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We revisit the theory of magnetic Raman scattering in Mott insulators with strong spin-orbit coupling, with a
major focus on Kitaev materials. We show that Kitaev materials with bond-anisotropic interactions are generally
expected to show both one- and two-magnon responses. It is further shown that, in order to obtain the correct
leading contributions to the Raman vertex operator R, one must take into account the precise, photon-assisted
microscopic hopping processes of the electrons and that, in systems with multiple hopping paths, R contains terms
beyond those appearing in the traditional Loudon-Fleury theory. Most saliently, a numerical implementation of
the revised formalism to the case of the three-dimensional hyperhoneycomb Kitaev material 5-Li,IrO; reveals
that the non-Loudon-Fleury scattering terms actually dominate the Raman intensity. In addition, they induce a
qualitative modification of the polarization dependence, including, e.g., the emergence of a sharp one-magnon
peak at low energies which is not expected in the traditional Loudon-Fleury theory. This peak is shown to
arise from microscopic photon-assisted tunneling processes that are of similar type with the ones leading to the
symmetric off-diagonal interaction I' (known to be present in many Kitaev materials), but take the form of a
bond-directional magnetic dipole term in the Raman vertex. These results are expected to apply across all Kitaev
materials and mark a drastic change of paradigm for the understanding of Raman scattering in materials with
strong spin-orbit coupling and multiple exchange paths.

I. Introduction

Raman scattering has proven to be a powerful experimen-
tal technique to understand and characterize the physics of
strongly correlated systems [1]. Being a sensitive probe to
single- and multi-particle excitations over sufficiently wide
ranges of temperatures and energies, Raman scattering has
played an important role in elucidating ground state proper-
ties, symmetry and statistics of magnetic excitations, as well
as the strength and nature of the exchange couplings in mag-
netic insulators with both magnetically ordered and spin liquid
ground states [2-25]. In recent years, there has been a se-
ries of Raman studies (both experimental and theoretical) on
a range of spin-orbit coupled (SOC) Mott insulators, with a
view to elucidate the nature of their magnetic excitations (and
lattice dynamics) and their proximity to the so-called Kitaev
quantum spin liquid ground states [13-34]. Most saliently, the
reported Raman scattering data in the Kitaev candidate mate-
rials @-RuCl; [13, 14, 17-19] and the three-dimensional (3D)
iridates B-Li,IrO5; and y-LiyIrO3 [16], revealed signatures of
both multi-particle continua, characteristics of the proximate
spin liquid phase, and sharp peaks, characteristic of magnon
excitations of the low-temperature ordered phases. These re-
sults call for a close re-examination of the Raman scattering
theory applied to strong spin-orbit coupled Mott insulators.

The history of understanding of the magnetic Raman scat-
tering goes back to the seminal paper by Fleury and Loudon
[35], in which they have identified three main mechanisms for
the coupling between light and magnetic excitations: (i) direct
coupling of photon to magnon through magnetic-dipole inter-
action, (ii) indirect electric-dipole coupling which mixes the
spin and orbital motion of the electrons, and (iii) second-order
electric-dipole coupling which is very similar to an exchange
mechanism. The first mechanism (i) is very weak and is usu-
ally neglected. The second (ii) is the Elliott-Loudon mecha-
nism [36], in which the Raman scattering from the magnetic

degrees of freedom on a single ion proceeds via a pair of al-
lowed electric-dipole transitions through a spin-orbit active
intermediate state. In this process, the incident light excites
an electron from the ground state to an excited state keeping
the z-component of the spin unchanged. The spin states with
different z-components are then mixed in the excited state via
the spin-orbit coupling, and a transition back to the ground
state but with opposite spin polarization can occur by emitting
a Raman photon and a magnon with AS® = +1. Traditionally,
the Elliott-Loudon process is considered to be the main source
of the one-magnon scattering response, and this is indeed the
case in systems with weak SOC. The process (ii) also gives
rise to two-magnon scattering, but its intensity is several orders
of magnitude weaker compared to the one-magnon process.

This brings us to the third mechanism (iii), which is the
exchange-scattering mechanism described by the well-known
Loudon-Fleury theory of magnetic Raman scattering in Mott
insulators [35]. The basic idea of this theory is that the pro-
cesses leading to the Raman response from Mott insulators are
similar to those leading to the exchange interactions, except
that the virtual electron hopping is (partly) assisted by photons.
Consequently, the Loudon-Fleury Raman operator is propor-
tional to the sum over the individual spin-exchange interactions,
weighted by bond-specific, polarization-dependent factors that
determine the ability of photons to control the magnitude of
the associated electron hopping [1-3, 8, 10, 11, 20, 24, 35].
Traditionally, it is considered that the processes involved in
this mechanism contribute predominantly to the two-magnon
scattering with AS® = 0, in which a pair of magnons is created
or destroyed. This perception follows in part from a concluding
remark in the original paper of Loudon and Fleury [35] that
‘the exchange mechanism discussed here (being proportional
to S;’SJT) produces magnons in pairs and hence there is no
exchange-scattering mechanism for one-magnon scattering’.
Now we understand that this statement is certainly far from be-
ing general and, in particular, it doesn’t apply to the SOC Mott



insulators with bond-dependent anisotropic interactions, which
naturally give rise to one-magnon response [17, 18, 30-33, 37].

Here we show that in the SOC Mott insulators, the exchange-
scattering mechanism (iii) leads to essential contributions be-
yond the Loudon-Fleury theory, and these non-Loudon-Fleury
terms can give rise to a significant one-magnon Raman re-
sponse, on top of the two-magnon response. Quite remarkably,
our numerical calculations for the representative case of (-
LiIrO3 shows that the Raman intensity (both in the one- and
the two-magnon channels) is actually dominated by the con-
tribution from the non-Loudon-Fleury terms by at least two
orders of magnitude. In addition, these terms give rise to a
qualitative modification of the scattering intensity including
its polarization dependence. These include a distinctive, one-
magnon low-energy peak in the ac polarization channel [37],
which is not expected in the traditional Loudon-Fleury theory.
As we discuss below, similar results are expected across all
Kitaev materials, given that they all share the same local geom-
etry of virtual exchange paths and the same order of magnitude
of microscopic hopping and interaction parameters. In this
sense, the theoretical framework presented below calls for a
general re-evaluation of Raman scattering in Kitaev materials
of current interest and systems with strong spin-orbit coupling
and multiple exchange paths more generally.

The remaining of the paper is organised as follows. In Sec. II,
we begin with a brief discussion of the relevant materials —
strong SOC Mott insulators in which the magnetic moment
Jef = 1/2 comes from the five electrons (or one hole) on the
t, orbitals — and their effective low-energy description. In
Sec. III, we present the main steps of the 7 -matrix formalism
that lead to the microscopic derivation of the Raman operator
R. In Sec. IV, we apply this framework to Kitaev materials,
and establish the leading contributions to the Raman vertex
R from the same microscopic processes that give rise to the
minimal J-K-I' model. These include processes arising from
direct hopping, ligand-mediated hopping as well as processes
involving both direct and ligand-mediated hopping. We then
establish that the later two types of processes are the ones giv-
ing rise to the strong non-Loudon-Fleury contributions to the
Raman operator. In Sec. V, we proceed with the application to
magnetically ordered states. To that end, we express R in terms
of magnon operators and obtain the expressions for the one-
and two-magnon Raman intensities. The numerical implemen-
tation of this theory to the three-dimensional Kitaev magnet
B-LiyIrO; is then presented in Sec. VI, where it is demonstrated
that the non-Loudon-Fleury terms dominate the Raman inten-
sity by at least two orders of magnitude. Section VII provides
a brief summary along with a general perspective of the results.
Some of the technical details and auxiliary information are
relegated to App. A.

