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1 Exciton states in HOIPs

An exciton consists of an electron in the conduction band and a hole in the valence band. According
to the newly developed effective-mass theory, the conduction- and valence-band basis functions for
both 3D! and 2D HOIPs? can be expressed in terms of Pb 6s orbital denoted S and 6p orbitals denoted
X,Y,and Z,

V+(,) = ST(\L)a (1)

= ORI (Y] () -sinEZL (), 2

where tan2§ = i\[—% with A and 6 charactering the spin-orbit coupling (SOC) and crystal-field splitting.
The angular momentum is s = 1/2 for the valence band vy, and j=1/2 (j=1+swith/=1and s=1/2)
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for the first conduction band c.. Denoting a hole in the valence band as v (time reversal of v.), we
characterize exciton wavefunctions of HOIPs via representations of the C; group?!,

r, = \%(cw_ Ce 9y

= SCOSE(X XS Lol + 5 cosE(X —iV)S Tey — SInEZS(Teln + LeTn), 3)
r, = %(m_ te vy)

= SCOSEX Y8 Lol — 5 cosEX —iV)S Tey — SInEZS(Tels — LoTn), @
[T = cpvyp = —%cosﬁ(X +iY)S leTh —sinEZS 11y, (5)
I = cv= —%cosﬁ(X L iY)S Tl +SinEZS Lol - ©)

2 Optical selection rules

The optical selection rules of these exciton states can be derived from the matrix elements of the
momentum operator, e- p with e being the electric-field polarization of the electromagnetic wave.
According to the effective-mass model!, we have

(T'ile-p|G) = O, (7)
(Cale- p|G) = i%sin&PHeZ (8)
(TCile-p|G) = i%cosgmei ©)

where m is the free-electron mass, and P| and P, are the Kane parameters. Hence Iy is dark, I
absorbs light polarized along the z-axis, and doublet 1“5i absorbs light polarized in the x-y plane.

3 Derivation of Eq. (2) in the main text

The polar coupling of electrons and electron-hole pairs in HOIPs have been examined in Refs.®#, and
can be expressed as

4o\ 1/2hQ h 1/4 ~ P
HE =i ( €> S ( ) bl _b{ e e : (10)
p Zq: 4 g \2meQ (bq g )
for electron and
) 4o\ 1/2 Q) h 1/4 . ¥ —ig.
HM = —i bae'd™ — bl e (11
P ;( 4 ) q <2thS> (bq g )

for hole. Here a./o0y, = \/me/my, and r, and r;, are electron and hole coordinates, which are related
to the center-of-mass and relative coordinates R and r via r, = R+ p.r and r;, = R — pyr. The polar
coupling of an exciton is then Hy* = Hy +H11,1, whose matrix elements between excitons with wave

vectors k and k — q is®
(i |Hy* | Pk —g) = Vi (q) (bg +by), (12)
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1 \2 W .
V;X (q) = /d%’(g) e—2r/a0_ (elpeq.r - e_lphq.r)
0 q

w 1 1
N ;<[1+(peaOQ/2)2]2 a [1+(pha0q/2)2]2>’ (13)

with W = i(4moe /7)) 2 hQ.

4 Exciton bandwidths

The hopping #; in Hamiltonian (4) of the main text is due ultimately to the Coulomb interaction®

e2

Viri=rj) =1 (14)

ri—rjl’
between electrons located at r; and r;. Electron r; can be expressed as r; = p; + R;, with R; being the
location of site i. Since a tightly bound exciton in 2D HOIPs can be regarded as localized at a single
PbX¢ octahedron, its wavefunction can be approximately expressed as ®;(r;) = ¢} (r;)¢,(r;), and 1;; is
then

| -
tj = §<q>,~|V(r,-—rj)|CI>j)

1 * *

= 5/% (r)9u(ri)V (ri = 1)@y (r) 9 (rj)dridr, (15)

Since ¢,(,)(r) is highly localized, we can expand the Coulomb potential
e? 1
Viri—rj)= Ri| +(Pi—p;)-VV(Rij) + E(Pi —P;))(Pi—p;): VVV(R;j) + ... (16)
ij

The contribution from the first term is zero because the conduction and valence wave functions are
orthogonal, [ d>r;¢} (ri)¢,(r;) — 0. The first finite contribution to #;; comes from the third terms in Eq.

