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SUPPLEMENTARY NOTE 1:
MAGNON DISPERSION — DETAILED FORM OF H,g

The interaction between the j = 1/2 isospins in the quasi-two-dimensional iridates
is well described by the Heisenberg Hamiltonian [1]. Using the successive Holstein-
Primakoff, Fourier, Bogoliubov transformations and skipping the terms describing the
(iso)magnon interactions, we obtain the Heisenberg Hamiltonian in the usual “linear spin-

wave approximation” form [2]:
Hmag == Z wk(a:r_laq + ﬁgﬁk% (1)
q

where |aq) and |3,) are the single magnon states, q is the crystal momentum and wyq is the

magnon dispersion relation given by

wq =/ A2 — BZ (2)
with
1
Ay =2(Jy — Jo + Jacos g, cos gy — J3(1 — E(cos 2q, + cos2q,))), (3)
By = Ji(cos g, + cosgqy). (4)

Here J;, J> and J3 are the nearest, next nearest and third neighbor isospin exchange

interactions, respectively.

We note at this point that the the parameters of the Bogoliubov transformation, the
so-called Bogoliubov coefficients uq, vq, are given by the following, well-known, expressions

in the linear spin-wave theory:

Voy = — ———m—m———— _—
d V2 Wq
where the coefficients Ay and B4 are defined above.
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Supplementary Figure 1. Tight-binding model (a) A cartoon illustrating the ¢y, 2, t3, ¢ and
t” hopping paths between the Ir-5d-to, orbitals taken into account in the tight-binding model. (b)
Comparison between the density functional theory (DFT) band structure as calculated for SraIrOy4
(blue and grey lines) and the tight-binding (TB) model written in the Ir-5d-to, orbital basis (red
lines). The intensity of the blue shade of the DFT bands represents the amount of the Ir-5d-to,
character in a given band at a particular momentum (darkest blue — largest overlap with the Ir-

5d-tog orbitals; grey — lowest overlap with the Ir-5d-tog orbitals). The Fermi energy is set to zero.

SUPPLEMENTARY NOTE 2:
DETERMINING THE TIGHT-BINDING HAMILTONIAN FROM THE DFT CAL-
CULATIONS

The electronic band-structure of SrolrO4 was calculated using DFT in the local density
approximation [3] and within the linearized augmented plane wave approach using the
WIEN2k code [1]. We considered the 10 K crystal structure of SryIrO,4, with the space
group I41/acd, as reported in Ref. [5]. The calculated band-structure of SryIrOy is shown
in Supplementary Figure 1 (a) along a path in the Brillouin zone of the 41 /acd unit cell.
The bands with the predominant Ir-5d-to, character are highlighted in blue.

We used the calculated dispersion of the Ir-5d-ts, bands to parameterize our tight-binding
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(TB) model:

Hre =—1t Z CiTaCja — 19 Z aiTaaja — 1 Z b;rabj" — 13 Z biTUbj”

Lil12.g,0 L)1g.0 L)l12,0 Llg.o

— 3 Z a;aja —t Z c};cjg -t/ Z ciTch(, + h.c., (6)

(Li)llze (@inlie' ' o (@Il " o

where af, b, and ¢ operator create an electron in the dy,, dy,, dyy orbitals (respectively)
with spin o = :I:%, Z and ¢ indicate the directions of the nearest neighbor bonds in the zy
plane of the quasi-two-dimensional iridate, and 2/ = & — ¢ and ¢/ = & + ¢ (xA” = 27z and
Yy = 29) indicate the directions of the next nearest (third) neighbor bonds in the zy plane
of the quasi-two-dimensional iridate. The TB model includes the nearest neighbor hopping
integrals ¢, t5 and ¢35 as well as the next nearest and third neighbor integral ¢ and ¢t between
the Ir-5d-ty, orbitals, with their meaning explained in Supplementary Figure 1 (a).

We found that the following parameter values are both physically reasonable and give a
satisfactory match between the DFT and TB model bands:t; = —0.2239 eV, t, = —0.373 eV,
t' = —0.1154 eV, t3 = —0.0592 eV,t” = —0.0595 V. The TB model band-structure based
on these parameter values is shown in red in Supplementary Figure 1 (b). Let us also note
that the generic structure of the TB Hamiltonian follows from the well-known symmetries
of an effective TB Hamiltonian for the transition metal oxide with the 5, orbital degrees of

freedom: the electrons located in the d,;, orbital can solely hop in the ab plane.

SUPPLEMENTARY NOTE 3:
MOTION OF THE “5d°® DOUBLON” — DETAILED FORM OF #¢{

Having obtained the TB Hamiltonian we are now ready to derive the Hamiltonian which
would describe the motion of the “5d° doublon” added to the Mott insulating ground state
formed by the 5d° iridium ions of the (undoped) quasi-two-dimensional iridates due to the
nonzero hopping elements of the TB Hamiltonian. This means that the main task here is
to calculate the following matrix elements of the tight-binding Hamiltonian [Supplementary
Equation (6) above] (5d{5d;|H|5d;5d5). This is done in several steps:

Firstly, we calculate the above matrix elements in the appropriate eigenstates of ionic
Hamiltonian of the 5d° and 5d° configurations (these states are listed in Fig. 1. of the

main text). We note that these matrix elements do not explicitly depend on the strong
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on-site spin-orbit coupling A, though the form of the appropriate eigenstates of the ionic
Hamiltonian (Fig. 1 of the main text) is of course due to the onset of strong on-site spin-
orbit coupling A. Secondly, we assume the so-called no double occupancy constraint, which
follows from the implicitly assumed here limit of strong on-site Coulomb repulsion — which
prohibits the creation of “unnecessary” “5d° doublons” once the electron added to the quasi-
two-dimensional iridate 5d° ground state hops between sites. Technically this amounts to
the introduction of the projection operator which takes care of this constraint. Finally,
following the path described for example in Refs. [0, 7] and introducing the slave-fermion
formalism followed by Fourier and Bogoliubov transformations, we arrive at the following
polaronic Hamiltonian which describes the motion of the “5d® doublon”:

H =SV (dhadien + dipdien) + D Vica (dh_qpach + di_gadinfly + he) . (7)

k k,q

with the free next-nearest and third- neighbor hopping
a4t

Vko = —?Vk - ?%Z’ (8)
and the vertex
8(t1 + iy + tg)
Vk,q = - 3@ (Wk—quq + VkUQ) ) (9>

where yx = 1/2(cos k, + cos k), v = cos k, cos k, and vy, = 1/2(cos 2k, + cos 2k,), N is the
number of sites and the Bogoliubov coefficients uq and v are given in Supplementary Note

1.

SUPPLEMENTARY NOTE 4:
MOTION OF THE “5d* HOLE” — DETAILED FORM OF #!

The Hamiltonian which describes the motion of the “5d* hole” ( HI) is derived in a similar
way as in the “5d® doublon” case described in Supplementary Note 3. However, due to the
multiplet structure of the eigenstates of the ionic Hamiltonian of the 5d* configuration (see
Fig. 1 of the main text), its form is far more complex — in the low energy limit it describes
the hopping of the four distinct eigenstates that can be formed by the “5d* hole” (singlet
S, and three triplets T,; see main text):

H?:Z <hLAV£hkA+hLBV£th) —1-2 <hL_qBVk‘fqth&L—l—th(_qAVlfqthﬂjl—l—h.c.>. (10)
k

k,q
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Here the free hopping matrix is

0 —F 0

0 F, O 0

—F, 0 F3; O

Vlg _ 0O 0 O 0
0o P 0 —-PB

P 0 Q2 0

0 @ 0 @

- 0 @1 0

while the matrices containing vertices are

0 L3 0 —Ls
Ly 0 Ly O
Vk%q: —Lsy 0 Ly O
0O 0 0 0
0O 0 0 0
0O 0 0 0
0O 0 0 0
0 Ly 0 —L4
Ly 0 Ly 0
0 Ly 0 Ly
Vf,qz —Ly 0 Ly O
Y 0 Wy 0
0 Ys 0 W
Wy 0 Yy, 0
0 Wy 0 Y,

0 P~ 0 —P
P 0 @ 0

0 @2 0
-, 0 Q2 0
F F, 0

Fy F; 0

0

0O 0 0 O
0
0

0 0 Fy

Y1 0 =W, 0
0 Y, 0 W

0 Ly 0 Ly =Wy 0 Y, O

0 W, 0 Y3

0 Ly 0 —L4
Ly 0 Ly O

0 Ly 0 Ly

—Ly 0 Lo 0

0O 0 0 O
0O 0 0 O
0O 0 0 O
0 0 0 O
0 Ly 0 —Ls
Ly 0 Ly O
0 Ly 0 Ly
—Ls 0 Ly O

The nearest neighbor free hopping P(k), Q(k) and the polaronic diagonal Y (k,q) and
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s non-diagonal W (k, q) vertex elements
2 (2t — 1) 2

105 P1<k) = 3\/§ Yk — 3\/§’yk, (14)
2ty . 2t3 .
Py(k) = 72% — 7%%, (15)
(41 +ta) t3
k) = + , 16
107 Q1 (k) 372 RS 3\/§’Yk (16)
la . s .
108 Q2(k) = =% — =% (17)
\/_ V2
to . -
109 Wi(k,q) = \/WQ (Yk—qlq + Tkvq) ; (18)
4 (2t1 — 1y — tg)
110 W, (kv q) == 3\/3—]\/. (Vk—quq - VkUQ) ) (19>
16 (¢t +to + ¢
2(4t1 +ta+1
4t1 + 1o + 13 3 (tQ + tg)
Y3(k,q) = Vg — ———Vk—qlq, 22
113 3( Q) 3@ ————F— YkVq kaqq ()
Attty 3(ta +t3)
Yik,q) = qllg — ——F——"VkVq, 23
E: 1k, q) VAN —————  k—qlq \/Wqu (23)
s with 4 = 1/2(cos k, — cosky);
17 The free hopping elements arising from the next-nearest and third neighbor hoppings
4t/ / 4t// !
Fi(k) = — 97k - % (24)
8t/ / 8t// !
Fy(k) = — Tk 20 e (25)
3v6  3V6
2t/ 2t” 1
Fy(k) = — 20 20 (26)
3 3
t/ / t// 7
Fyk) = — e Dk, (27)
122 3 3
123 The polaronic next-nearest and third neighbor hopping elements
4t 4t"
124 Li(k,q) = m%{—quq + W’Yﬁ_quq, (28)
4t/ 4 "
125 Ly(k,q) = W%( at 3\/N’Yﬁvqa (29)
t//
126 Lg(k, q) = —”)/ll( qlq + k—qUaq> (30)
3V6N 3V
8t/ 8t”
Liyk,q) = —— 31
i; 1(k, q) N 3\/—%{ a (31)
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