II. Relevant materials & generic low-energy description

The theory developed below applies to SOC Mott insula-
tors, such as the Kitaev materials with Ir** and Ru?* ions,
in which the magnetic moment j.g = 1/2 comes from the
five electrons (or one hole) on the #,, orbitals due to the

strong SOC [26, 28, 38—40]. These include, e.g., the lay-
ered compounds Na,IrO; [41, 42], @-Li,IrO; [43], and a-
RuClj [44-47], as well as the three-dimensional (3D) iridates
B-LiyIrO3 [48-50] and y-LiyIrO3 [51, 52], for which most of
the experimental Raman data has been reported so far.

The minimal electronic Hamiltonian of such SOC Mott in-
sulators contains the following terms:

H = Hin + Hpa + Hsoc + H;, (D

where H;, is the interaction part of the three-orbital Hubbard
Hamiltonian, 7-{pd = Apg 2i o Nio 1s the charge-transfer Hamil-
tonian (where A, stands for the charge-transfer energy of
one electron from the magnetic ion to the ligand ion), and
Hsoc described the onsite SOC, and H, stands for the hopping.
Specifically,
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where djmr denotes the creation operator of the d-electron of
the magnetic ion on the 4 orbitals a = xy (Z), yz(X), zx (Y) (in
the local axes bound to the oxygen octahedron) with spin o =7
,1. The constants U; and U, denote the Coulomb repulsion
among d-electrons on the same and on the different #,, orbitals,
respectively, Jy denotes the Hund’s coupling constant, and
U, = Uy + 2Jy, due to the cubic symmetry. The spin-orbit
coupling (SOC) is given by

Hsoc =/125i'1i, 3

where s; is the spin of the i-th electron, and the SOC has been
projected into the #,, manifold, leading to the effective orbital
angular momentum / = 1. Finally, the hopping term HH, has the
general form

H, = Z Z Z t:ﬁrdja(r JBo

Lj af o
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where the first line gives the direct hopping between magnetic
ions, and the second line gives the hopping between magnetic
ions and ligand ions, with p 3, denoting the annihilation of
an electron on the S-th p-orbital of the ligand ion at site j.
The hopping amplitudes 4 ﬁ( ~and L '3 are determined by the
overlaps between the orbitals and are materlal dependent.

A technical comment is in order here. Usually, the hole
picture (in which the magnetic degrees of freedom come from
the one hole states in the j.¢ = 1/2 doublets) is used for the
description of the magnetic properties of the Kitaev materials,
which are in the main focus of this paper. To change all the



formulas to the hole picture, one can replace dlmr with diger,

diqo With dum, and n;,, with 1 — n;,. With these substitutions,
the eigenenergies remain the same (up to the constant energy
shift), but we obtain an overall negative sign on each hopping
amplitude. Therefore, to keep the above formalism unchanged
for the hole picture we simply absorb this negative sign in the
hopping parameters. In the following we will omit the tilde of
the hole operators for a simpler notation.

A standard super-exchange expansion [53] of the above
extended Hubbard model delivers a low-energy effective spin
Hamiltonian that, for Kitaev materials such as 8-LiIrO3, can
be well described by the nearest-neighbor (NN) J-K-I" model,

wﬂf:;} TS;+S;+K S8+, T(STST+8T'8T), (5)
Ly

where S; denotes the pseudo-spin jeg = 1/2 operator at site
i, (y, By, V) =(x,1,2), (y, 2, x), and (z, x, y), respectively, for

€ {x,y,z} labeling the three different types of NN Ir-Ir or
Ru-Ru bonds; the prefactor o, equals +1 for two-dimensional
materials and can be +1 or —1 (depending on the bond) for
the three-dimensional systems - and y-Li;IrO;. Here K is
the Kitaev coupling, J is the Heisenberg coupling and I' is the
so-called symmetric exchange anisotropy, which is present in
many Kitaev materials [54—59]. These interactions should be
thought of as a minimal starting model, as other terms may
also be relevant for materials with lower symmetry.

Crucially, the J, K and I" couplings originate from very
different microscopic processes. Specifically, as it has been
shown in the literature [55, 60-63], the Heisenberg interac-
tion J arises from direct virtual hopping processes between d
orbitals of magnetic ions, whereas the dominant contribution
to the Kitaev interaction K arises from the ligand-mediated
hopping. As for I', this arises from a combination of direct and
ligand-mediated hopping. As we discuss below, the Raman op-
erator stems from the same underlying microscopic processes
as the super-exchange Hamiltonian, and each type of these
processes gives rise to a different contribution to the Raman
response.

III. Microscopic derivation of the Raman operator

We first review a number of key steps in the derivation of the
Raman operator R in Mott insulators, with a view on Kitaev
materials with strong spin-orbit coupling (SOC). The first step
is to write down the total microscopic Hamiltonian,

7—(tol:7‘{+7‘{y+7-{cv (6)

consisting of the extended Hubbard Hamiltonian #, the free
photon Hamiltonian

:
H,y = Z WKy Uk » ™)
k.e

where alt and oy, are the creation and destruction opera-
tors of a photon with wavevector k and polarization &, and
w is the corresponding frequency, and the perturbation H,

that describes the interaction of the electrons (holes) with the
electromagnetic (EM) field. The latter arises from the coupling
of the light to the electric dipoles induced by the virtual charge
transfers between different lattice sites. This coupling can
be described by the Peierls substitution, in which a “Wilson
line” operator is attached to the electron (hole) hopping term
between magnetic ions as [1, 2, 8]

T T hr j:‘l dl"ﬂ(l‘)
imrdjﬁtr - dia/(rdj o / (8)

(and similarly for the hopping between magnetic and ligand
ions), where A(r) denotes the vector potential of the radiation
field. This substitution amounts to replacing H; + H,. with
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As usual, we consider the case where the wavelengths of the
incoming and outgoing photons are much longer than the lattice
constant, which allows us to safely replace

fe fridr A = A S0 ori=ri-1.  (10)
hc rj - hc 1] 1y - l ]

and then perform an expansion of H; 4 in powers of the vec-
tor potential (which is appropriate for the weak EM fields of
Raman experiments),namely

Hin=H+Hog+ . (11)

Here H, is the hopping in the absence of light, and 7{;2{ is the
leading photon-induced hopping,

Hip= 200 Dl ov)

ij aof o
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We can then express the vector potential in terms of creation
and annihilation photon operators, and to that end, it suffices
to keep only the terms referring to the incoming and outgoing
photons, namely

iKin- iKour OT;j

_ ST T
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Here, ki, and &, (respectively, Ko and &yy) denote the
wavevectors and polarizations of the incoming (respectively,
outgoing) photons, and gj, and g, are constants depending on
the photon frequencies [2, 8]. Furthermore, in the second line
we replaced e®in9Tii ~ ¢y | which is accurate in our
long-wavelength limit.