(16),
di-d;  (di-R;i)(d; R;)

tij = - , (17)
RGP IR;i
where
di= [ @pig: (p)eridulpy). as)
For the I's excitons, the transition dipole is
+ ceh
di = (I5|ee-r|G) = —i——(I'5|e- p|G). (19)
mkE,
Since the oscillator strength from I's is defined as®
2 2mP? cos? &
= ——|(['fle-p|G)| = "—"2—"2= 20
fio = Tl pIG) = S5 (20)
the transition dipole associated with th excitons is
eh
di=does, dy=—-/[f+ (21)
mEg
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Since the dipole-dipole interaction decays with distance rapidly, we consider only the nearest
neighbor coupling. If we denote the nearest-neighboring coupling of the tetragonal structure as ¢,
(g=x,y,2), ford = dpe,

d-d (d e)(d -e)  d}

NS P Ve (2)
d-d _(d-e)(d -e) do

= -3 = 23
b a’ a’ 243 (23)

d-d d-e)d - d?
tz — 3 _3( eZ)(3 eZ) — _2 (24)

c c c

The exciton dispersion would be

EQ = Eo + 2t cos(kya) + 2t, cos(kya) + 2t cos(kc). (25)

Thus we have the exciton bandwidths

B, =8, =8, =4d;/a’, B, =41, =4d}/c’, (26)
which is Eq. (6) of the main text.
5 Evaluation of Green’s function

Here we evaluate the exciton Green’s function,
1 1

GO(O,E):NZE_EO. (27)
We denote k; = kya, k;, = kya, and k, = kic, and express the Green’s function as
1
9(0,E) /dk’/ dk’/ dk’ ;)
I -5 - 5) — 1B, cos k] + % cos k";ky cos k)‘;k"

By introducing variables x = kx—;ky and y = k" ) , the integration of x and y in Eq. (28) can be worked
out first, which has the form

1
Ilz/dk’/dk’ — =
A— Bcosk +ky cosk 5
/2 7r/2
_ d / 29
/n:/2 * /2 YA Bcosxcosy (29)
Using
/ r (30)
y B/Cosy A2 _B/Z,
we have
/2 1 4w
I =4n / dx — T x(B/A), 31)
B2

—%/2 A,/l—Aicos%c A

where K(x) is the complete elliptic integral of the first kind. Thus we have the result displayed in the
main text,
A : K B )
> Jo B, +B;[1 —cos(k,c)]—2E  \Bj + B[l —cos(k;c)] —2E
1 K BL
B, + B;[1+cos(k,c)] —2E (BL + B;[1 +cos(k;c)] — 2E> '

G°(0,E) =

N (32)
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6 Bandwidths in the presence of out-of-plane tilting

In the presence of an out-of-plane tilt, two adjacent PbXg octahedra within a layer have 6, = -6, =6,
01 = — ¢, = ¢, while those across layers have 6, = 6, = 0, ¢; = ¢, = ¢. The two adjacent PbXs octahedra
within a layer then have transition dipoles

1+4+cosO 1—cosf _; 1
d :d<—’¢ —_’¢_—'0> 33
1 o e’e; + > e e—|—\/§smez, (33)
1+cosO _; 1—cosO ; 1
d :d<—_’¢ —’¢_——'6>. 3
2 0 e "e;+ 5 e’e \/ism e; (349

The strengths of dipole-dipole interaction along the x-, y-, and z-axis are
d1 d; _ 3(d1 -ex)(d;ex)

tx —

a’ a’
1, 5 1.5 1, :
= _Z(COS 6+1)cos2¢+151n 9—§zcosesm2¢>, (35)
;= d-d; _3(dl -ey)(d;-ey)
y a3 @3
1, 5 1., 1, _
= _Z(COS 0+1)0052¢—Zsm 6—§zcosesm2¢, (36)
_ didy (di-e)(d-e)
. = 373 3
c c
d3 3
= C—g(l—isinze) 37)
Since t, and ¢, are complex while ¢, is real, the corresponding intra-band widths for small 6 are
' \ dg ad} ;. 3
B, =8|nt|'/? = 8ltyty 11/2 ~ 4a_(3)0052 0, B, =4t, = 6—30 <l — Esm2 9), (38)

which are the results displayed in Eq. (14) of the main text.

