l I
Tt T
1VB electron -} } 0 VB electrons -{- .

Supplementary Fig. 5. Creation of a positive trion by resonant optical absorption. System
starts in the initial state with one hole, top left. Absorption of a photon leaves the system in the final state
with 2 spin-paired holes and an electron, top right. Bottom pictures show the same process viewed in the
electron representation for both bands. The irreducible representation labels follow the convention of
KDWS?™ and for simplicity assume point symmetry 0 corresponding to a cubic perovskite.

Trion has no fine structure in zero magnetic field

For perovskites of cubic symmetry (point group On), in zero magnetic field, electrons (holes) have
symmetry 1“6‘(” respectively, and are two-fold degenerate. Therefore, a positive/negative trion in
its lowest energy configuration has symmetry I; ~* and is also two-fold degenerate. This follows
since the two-like carriers are in a singlet configuration, i.e., I; "™ ® FG‘(” — I;* for the singlet,

and since I~ @+ = 1,~™. Moreover, optical decay from a trion state to a single-carrier state
is allowed for all polarizations: The X, y, and z components of the dipole operator all transform as

I,”~, since I,” @I~ Mcontains I;~ ™. Furthermore, the matrix elements are equal for the x, y, and
z components by symmetry. This argument is easily generalized to the tetragonal and
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orthorhombic cases?. For the orthorhombic case, electrons (holes) have symmetry Iz~(";
therefore, a positive/negative trion has symmetry Iz~ and is also two-fold degenerate.

Consequently the ground state of the trion in zero magnetic field has no fine structure splitting.
This is well known in the literature, see for example 167,

Section 3.1 Magnetic field splitting — Zeeman model for trion
The Zeeman Hamiltonian for the positive trion can be written for cubic symmetry by summing the
Zeeman terms of the three particles:

Hy = gettgJe "B+ gnttgIn1 B + guitgJnz'B (S69)

where, Je,J, are the vector total angular momentum operators for the electron and hole,
respectively, ug is the Bohr magneton, and g., g, are the electron and hole g-factors. For
orthorhombic symmetry, this becomes,

HM = Up {(ge,x]e,x + gh,x(]hl,x +]h2,x)) Bx + (ge,y]e,y + gh,y(]hl,y +]h2,y)) By (870)

+ (ge,z]e,z + gh,z (]hl,z +]h2,z)) BZ}'

In the electron/hole representation, we write the trion state as a direct product of the three carrier
wavefunctions. Consider a positive trion:
lehh) = |e)|hi)|hs) . (S71)

Then the Zeeman splitting of the positive trion in magnetic field field B is, for cubic symmetry,
(ehh|Hp|ehh) = geuglellele) - B+ gnup ((RilJn1lhi) + (h2Jnzlh2)) - B . (872)

The generalization for orthorhombic symmetry is,

(ehhlHplehh) = > {geitJes + gnatty Unai + nzt)} B (573
i=x,y,z
For B = B, %, this yields, for the positive trion,
(ehh|Hylehh) = +goup 5749
Parallel arguments lead to the conclusion that, a negative trion has energy,
(eehltloeh) = gy o (579

These results are summarized schematically in Supplementary Fig. 6. A positive trion in a
magnetic field will split into two lines separated in energy by g, ,ug B, , while the splitting for a
negative trion is gy, ,up B,; these energy separations correspond to the Larmor precession
frequencies observed in quantum beating experiments.
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Positive Trion: [ehh> Trion in a magnetic field
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Supplementary Fig. 6. Positive trion level splitting in a magnetic field. Schematic that shows
positive trion, |ehh), left. The Zeeman splitting is depicted schematically on the right. The splitting for a
positive trion is g, ,up B,. The splitting for a negative trion is g, ,up B,.

Section 3.1: Quantum beating signature of trion

Now we analyze the quantum beating signature of the trion in Voigt geometry. For definiteness
we will discuss only the positive trion, and analyze the system for specificity with the applied
magnetic field along z, with light with wave-vector K = K X, with associated polarization vectors

€, given in Eq. S50. We consider a short pulse at t=0 takes the system from initial state |v,),
for specificity, to a trion state |Wtﬁ). This state at time t = 0 is given by®3,
|PE)~es Plvy), (S76)

where P is the momentum operator. This state can be represented as a coherent superposition of
the two trion sublevels |c;) and|c,), with amplitudes C;F and C;, respectively. The amplitudes
att=0 are proportional to e - {c;|P|v,) and e, - (c,|P|v;):

C1J_r = (eJ_r *{c1|P|vy)) =P Cz/\/z_ ’

Cf = (es (czIPlv)) = +PCy/V2 . (S77)

Here, P is the Kane momentum matrix element and we used the Bloch functions for the
orthorhombic phase, given for the valence and conduction bands in Egs. S2 and Eq. S12 above.
After time t has elapsed, the trion superposition state evolves due to the different energies of the
trion with spin up versus spin down:

P . Egp
Cli (t) — Cli e_ltT; Czi (t) — Czi e—ltT ) (878)

Consequently the evolution of the trion state at time t is given by,
|lpti1-(t))~ CE ey + CF (@) |cy) (S79)

In the c-PPR experiment, the system is interrogated by a + circularly polarized pulse, which we
denote by d, = 1/vV2 (+i§ — 2), arriving at a later time t.  The signal, S..(t), corresponding
to the state initially prepared by a pump pulse with polarization e.. is proportional to,

S:(0) ~ (W o|wE @), (S80)

where the state ¥/, is,

23



% a)~dy - Plog),
WS )~ CF le) + CF lea) (S81)
The measured signal, which we denote QB(t), is the difference between the plus and minus
signals QB(t)~ S,.(t) — S_(t).

Using the expressions worked out above and using the orthogonality of the states |c;) we find,
2 2 (S82)

+1x —l't'E
[C]Cre h

i=1

Sy (t) ~

Substituting in the expressions in Eq. S77 and evaluating, we find the QB signal as,
QB(t) ~ P* C2CZ cos(ge . up B,t), (S83)

where we used E.; — E;; = g.-1p B,. Thus we see that the QB signal for the positive trion is
determined by the Zeeman splitting which is governed by the electron g-factor.

Identical arguments apply in considering trion formation from initial state |v,). Here, absorption
of a photon with polarization e leads to trion state |1Ptf—’2). This state at time t = 0 is given by®®

W)~ e, Plv,) (S84)
This state can again be represented as a coherent superposition of the two trion sublevels |c;)
and|c,), with amplitudes D and DF, respectively. The amplitudes att = 0 are proportional to
e; - {ci[Plv;) and e, - (c,|P|v,):
D1i = (e1 " (¢|Plvy)) = iPCY/\/? )

Df = (ey- (c;|Plvy)) = —P Cz/V2 . (S85)
The state evolves as before in time:
1PE())~Df ®lcy) + DE(®) lcy) (S86)

The signal, S4(t) in this case is proportional to,
2
$4(6) ~ |(Wih,al¥E )", (587)

where the state ¥, ; s,
|Wt;,d>~ d, - Plvy),

®E )~ Df ler) + D5 ey . (S88)

The measured QB signal QB(t)~ S, (t) — S_(t) evaluates to,
QB(t) ~P* C7C% cos(gezits B.t), (S89)

Identical to what we found for the |v,) initial state.
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Supplementary Note 4: Supplementary data figures.
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Supplementary Fig. 7. Photoluminescence spectra of a MAPDI3 crystal measured at 10K as
a function of pump fluence. a PL spectra at different pump fluence that shows a dominant trion
band ~ 1.62eV. b Plot of trion PL peak strength versus the pump fluence in log scale. The red line
is a linear fitting with the slope y=1.5.
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Supplementary Fig. 8. Comparison between photoinduced QBs in ‘pristine’ (that is in fact
slightly p-type) and ‘compensated’ MAPbIs films. Panels a and b show the QBs measured by
circular photoinduced absorption (c-PPA(t)); the insets show the corresponding FFT of the QB
oscillations that contain two different QB components which we identify as due to photogenerated
T® and TO, respectively. Panels ¢ and d show the excitation spectra of the FFT amplitude for the
two trion, respectively. Here blue circles are for the ‘pristine’ film and red circles are for the
‘compensated’ film.
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Supplementary Fig. 9. The c-PPR(t) dynamics at various B’s and extracted spin relaxation
time of the positive (fast oscillation) and negative (slow oscillation) trions measured along
[100] with B directed along [001]. The red dashed lines are fittings using equation (2) in the main

text. The extracted spin relaxation times are denoted.
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Supplementary Fig. 10. The c-PPR(t) dynamics at various B’s and extracted spin relaxation
time of the positive (fast oscillation) and negative (slow oscillation) trions measured along
[110] with B directed along [110]. The red dashed lines are fittings using equation (2) in the main
text. The extracted spin relaxation times for the two trions are denoted.
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Supplementary Fig. 11. The spin relaxation time, zof positive and negative trions (z3and t,
, respectively) measured at 4K with k along [110] with B directed along [110]. Error bars
derived from the least mean square fit of the c-PPR dynamics in Fig. 3 and Supplementary Fig. 10
using Eq. (2) in the main text. The lines through the data points for B > 400 mT are fits using a
model described in the text where 7~ 1/B. The longest 7 is about 1.2 ns, which is much shorter
than the pulse to pulse time interval of ~ 12.5 ns.
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Supplementary Fig. 12. Temperature dependence of the c-PPR(t) response dynamics and the
extracted spin lifetime of positive (z*) and negative (=) trions measured along [100] with B
=400 mT directed along [001]. The red dashed lines are fits using equation (2) in the main text.
The extracted spin relaxation times for the two trions are denoted.
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