Following Refs. [2, 3, 8], in which the Raman scattering is
treated in the framework of the 7 -matrix formalism, with the
photon-induced hopping terms 7—(;1;( + 7{;2?){ + .- treated as



a perturbation, one arrives at the leading contribution to the
Raman operator which is second order in A (describing a one
photon in, one photon out process) [2, 8]:

1
_ aqq) (1)
R= 7—{’3‘ E—(H+ (Hy) +in 7—[”5" (14)

where 7 —» 0% and E = 2Ey;, + wj, is the eigenenergy of
the initial state, in which all magnetic ions have one hole in
the jer = 1/2 doublet. The next step is to treat H, as a weak
perturbation compared to

7’(0 = Wint + (}‘{soc + 7'[pd + 7‘{7 . (15)

This allows to expand R as follows
R=HULHG > (H G HY, (16)
n=0

where we have defined the resolvent
G=E-Hy+in)™". 17)

Note that both H t(;)[ and H, include hopping terms on all bonds
of the lattice. However, since both the initial and final states
belong to the ground-state manifold, only pathways consisting
of closed loops contribute to the Raman operator.

Incidentally, replacing 7{;2{ by H, in Eq. (16) gives the
leading contributions to the effective spin Hamiltonian Hcg.
More specifically,

Heg =H, G Z (H, @)" H,; + other terms, (18)

n=0

where the ‘other terms’ in the formal expansion [64] of H.g
can be safely disregarded for our purposes.

IV. Raman operator in Kitaev materials

We are now ready to apply the above general formalism to
the case of the Kitaev materials and highlight the main new in-
sights of this work. In particular, we will explicitly demonstrate
that despite the fact that the microscopic processes underly-
ing the Raman operator and the super-exchange Hamiltonian
are very similar in the Kitaev materials [55, 60, 61, 63], the
presence of multiple non-equivalent super-exchange paths con-
tributing to the coupling between the magnetic moments on a
given bond leads to the contributions to the Raman operator
that goes beyond the Loudon-Fleury theory [35]. Recall that
in the Loudon-Fleury theory, the contribution R;; to the total
Raman operator from a given bond (ij), is simply given by
the super-exchange interactions H.g,;; on that bond, weighted
by a bond-specific polarization-dependent factor. However, in
systems with multiple non-equivalent super-exchange paths,
the polarization factors that come from the operators H Z(QI ap-
pearing at the first and last steps of the perturbative expansion
of Eq. (16) give unequal weights to different paths. Hence, the
summation over these paths leads to a Raman operator R;; (on

AP
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FIG. 1. The square plaquette that is relevant for the super-exchange
processes between two magnetic ions sharing a ‘z-bond’ in A,IrOs
compounds (e.g., 8-Li,IrO;). The same plaquette provides the super-
exchange processes in @-RuCl; with substitution Ir — Ru, O — CL

the given bond) which is, in general, not proportional to Heg
(obtained by summing up the contributions from all possible
paths with equal weight).

Let us now begin with re-examining the various super-
exchange paths contributing to the effective spin Hamiltonian
of the Kitaev materials. In all of them, the local environment
of the magnetic ions is that of an octahedron ligand cage, see,
e.g., Fig. 5 for the case of 5-Li,IrOs. The virtual hopping pro-
cesses leading to the J-K-I" model (and the ones contributing
to the Raman operator) are confined to a plaquette consisting
of two magnetic ions and two ligand ions. For iridium Kitaev
materials, for example, the plaquette is formed by two iridium
and two oxygen ions (see, e.g., Fig. 1 for the case of two Ir**
ions sharing a ‘z-bond’ in S-LiyIrO3), while for a-RuClj it
is formed by two ruthenium and two chlorine ions. For con-
creteness, in the following discussion we will use notations for
the iridates, but the final results will be exactly the same for
a-RuCl; as well.

We will carry out our analysis for a ‘z-bond’ formed by two
iridium ions, Ir; and Ir,. The results for other types of bonds
can be obtained in a similar way (or simply by symmetry, if
present). Using the frame of Fig. 1, the vector connecting
these two ions is d;; = x +y (in appropriate length units),
while the vector connecting the two oxygen sites, O; and O,
is dl.Lj = x —y. Finally, the vectors connecting Ir; with O; and
O, are , respectively, y and x. The hopping matrix elements
corresponding to this ‘z-bond’ are listed in Table L.

There are three different types of paths on the plaquette of
Fig. 1: (a) direct hopping (Fig. 2), (b) oxygen-mediated hop-
ping (Fig. 3), and (c) mixed hopping (Fig. 4). The direct hop-
ping contributes at the lowest order of the perturbation [n = 0
in Eq. (16)], the oxygen-mediated hopping processes arise at

transfer path hopping amplitude
Ir(xz(Y) or yz(X)) — O(p.) t
Iry (xz(Y))— Irp (xz(Y)) f
Iy (yz(X))— Irz (yz(X)) f
Ity (xy(2))— Iz (xy(2)) 13

TABLE 1. The matrix elements of H, (in the hole picture) related to
the z-bond for S-LiIrO5. All matrix elements are real.
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FIG. 2. Direct hopping (a-b and b-a)

fourth order (n = 2), and the mixed direct/oxygen-mediated
hopping processes arise at third order (n = 1). Mathematically,
the corresponding amplitudes for each of these types of pro-
cesses can be obtained by performing a spectral decomposition
of the resolvent G of Eq. (17) in terms of the relevant virtual
excitations. These include the intermediate two-hole states on
Iridium sites, |D,,), where u = 1,2...15, obtained by the diago-
nalization of Hy, [62, 63] (see also Table IV in App. A 1), and
the intermediate one-hole states on oxygen sites, |0, ),where
v = 1,2 labels one of the two oxygen ions:

15 2
[Du XDyl |0,){O,|
9= By ¥ 2o o= At
i CEwm—En—Eo)twintin & win—Ap+in
=Gp+Go. (19)

Here wj, is the incoming photon frequency, Ayq is the charge
transfer energy between Ir** and O?~, and we have also defined
Eon, E1n and E5y, to be the zero-, one- and two-hole eigenener-
gies.

The effective Raman operator lives in the low-energy sector
with magnetic ions being in their j.¢ = 1/2 ground state mani-
fold. For two neighbouring Ir ions, this space is spanned by the
four configurations written in the | jéﬁ’l , j;m) representation:

1 1.1 1 11 1 1
53115 == 5 3= 5. =)

{1 ), s, )} 573
One then evaluates the matrix elements (,|R|i, ) of the Ra-
man operator in this 4x4 basis, and then expresses the resulting
matrix in terms of the pseudospin operators S; and S; to obtain
the effective spin representation of R.