7 Justification of parameter values
We can estimate the ODP strength and exciton bandwidths using typical material properties of 2D
HOIPs. If we choose I, = 6 A, me = 0.291m, my, = 0.321m®, from

A=

2,1 1 L —
Jrh< &, — & (39)

- — 4 — Z¥_= 2
l;’ me+mh>+ 8(la+lb)’

we have A = —0.76 eV/A if we neglect the third term, which, for a binding energy of 200 meV and [, =
21,, would be about 0.01 eV/A. The strength y frequently used in the main text is y = —A(h/MQ)'/2,
By using 71Qg = 14 meV, y = 0.037 €V for Pb-I layers and 0.047 eV for Pb-Br ones. Since the effective-
masses of electron and hole, according to different first-principles calculations, can be as small as
0.10m, y may reach 0.1 eV.

The transition dipole strength can be estimated from the oscillator strength,

P2 R’ f|

= B, =4d*/d’. 0
0 2mEg y D o/a (40)

Using the band gap E, = 2.5 eV and the oscillator strength of (C1oH,NH3),Pbly7, B, = 4d}/a® = 0.2
eV. The values of y and B, used in the main text are based on the above estimates.
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8 Exciton bandwidths in corrugated 2D HOIPs

In the corrugated 2D structure displayed in Fig. 5 of the main text, the arrangement of PbXg octahedra
along the x-axis is the same as in the flat one. Thus the strength of dipole-dipole interaction along the
x-axis, for d = dpe_, is

. d-d* _S(d-ex)(d*-ex) B _d_g
REE a’ 243
where a is the center-to-center distance between adjacent PbXg octahedra. The arrangement of PbXg
octahedra along the y-axis, however, differs from that in the flat one. In particular, the displacement
between adjacent octahedra, R;; = -%-(e, = e;), have an angle of 7 /4 against the y axis. Consequently,

V2
the strength of dipole-dipole interaction along the y-axis becomes

(41)

_d-d° (d-Rj)d-R;) dj 1
=— 3 3 =15 = 5t (42)

Ly

Thus the bandwidth along the y-axis is only one half of that along the x-axis in the corrugated struc-
ture.

In the main text, instead of evaluating the Green’s function in Eq. (9) of the main text using
different ¢, and ¢,, we apply the results obtained for #, = #, to the corrugated structure with an effective
B, . We consider two cases: One has B, = 8,/|t,#,| and the other has B, = 8|¢,|, which should set the
upper and lower limits of the STE’s energy in the corrugated structure, for the smaller one of ¢, and #,
controls the onset of STE.

9 X-Pb-X stretching in 2D structures

In 2D HOIPs, a Pb-X layer can be considered as a perfect quantum well (QW) with its thickness
determined by the distance between two apical X atoms in a PbXg octahedron. Vibration of the two X
atoms normal to the Pb-X layer will alter the QW’s thickness and shifts the quantized electron and hole
energies in the QW. The normal modes of the X atoms’ motion can be analyzed by considering the
three-atom chain, X-Pb-X, perpendicular to the Pb-X layer. The three-atom vibration problem can be
readily solved and the results are particularly simple if we include only the nearest-neighbor coupling
between X and Pb. If we denote K* as the spring constant of the Pb-X bond and M py, as the mass of
an X (Pb) atom, the three eign modes of this X-Pb-X chain are: an acoustic mode (Mode 1) in which
the three atoms moving to the same direction with @, = 0, an optical mode (Mode 2) in which the
central Pb is stationary and the two X atoms move out-of-phase with frequency of w, = \/K*/Mx,
and an optical mode (Mode 3) in which the two X atom move in-phase and the central Pb move
toward one of X atoms while keeping the center-of-mass of the three atoms fixed, with frequency of

;= \/ K* (MLX + M%b) The three modes are displayed in Fig. 1.