For what follows, it is also expedient to define the following
generic polarization factors that arise from the coupling of the
incoming and outgoing photon to, respectively, the first and
last bond of the virtual hopping paths involved in Eq. (16) as

Pia = {(&in - d;j) (Sour - dij),
Prgr = {(&in - d};) (Eou - d})) s
Pyar = {(&in - dij) (Eou - d}5), (20)
Ppg = {(&in - d;;) (Eou - dij),

2
j— e
where ' = ~ 722 9inYout-

A. Raman operator from direct hopping

There are two direct hopping processes (see Fig. 2) connect-
ing the two Ir** ions of the basic plaquette of Fig. 1. Since

these processes are of second order in the hopping [i.e., n = 0
in Eq. (16)] and do not involve the oxygen sites, the corre-
sponding Raman operator is given by RYI" = 7—(:2( Gp 7—(1(’1;[, or,
equivalently,

Rir = Y H, ADXDulHy
B " (2E\n — Eon — Egn) + win + i

2y

The details of the computation of the matrix elements ofR“lir
are provided in App. A 1. The resulting expression for R?}r on
the bond (i), in terms of spin operators is

R =Py (J? S - S;+ K? 557 (22)
where K® and J@ are coupling constants (explicit analytic ex-
pressions of them are given in App. A 4, and we shall comment
on their numerical values for the case of 5-Li,IrO3 in Sec. VI),
and the superscript (2) specifies that they are obtained in sec-
ond order perturbation theory. We should note here that K®
and J® depend on the frequency w, of the incoming light, but
in the limit w;, — 0, they reduce to the second order contribu-
tions to the effective couplings K and J of the effective J-K-T"
model, as they arise from the same microscopic processes. In-
deed, starting from Eq. (18) one can show that, for w;, — 0,
the spin terms inside the bracket of Eq. (22) are precisely the
contributions to He; ). from direct hopping, namely

win 01 RE = —Pag Hi ) - (23)

(

Hence, the leading Raman operator coming from direct hop-
ping processes has a Loudon-Fleury form.

01
a b
@) 1 Ir 1 II‘2
d C
Ir1 11"2 02
(a) path 1 (a-b-c-d) and 2 (b) path 3 (a-b-c-d) and 4
(c-d-a-b) (c-d-a-b)
II‘2
a b
02
(c) path 5 (a-b-c-d) and 6 (d) path 7 (a-b-c-d) and 8
(c-d-a-b) (c-d-a-b)

FIG. 3. The eight different oxygen-mediated hopping paths connect-
ing Ir; and Ir; in the plaquette of Fig. 1.



path #, ¢

1 {(&in - Y) (Bout - (=) = =(Pag + Parar — Paar — Para)/4
{(&in + (X)) (Eout * X) = =(Pag + Parar + Paar + Para)/4
{(&in - Y) (Bout - (X)) = =(Pag — Parar + Paar — Para)/4
{(&in - (=Y)) (Eout * X) = =(Pag = Parar + Paar — Para)/4
{(&in - X) (Eou - (=Y)) = =(Pag — Pyrar — Paar + Parg)/4
{(&in - (=X)) (Eout * Y) = =(Pag — Pyrar — Paar + Parg)/4
{(&in - X) (Eout - (X)) = =(Pug + Pyrar + Pyar + Pyrg)/4
L& - (=Y)) (Bou * Y) = =(Paa + Pyrar — Paar — Parg)/4

polarization factor p?

0| || W

TABLE II. Polarization factors for the eight oxygen-mediated hopping
paths of Fig. 3, and Pyy, Pyigv, Pyyr and Pyu, are defined in Eq. (20).

B. Raman operator from oxygen-mediated hopping

Turning to oxygen-mediated hopping processes, their lead-
ing contribution to the Raman operator appears at fourth order
in the hopping [n = 2 in Eq. (16)] and has the form

R = H) Go Hy Gp Hi Go M, .- (24)

In total, for the bond (ij),, there are eight different paths con-
tributing to this operator, labeled by ¢ = 1, ...8, four of which
begin from Ir; and the other four from Ir,, see Fig. 3. Each path
¢ gives rise to a polarization factor p? (provided in Table II)
multiplying an effective spin operator ¢, namely

med _
Rip. =

0q 0
oo Py 7'{{ (25)
(see details in App. A 2). The final form of the Raman operator
from oxygen-mediated hopping is given by
P Py
med _ _ 27dd ,(4) _ldrdt (gL Q. 17(4) z
R === KV8is5- = (/'98; - 8;+K's35%) | (26)
where the frequency-dependent constants K@, J'® and K’
can be obtained numerically for the convenience of calculation
(see App. A 4 for their analytic expressions). Comparing with
the corresponding contributions to the effective spin Hamilto-
nian (computed with wi, = 0),
d 8 L0
Hefiip. = Zl‘:l He' = KSiS5, 27)
shows that the Raman operator from oxygen-mediated hopping
does not take a Loudon-Fleury form, i.e., R?l‘;d computed on a

given bond is not proportional to H :flf??iﬁ;

C. Raman operator from mixed hopping

Let us now discuss virtual processes that involve both direct
and oxygen-mediated hopping. The leading contributions to
the corresponding Raman operator appear first at third order in
the hopping [n = 1 in Eq. (16)], and take the form

R™ = H) G H, G H, . (28)

In total, for the bond (i )., there are again eight different paths
contributing to this operator (see Fig. 4), labeled by ¢ = 1-8.
As in the case of oxygen-mediated hopping, here too, each
path € gives rise to a polarization factor (provided in Table III)
multiplying an effective spin operator H}", namely

< 8
W= D P 29)
(see details in App. A 3), which takes the form

ix __Paa ) oxgu,quox
R = =T (S 1SS 1S )~

Paa—Paa: zP i n(S4S%), (30)
where the frequency-dependent constants I'® and h(rs) are de-
termined numerically again (see App. A 4 for their analytic
expressions), and the additional factor i in front of the real
parameter h(r3) ensures time-reversal symmetry. Comparing
again with the corresponding contributions to the effective spin
Hamiltonian (computed with wy, = 0),

: 8
Qf‘f',’z,-m = H‘H“‘ =F(Sj‘S?+S?S;‘), (31)
we see that, as in the case of oxygen-mediated hopping, the
Raman operator from mixed processes does not take a Loudon-
Fleury form, i.e., R?EJ”)‘ is not proportional to ﬂ?ffi,?ijk' In par-
ticular, the extra, non-Loudon-Fleury term [second term in
Eq. (30)] takes the form of an effective, local magnetic field

term oc hg ), along the quantization axis z associated with the
Ir;-Ir, bond of Fig. 1.

D. Total Raman operator

Collecting the various contributions to the Raman operator
on ‘z-bonds’, and the analogous expressions for ‘x-bonds’ and

O 1 O 1
a b c b
Irq Irs Irg Irs
c a

(a) path 1 (a-b-¢) and 2 (c-a-b)

a C
Ir1 OIYQ II‘1 @Irg
b b
Cc 02 a 02

(c) path 5 (a-b-c) and 6 (c-a-b)

(b) path 3 (a-b-c) and 4 (c-a-b)

(d) path 7 (a-b-c) and 8 (c-a-b)

FIG. 4. The eight different mixed hopping paths connecting Ir; and
Ir, in the basic plaquette of Fig. 1.



path #, ¢ polarization factor p}'

1 {(&in+ Y) (&ou - (=dij)) = —~(Pag — Para)/2
{(&in - (—=dij))(Eout * X) = =(Pya + Pyar)/2
{(&in - dij)(Eou - (=Y)) = —(Pag — Paar)/2
{(&in - (=X))(Eout - dij) = =(Pya + Pyra)/2
{(&in - dij)(Eou - (X)) = =(Pag + Pyar)/2
{(&in - (=) (Eou - dij) = =(Pag — Para)/2

{(&in - X)(Eou - (=di))) = — (Pya + Pyra)/2
{(&in - (=d;))(Eouw * Y) = =(Pag — Paar)/2

0 ||| W

TABLE III. Polarization factors of the eight mixed hopping paths of
Fig. 4. For the definitions of Py, Pyr4x, Pyyr and P,y see Eq. (20).

‘y-bonds’ gives the total Raman operator
R:Z{Piﬂ S,’ . Sj'FP,’ij S;-IVS(/-YV + Pij,l" (S'?VSZV+SI%S€V)
iy

+ Pij,hrS (S ;YV + S(]IV)} s (32)

where notations for («,,f3,, y,) are the same as in Eq. (5) and
Pijg = —Paa)® = {Parar J'Y,
Piik = —Paa(K® + 1K) = 1Py K’
Pisr = —5Paal®
Pija = =3 (Pa-a = Pag )i /S .

(33)

We repeat here that the various constants entering the Raman
operator, i.e., J@, J® K® K® K'® 1@ and h(r3)’ are fre-
quency dependent and are not directly related to the effec-
tive couplings in the original super-exchange Hamiltonian (5).
However, the following relations hold, up to fourth order in

7—(17
Jo — J, K® + KW = K, ™®=r. (34)

Note further that the constants J'®, K'® and 4%”’ do not appear
in the effective spin Hamiltonian and are the ones that are
responsible for the non-Loudon-Fleury Raman scattering.

wip — 0

V. Bosonic representation of R in magnetically ordered states

Having established the leading contributions to the Raman
operator, we can now turn to its magnon representation in the
low-temperature, magnetically ordered states of iridates, such
as B-LiyIrO3. To describe the magnon excitations above an
ordered state we first need to re-label the positions of the spins
i — (R, u), where R is the position of the magnetic unit cell,
and u labels the different spin sublattices in the given magnetic
state around which we wish to perform the 1/S semiclassical
expansion. The relabeling allows for the substitutions

1
Si = Srys Sj = Swuty s Pijr = Py 1, Z -3 Z ,
Cij)y R, (')

where t,, is a primitive translation of the magnetic superlattice
that connects the sites i and j. Next, we rotate the spin operators
from the global laboratory frame to local reference frames

Sk =U, - Sry, (35)

where U, is a rotation matrix which depends on the direction
of the u-th spin sublattice in the classical configuration, and
express the operators §R,ﬂ in terms of bosonic operators ag , via
the standard Holstein-Primakoff expansion (to leading order),

Siu = V572 (g, + ary).
Sk, = —iVS/2 (ary —ay,) (36)
Ei{,y =5 - a;’ﬂaR# .

Replacing in Eq. (32) and expanding in powers of 1/ VS gives
R=Ro+R +Ro+ 0", (37)

where R, corresponds to a constant term and does not con-
tribute to the scattering, whereas R, and R, describe, respec-
tively, one-magnon and two-magnon scattering.

Knowing the Raman operator, we can then compute the
Raman intensity as

I(Q) = % fmdt Y (R(OR0)), (38)

where Q = wi, — wey 18 the total energy transferred to the
system (in units of 7 = 1) and (- - - ) denotes the ground state
average. In the following, we shall assume that Q < wiy, out-

A. One-magnon scattering

The one-magnon Raman operator in Eq. (37) reads

Ri= D, Vi @ryt a0 +hel (39)
Ry
where
m _ 5" 1 1
Vi =3 \E{PW,,[U# Uiy + P k(U] iy (U,

+ P (Ul vci, U], + (Uil iy, 101)

+ P [U;'] (40)

av,x—iy} ’

where we use the notation [+ -+ iy = [+ s — i[* - * 1jo-
Next we switch to momentum space via Fourier transform,

1 .
ARy = ———— E TR 41)

where N is the total number of sites, N, is the number of sites
inside the magnetic unit cell, and p, denotes the position of



the u-th sublattice inside the unit cell. Keeping only the q = 0
components, we can write

Rig=0 = V- Xq0, (42)

— T T D
where Xq = (a1,qs s ANyqs @) gy ) and VOV is a

1 X (2N,,) vector with elements V(l) Z W V(L)

Note that x4 appears also exphcltly in the quadratic part of
the effective spin Hamiltonian, in the form

S
Hisw = Ezq:le-ﬂq-xq, (43)

where Hg is a (2N,,) X (2N,,,) coupling matrix. This Hamilto-
nian is diagonalized via a standard Bogoliubov transformation,
Xq = Tq - yq, where Ty is the canonical transformation matrix,

Ya = B> br,g-b] gDy )" which leads to

Hisw = ZZ%

where the new bosons b;,q
with frequencies wyq-
Coming back to the Raman operator and expressing Xq—o =
Ty=0 - Yq=0 in Eq. (42) leads to the following expression for the
relevant, q = 0 part of the one-magnon Raman operator:

MY(q = 0) - ygeo,

where M(V(q = 0) = V(1)~Tq:0. At zero temperature, it suffices
to keep the terms involving bj; =0’ since only the processes with

a magnon creation on the N, modes (¢, q = 0) are allowed.
Therefore, the zero temperature one-magnon Raman intensity
[Eq. (38) with R — R 4=0] can be written as

1
oDua * E)’ (44)

describe the magnon excitations

Rig=0 = (45)

L@ Y MY (=0 6@~ wuqm0).  (46)
M

The above equation is the basis for the numerical calcula-
tion of the one-magnon Raman scattering intensity. The delta
functions are treated by allowing for a small but otherwise
arbitrary Lorentzian broadening §(x) — 2 = with a small
enough value for 7.

ITX

B. Two-magnon scattering

The two-magnon scattering involves the second-order term
in Eq. (37), which reduces to

_ (2 (2) T
Ry = Z {V,mv ROt +V AR pOR vt 41
R,(u')y
(2)
+Vy aR ary + V aR+t st R +h.c.}, A7

where the various prefactors V® can be obtained from Eq. (32),
similarly to the one-magnon case (we do not, however, write

them down here since the respective expressions are rather
cumbersome). Using again the Fourier transform and sym-
metrizing with respect to q — —q, we obtain

Ro= D Ye - MP@)-yq,
q

q

x| - VO(@)-xq = (48)

where V?(q) and M®(q) = Tji V@ . T are 2N,,) X 2N,)
matrices.

While the operator R, contains all combinations of the bi-
linear terms bu,qu,/,qs buaby—q» b, _qb; O bﬂ _qbw —q> at zero
temperature only those correspondmg to two creation opera-
tors contribute to two-magnon scattering. Also, momentum
conservation requires that the momenta of the two magnons

must be opposite to each other, i.e., ' = —q. This leads to

Nin
R, = Z Z M2 o @bl +he  (49)

q pp'=1

Replacing in Eq. (38) [with R — R;] and using a Lehmann
spectral representation into the relevant two-magnon space
leads to the (zero temperature) two-magnon Raman intensity

L@ Y IMP, o (@F 62 - w,(@) - 0 ().
q.up’

(50)

which is the basis for our numerical calculations (with the
appropriate Lorentzian Broadening as in the one-magnon case).