Optical mode 2, i.e., the B, mode, induces no electric field but changes the thickness of the Pb-X
QW, leading to a strong ODP coupling to excitons in 2D HOIPs. Optical mode 3 generates an electric
field and a polar coupling to electron and hole. However, it does not alter the thickness of Pb-X QWs,
and therefore couples minimally to excitons in 2D HOIPs. Acoustic mode 1 also does not alter the
thickness of Pb-X QWs.

10 Coupling between excitons and acoustic phonons

Acoustic phonons can also couple to excitons. However, they do not change the QW thickness to
affect the quantized electron and hole energies. Their coupling to excitons arise from modulating the
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Figure 1 Eigen modes of the X-Pb-X chain. Green (black) circles represent Pb (X) ions. Red arrows indicate
atomic motions in each eigen mode.

excitons’ dipole-dipole coupling. If we write the exciton Hamiltonian as

Hex = Y Eocjci+ ) tij(Rij)cle), (43)
i (ij)

acoustic motions would modify R;;, the distance between adjacent PbXs octahedra, which in turn

would alter #;; and give rise to an exciton-phonon coupling. Here we follow Davydov’s work to obtain

the exciton coupling to acoustic phonons®. If we denote the lattice displacement at the ith site as of
uj, R; = R? + u;, the exciton-phonon coupling can be written as

) )
— Te. i "%\t (R,
Hye = (izj;Ci c]; (u," u? +uf 8u}’>t’](R”>’ (44)

where u) (v = x,y,z) represents the v component of u;. Expressing displacement in terms of phonon

operators,
h

¢ =% Givang

sq

1/2 —
) gl (bgs T g )R, (45)

where g, is the eign vector of the sth mode and Q,(q) the phonon frequency at wavevector ¢, and
using the fact of 7;; depending only on R;;, we obtain the interaction between excitons and acoustic
phonons,

Hy. = Z F (ka Q)C,quck(bqs + bT_qS); (46)
sk.q

where c}; (cx) creates (destroys) an exciton with wavevector (k), and

Fs(k,q)—v;;es(q)<2MNQS(q)> (aug“ o/au]v_)ro,e 0. (47)

Since the exciton’s dipole-dipole coupling in 2D HOIPs has been evaluated in Sec. I,

ds y dq : dy

%y Y e Y 8
2Rix—Ro[>’ % 2[Ry —RoP % " 2JRi;— Ry’ (48)

X
fo; =

where R., is the two neighboring sites of Ry along the +e, (¢ = x,y,2) direction, Eq. (34) can be
readily evaluated.



For k||q||ex, k||q||ey, only the longitudinal acoustic phonons contribute to the exciton-phonon cou-
pling,

Flka) = _12i<m> 1/zfxCOs (ka + (]2_a> sin (q_2a>

= ) e (e el n (%)

) s (1) o ()

12

Here we have assumed ka < 1 because exciton density is not very high and mostly is localized around
k ~ 0 and used the acoustic phonon dispersion,

Q(g) = L sin q—z", (50)

with v, being the intra-layer speed of sound. Similarly for k||q||e;, the longitudinal acoustic phonon
Yz

has a dispersion of Q;(q) = Zsin%- (v, being the inter-layer speed of sound, and contributes to the
exciton-phonon coupling,

0= 2 () e () fin (),

The calculated V,.(q) = F(0,q) is plotted in Fig. 1b. The measured intra-layer and inter-layer Young’s
moduli of (C4H9NH3),Pbly are cinga = 11.24 1.4 GPa? andcjyer = 3.34+0.1 GPa'%. The speed of sound
can be obtained from the Young’s modulus, v| = \/c¢inua/p and v, = \/cCiner/ P, Where p = NM is the
material’s mass density. For p = 2.5 g/cm?, we have v; = 2.1 x 10° cm/s and v, = 1.1 x 10° cm/s,
which are consistent with the observed speeds of sound along and across Pb-X layers!!. Using these
parameters, an upper bound of the exciton bandwidth B, = 0.4 €V, and ¢ = 2.54, we find that V,.(q)
is orders-of-magnitude weaker than the ODP. Thus we can safely neglected the acoustic phonons in
studying STEs in 2D HOIPs.
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