VI. Application to 8-Li,IrO;

We are now ready to apply the theory developed in the pre-
vious sections to compute the Raman intensity for S-LiIrOs3.
This compound crystallizes in a hyperhoneycomb structure,
with a conventional orthorhombic unit cell defined by the crys-
tallographic axes {a, f), ¢}, see Fig. 5.

At zero field, 5-Li,IrO; orders magnetically below Ty =
38 K. The magnetic structure is characterized by a non-
coplanar, incommensurate (IC) modulation, with propagation
wavevector Q = (0.57,0,0) (in orthorhombic frame units),
and two counter-rotating sets of moments [48]. According to
previous theoretical works, the magnetism of 8-LiyIrO3 can
be accurately described by the J-K-I" model of Eq. (5) with
J=04meV, K=-18 meV and I'=-10 meV [56, 57, 65-69].
Furthermore, it has been shown [65, 66] that the IC order of
B-Li;IrO5 can be treated as a long- distance twisting of a nearby
commensurate period-3 state with Q = 3a (in units 2—”). This
state is amenable to a semi-analytical treatment, wh1ch delivers
a very accurate representation of the ground state properties
and the magnon excitation spectrum [65-68]. For the latter, we
take a magnetic supercell composed of three orthorhombic unit
cells along the a-axis, and thus N,, = 48 spin sites [65]. The
ensuing 48 magnon branches delivered by the numerical diag-
onalization of Hysw is shown in Fig. 6 along a high symmetry
path in the Brillouin zone of the orthorhombic unit cell [65, 67].
Note that the spectrum features a nonzero spin gap, which re-
flects the presence of anisotropic exchange interactions and the
absence of continuous translational symmetry.



FIG. 5. Sketch of a hyperhoneycomb lattice of g-Li,IrO;. The or-
thorhombic unit cell is defined by the crystallographic axes {4, b, ¢}
related to the Cartesian axes {X, ¥, Z} appearing in the spin Hamiltonian
by the following relations: X = (a+¢)/ V2, ¥ =(¢-a)/ V2, 2=-b.
The five NN bonds of the J-K-I' model are marked in red for
d € {x,x'}, green for d € {y,y’}, and blue for d € {z}. Each octa-
hedral denotes to the IrO¢ cage.

Turning to the Raman operator and Eq. (32), we will need
the numerical values of the various quantities appearing in
Eq. (33). These include the vectors d;; and dfj of Eq. (20),
as well as the parameters JO, O KD KGO KD TG and
h(r3 ). For the former, there are five types of bonds in 8-Li,IrO3,
labeled by x, x’, y, ¥, and z (see Fig. 5), with

= 3IL V21D dE=dy = 41— V2
L=—HLNZ L 4 =dy = 31 V2,

d, = d?
d, = d;
dZ = [05 05 1]5 d; = [13050],

(5D
in the orthorhombic frame. The remaining parameters appear-
ing in Eq. (32) depend on the hopping matrix elements ?;,
t = 2/ Apg, and t3, where Ayq is the charge transfer energy,

25 T T T T T T T T

w (meV)

FIG. 6. Linear spin wave spectrum along a high symmetry path in the
Brillouin zone of the orthorhombic unit cell (inset).

and the interaction terms U,, Jy and A. Fixing the latter to
the typical values of U, = 1.8 eV, Jy =04 eVand 4 = 04
eV, allows to adjust 1, #, and #3 so that we reproduce the val-
ues of J, K, I' mentioned above. This gives t; = —0.042 eV,
t; = 0.332 eV, and 13 = 0.190 eV, which are within the typi-
cal range of density functional theory (DFT) calculations, see,
e.g., [70]. Furthermore, we assume that the incoming light is
off-resonance and neglect the frequency of the incoming light,
i.e., we set wi, = 0 in the expressions for the Raman opera-
tor. With these assumptions and numerical estimates we atrive
at: J® = 0.4 meV, /P = —101.797 meV, K® = 3.49 meV,
K® = -21.49 meV, K'® = 210.757 meV, T® = —10 meV
and h” = 14.615 meV. Quite remarkably, the parameters J"®)
and K’™ that are partly responsible for the non-Loudon-Fleury
Raman scattering, have much larger magnitude compared to
the corresponding values of J® and K® + K™ of the Loudon-
Fleury terms. Similarly, the magnitude of h(FS), which does
not have any analogue in the spin Hamiltonian, is appreciably
high as well. This tells us that the Raman intensity (which
scales quadratically with the parameters) is dominated by the
non-Loudon-Fleury scattering terms. This significant result
will be demonstrated explicitly below.

Having the numerical values of the various quantities ap-
pearing in Eq. (32) we can now calculate the one- and two-
magnon Raman intensity of 5-LiyIrO; using Eqgs. (46) and
(50), respectively. In particular, we shall focus on scattering
geometries corresponding to incoming and outgoing light po-
larizations along the orthorhombic crystal axes. Among these
are the diagonal polarization channels where &, = €o,t = a
or b or ¢ (which we shall label by R, RbY and Ree, respec-
tively), as well as off-diagonal polarization channels where,
e.g., &n = a and &y, = b (which we label as RY etc. A
symmetry analysis based on the D5, point group [71] shows
that R%, R?? and R°¢ transform according to the A, irreducible
representation, while R, R and R’ transform as By, By,
and Bsg,respectively [21, 72].

One-magnon response. Figs. 7 (a-b) show the one-magnon
Raman scattering intensities in the polarization channels men-
tioned above, as obtained from numerical calculations based on
Eq. (46) with a Lorentzian broadening parameter 7 = 0.5 meV.
To disentangle the contributions coming from the non-Loudon-
Fleury terms we perform calculations with (panel b) and with-
out (panel a) these terms. A quick inspection of the intensity
scales in the two panels demonstrates the dramatic impact
of the non-Loudon-Fleury terms announced above, namely
that these terms dominate the scattering. Another significant
ramification of these terms is that the sharp peak at Q ~ 3
meV, appearing in the ac-polarization channel in Fig. 7 (b), is
absent from Fig. 7 (a). This one-magnon q = 0 peak, there-
fore, originates from the non-Loudon-Fleury terms. We have
checked, in particular, that this peak stems from the magnetic
dipole-active terms oc h(r3) , see inset of Figs. 7 (c). It is fur-
thermore noteworthy that this peak is absent in the remaining
polarization channels shown in Fig. 7 (b), which can be used
as a smoking-gun diagnostic feature in experiments [73].

The strong polarization dependence is not special to the
low-energy peak, but manifests in the higher-energy part of the
response as well, as shown in Fig. 7 (b). Comparing with panel
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FIG. 7. One-magnon (a-b) and two-magnon (c-d) Raman intensities, computed with [(b) and (d)] and without [(a) and (c)] taking into account
the non-Loudon-Fleury scattering terms, see main text. Lines with different colors correspond to different polarization channels (with the color
scheme being consistent across all the panels). The inset of (b) shows the Raman response without the non-Loudon-Fleury, magnetic-dipole
term o h(r3). The inset of (d) shows the two-magnon density of states p, of Eq. (52).

(a), the non-Loudon-Fleury terms play a decisive role, as they
modify significantly the relative intensity and overall shape of
the high-energy peaks.

Two-magnon response. We now turn to the two-magnon
intensities shown in Figs. 7 (c-d). As above, we disentangle
the contributions from the non-Loudon-Fleury terms by per-
forming calculations with (panel d) and without (panel c) these
terms. The intensities are computed using Eq. (50), where the
sum over q in Eq. (50) is carried out on a finite-size grid of
25200 q points within the magnetic Brillouin zone, and the
Lorentzian broadening parameter is chosen to be 7 = 0.6 meV.

Quite generally, the 2-magnon response features a broad
continuum, mainly due to the fact that Eq. (50) involves a sum
over all g-modes. This sum has the form of a convolution
between a polarization-dependent weight [M®(q)|*> and the
two-magnon density of states, defined as

pr@) = " 6(w-wu@) - wu(-9)) .

M

(52)

The latter is calculated using a histogram method and is shown
for comparison in the inset of Fig. 7 (d) and reproduces well

the bandwidth and overall shape of the response.

A quick inspection of the intensity scales in panels (c) and
(d) shows that the two-magnon intensity too is dominated
by the non-Loudon-Fleury terms. Furthermore, these terms
change significantly the relative intensities of the various po-
larization channels. For example, the R channel features
the largest response, unlike the computed intensities based on
the Loudon-Fleury terms alone (panel c). These significant
changes come with distinctive features which can again be
tested experimentally.

Here we also note that the two-magnon intensities shown in
Figs. 7 (c-d) are obtained without taking into account the effects
of the final-state magnon-magnon interactions [36], which
might be not small given the complex nature of the magnetic
ordering in B-LiyIrOs. In principle, their effect can be taken
into account by computing the vertex corrections to the bare
Raman vertex in Eq.(49), cred although this is a technically
rather tedious task due to the large number of magnon bands in
B-LixIrO5. Qualitatively, we expect that these corrections can
lead to a shifting of the two-magnon peaks to lower energies
and to the formation of an even broader continuum at the higher



energies, similarly to the cases considered in Refs. [4] and [10].

Finally, we point out that the numerical results presented
here correspond to the case where the incoming light is oft-
resonance. The case of resonance, i.e., when the frequency of
the incoming photon is comparable to the charge gap, requires
further analysis [4, 5]).

VII. Discussion

We have revisited the theory of magnetic Raman scatter-
ing in Mott insulators with strong spin-orbit coupling with a
special focus on Kitaev materials. A detailed consideration
of the precise photon-assisted, virtual hopping processes that
contribute to the magnetic Raman sattering reveals that the
Raman vertex R contains terms beyond those appearing in
the traditional Loudon-Fleury theory. Quite remarkably, these
non-Loudon-Fleury terms are shown to dominate the scattering
intensity in the three-dimensional Kitaev material 8-Li,IrO3
by at least two orders of magnitude. In addition, the non-
Loudon-Fleury terms give rise to a qualitative modification of
the polarization dependence, with distinctive signatures that
can be tested experimentally. Most saliently, in 5-Li,IrO3 the
non-Loudon-Fleury terms give rise to a sharp magnetic dipole-
active magnon peak at low energies, which is absent in the
traditional Loudon-Fleury theory. This peak has been observed
recently in the predicted ac-polarization channel [37], lending
strong support to the importance of the non-Loudon-Fleury
terms. The peak is shown to arise from virtual tunneling pro-
cesses involving both direct and ligand mediated paths. These
processes are of similar type with the ones leading to the sym-
metric off-diagonal interaction I', but, in the Raman vertex,
they take the form of a bond-directional magnetic dipole term.
In particular, these processes involve an intermediate hopping
to the ligand (oxygen in 8-Li,IrO3), which does not conserve
the projection of the total pseudo-spin along the corresponding
axis (e.g., S;+S j for the z-type of bonds).

On a broader perspective, we would also like to empha-
sise that our theory is fully applicable to any strong spin-
orbit-coupled Mott insulator, in which the magnetic moments
Jer=1/2 come from the five electrons (or one hole) on the 1,
orbitals. For Kitaev materials, in particular, we even expect
similar quantitative results with the ones presented here for
B-LirIrO3, as the underlying local geometry (and the effective
spin Hamiltonian description) of 8-Li;IrO3 is common in all
Kitaev materials. Specifically, we expect the same type of
non-Loudon-Fleury terms (including the magnetic dipole term
o h(r3 ) to be present generically across all Kitaev materials, and
we also anticipate that these will dominate the scattering inten-
sity, given the similar order of magnitude of the microscopic
parameters Uy, Jy, A and Apq. The presented analysis therefore
underpins a drastic change of paradigm for the understanding
of Raman scattering in materials with strong spin-orbit cou-
pling and multiple exchange paths. In addition, it calls for a
general re-evaluation of Raman scattering in Kitaev materials
of current interest, as this would help to elucidate their cor-
rect microscopic description and their relative proximity to the
sought-after quantum spin liquid.
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Note added: We recently became aware that a modification
of exchange interactions similar to the one presented here for
R has been discussed for Kitaev materials under magnetic
field [74] and circularly polarized light [75]. In particular,
Ref. [74] reports an effective magnetic field term similar to
h(r3), which also arises from mixed hopping terms.
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Appendix A: Technical details of the derivation of the
Raman operator

1. The Raman operator from the processes involving the direct
hoppings

Since it is more convenient to represent the hopping matrix
H, in the orbital basis, we project the j.x = 1/2 pseudospin
degree of freedom to the orbital basis using

p=+h=-L(X D+ D +1Z1) A
g=-bH=-2(xn-1D-1Z1)

Next we notice that there are fifteen intermediate states |D,,)
with two holes on the iridium ion, which can be obtained by
the diagonalization of H, and can be easily written in the
two-hole orbital basis at the zero SOC limit 4 — 0. Explicitly,
we denote the two-hole orbital basis in the way given in the
Table IV.

There are several processes that contribute to the spin in-
teraction and we consider those involving the direct hopping
only. These processes give rise to the effective spin coupling
at the second order of perturbation theory. The half of the
direct hopping path projected into all possible orbital channels
is shown in Fig. 8. In this process, the hopping starts from the

XTXL=ID|IYT,Z210=16) (IX1LYT) =11
YTL.YL=)1XL,YH=D|IXT,Z2]1)=112)
ZT.Z21)=13)|1X1L,Z1)=18) |IX],ZT1)=]13)
XTYD =W 1Y LZ1)=19|IY1,Z])=114)
XT.ZTH =15 |IX1.Y 1)y =110)||Y |,Z 1) = |15)

TABLE IV. Intermediate, two-hole (Slater determinant) states.
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Ir; ion from one of the ji & = +1/2 states and ends on Ir; ion in
one of the fifteen states belonging to the two-hole orbital basis.

For example, in Fig. 8 (a), we show the action of the hopping
term on the i) state, which we denote as H;|y) = H,| +
1/2;+1/2). The hole on Ir; is first projected to the orbital basis
IX 1), |Y |) and |Z T). Each of these states overlaps with the
two-hope states on Ir,. Recalling that we are interested only on
those two-hole states, in which one hole is the original hope on
the | j$; = 1/2)2, we should take into account the projection of
| jéff = 1/2), to the orbital basis. The product of weights from

the projection gives the weights for each channel of hopping in
the orbital basis. The sum of all the contributions allows us to
explicitly compute the matrix element (D, ||y, ), where |D,,)
denotes the two-hole intermediate state in the u = 1,2...15-
th state entering into Eq. (21). The same calculation can be
performed for other states H;[n) as illustrated in Fig. 8 (b)-
(d). Next we compute (D,|H;In) and (D,|H;|m)* to form the
complete hopping path. The process starting from Ir, gives
exactly the same result.

When we consider the Raman operator, we should recall



that the incoming light must couple to the hopping on the first
bond, and the outgoing light must couple to the hopping on
the last bond of the path. With only two hopping bonds in
the direct hopping path, the polarization factor can only be
(€in - d;j)(&ou - (—d;j)), and so we can compute the Raman
operator originated from the direct hopping as
R?,-i,r)z == 2{(&n - dij)(&ou - dij)
Z Z <Dp|7{t,ij|¢n>* : <Dp|7{t,ij|¢n’>
a4 2Em + win = (En + Eon)

|lpn><¢’n' |7 (AZ)

where &, as the outgoing light polarization, and |i/,,), |, )
again represent the four states of the low-energy sector of two

magnetic ions, namely |1, 1), [3,-4). |- 3. 1.1 - .- ).
|0v’><0v’|
7'{[0 =H,GoH, Gp H: Go H, = Hi—————H,
Win — Apd

Wl 10y KO IHID,Y) ((DLIHI0, ) O Hi Y
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2. The Raman operator from the processes involving the
oxygen-mediated hopping

There are eight paths that include the oxygen-mediated hop-
ping. These processes give rise to the effective spin coupling
at the fourth order of perturbation theory, and the sum over all
eight contributions gives us the super-exchange Hamiltonian
with the dominant Kitaev interaction [55, 61, 63]. Each of
these paths also gives the contribution to the Raman operator
(24), which apart from the corresponding polarization prefactor
is proportional to

|D. Dyl 10,0, |
" 2E1h + wWin — (Ean + Eon) | win — Apa

H,

The choice of |0, ) determines whether the upper path or the
lower path is considered (see Fig. 9 (a) and (f), respectively).
The explicit construction of H;|O, YO, |H; |y, ) with all projec-
tion factors is obtained on the similar way as for the paths with
the direct hopping only and is shown in Fig. 9.

Once we have (D, |H;|0,){O,|H;ly» ) computed for all v and
B, we can assemble the hopping path for the oxygen-mediated

J

(2E1h + win — (Ean + Eon)) (win — Apa)?

(

hopping as
(CDUIHIOW N O [ H)) - (DUl HIO O )

This gives us the following expressions for 7{[0:

*

(DUIHNOW KO [Hn)) - ((DUHIONNXO Hil))

n- T3

where the combination of the indices v and v' determines the
path involved in the process; e.g., when v = 1 and v = 1, the
hole only hops through O; hence giving 7{10 . Symmetry leads
to the following equivalence relations between 'Hf correspond-
ing to the processes starting from Ir, and processes starting
from Ir; ions:

HY ~ HE H ~ HY HE ~ HE HE ~ HP?,  (AS)
in which the equivalence relation means the equality of matrix
elements involving ¥, and 3 under interchanging v, — Y3
and Y3 — y,. For example, WolH W) = (WslHYW3),
WalHW3) = WslHP W), and so on. Summing up over all

(2E1h + win — (Ean + Eon))(win — Apa)?

|wn><¢n’ |s (A4)

(

paths (both starting at Ir; and Ir,) with the corresponding po-
larization prefactors in the way given in Eq. (3) leads to the
final expression Eq. (26) for the Raman operator 7??;;;‘ coming
from oxygen-mediated processes.

3. The Raman operator from the processes involving mixed
direct and the oxygen-mediated hopping

The mixed hopping can be viewed as the combination of the
direct hopping and the oxygen-mediated hopping, so we can
compute H" associated with each path as



)
I

nn’

H = > Wdal o GH, G Hlw Y| =

nn’

where the first case represent the path starting from the oxygen-
mediated hopping and the second one from the direct hopping.
The overlap matrix elements (... ) in (A6) are computed either
for the direct hopping process or for the oxygen-mediated
hopping process, so no additional consideration needs to be
taken here. The equivalence relations between the processes
starting from Ir, and from Ir; are given by

HI ~ HE O~ HE H ~ HI H~ (A6

where the equivalence has the same meaning as in Eq. (A5)
above. Finally, summing up over all paths with the corre-
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(CDuIH)) - ((DUHIONN O H )

|¢’n><lpn’|

QEm + win — (Eon + Eon))(Win — Apa)

(<D0 OH ) - (DulH )

(win — Apd)(zElh + win — (Eon + EOh)) |l//n><l//n’|

(

sponding polarization factors leads to the final expression of
Eq. (30) for the Raman operator Rg‘;‘ coming from the mixed
processes. o

4. Analytic expressions of the prefactor constants in the
Raman operator

Here we provide the analytic expressions for the prefactor
constants entering the Raman operator. For simpler algebra
manipulation, the calculations are done using the total-J basis
(e.g. |/, J;)) instead of the orbital basis. The details of using
this basis can be found at [62]. Denoting

1 J
.ﬂ=—§( . s ), (A7)
6"H + Jy(Uy + 42 — win) — (U; = win)(Uy + 31 — wip)
f _i( 3JH—U1—3/l+wm Ju (AS)
: _3 6JH - 2Ul =31+ 2(Uin 6.]12_1 - JH(8U1 + 174 - Swin) + (ZU] + 31— 2cu,-n)(U1 + 31— a),-n)’
TJy —3U; — 91 + 3wjy
== e , (A9)
6J7 — Ju(BU; + 174 = 8win) + RU; + 34 = 2win)(Uy + 34 — win)
1

_ ’ Al10

S =8I =20, =30+ 20m, (A10)

the various coupling constants take the following form

4 8
S = SR+’ = (0F+20-n)). (Al
@) _ 8 2 2
K = §f2 (3t4 + (tl - t3) )’ (Alz)
8
r® = 8f> t4217 e = —gfz t(t — 13), (A13)
16
F(3) = ?fz [2([1 - t3), r’(3) = sz Iy, (A14)
K9 = -8, 2, (A15)

where we have introduced ¢4 for the general case with lower
bond symmetry (in the main text #4 = 0). In the limit w;, — 0,
these coupling constants reduce to the super-exchange coupling
constants for the nearest neighbor JKIT’-model, and are in
agreement with expressions given in Ref. [76]. The remaining

coupling constants that are associated with the non-Loudon-
Fleury processes take the form

yo =2 %—ﬁ@ (A16)
'W—<M hE, (A17)
he = 3 (Efz + %f4) bt —13), (A18)
n = —%( fs + fonts, (A19)
®= —%( 3= 3fnaty . (A20)

The last two coupling constants, which are associated with
14, give rise to the following additional terms in the Raman
operator



1 o
- 5 Z(Pde - PddL)ll’lFG)(va + Sl% + va + S;V)

(v

1 23 { (
-3 D Para + Pag )T (S7(85 = 7) + (S5 = 7)),

ifv

which are ignored in the main text where #4 = 0.
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