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The nature of magnetism in the intercalated honeycomb iridate Ag;Lilr,O¢ has been a subject of recent
intensive debate, where the absence or presence of antiferromagnetic order has been reported to be related
to possible structural disorder effects and an enhanced Ir-O hybridization and itinerancy with respect to the
parent «-LiIrO; has been suggested as the origin of distinct x-ray spectroscopy features. In the present
work we investigate the microscopic nature of the electronic and magnetic properties of Ag;Lilr,O4 via a
combination of density functional theory combined with exact diagonalization of ab initio derived models for
various experimental and theoretical structures. We evaluate two possible scenarios, the itinerant quasimolecular
framework (QMO) on the one hand, and the localized relativistic jer = 1/2 and jeg = 3/2 picture on the other
hand, and find that the second description is still viable for this system. We further calculate resonant inelastic
x-ray scattering spectra and show that agreement with experimental observations can be obtained if the presence
of Ag vacancies leading to changes in Ir filling and structural disorder is assumed. Finally, we show that the
experimentally observed antiferromagnetic spiral magnetic order is reproduced by our ab initio derived magnetic

models.
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I. INTRODUCTION

Intensive efforts have been devoted to searching material
realizations of the Kitaev spin liquid state in the honeycomb
lattice with bond-dependent Ising-like nearest-neighbor inter-
actions [1-9]. Promising candidates for the Kitaev spin liquid,
including the layered honeycomb systems Na,IrO; [10-12],
a-LirIrO3 [12-14], and «-RuCl; [15-21], order magnetically
either in a zigzag structure (NayIrO; and «-RuCl;) or in
an incommensurate spiral structure («-LiyIrO3 [22]) due to
the presence of further non-Kitaev interactions [23-27]. For
the latter, attempts have been made to modulate the mag-
netic interactions in terms of intercalated H atoms [28-30].
For the resulting H;Lilr,Og, magnetic susceptibility, specific
heat, and nuclear magnetic resonance (NMR) measurements
showed no sign of magnetic order down to 0.05 K [30]. In fact,
theoretical studies [31,32] indicated that H positions strongly
affect the magnetic interactions, and the resulting magnetic
models with bond disorder and vacancies were shown to re-
produce the experimentally observed low-energy spectrum in
the system [33,34].

Recently, a new member of the intercalated honeycomb
iridates family Ag;Lilr,Og has been synthesized by replacing
interlayer Li in «-Li,IrO3; by Ag atoms [35]. Heat capacity
and magnetic susceptibility measurements on those samples
suggested Ag;Lilr,Og to be closer to the Kitaev limit com-
pared to a-Li, IrO3. However, by improving the sample quality

“yingli1227 @xjtu.edu.cn
fvalenti @itp.uni-frankfurt.de

2469-9950/2022/105(11)/115123(10)

115123-1

controlling that Ag does not enter the honeycomb layers, a
broad peak in the magnetic susceptibility and heat capac-
ity at Ty = 14 K was observed, which, together with a
sharper downturn in the magnetic susceptibility at Ty, = 8 K
and the appearance of spontaneous oscillations in muon spin
relaxation (uSR) measurements, evidenced the presence of
long-range incommensurate AFM ordering below Ty, [36]
of the same type as in «-Li,IrOs. The different behavior
between the two Ag;Lilr,Og samples was also confirmed by
NMR observations [37]. In addition, x-ray absorption and
resonant inelastic x-ray scattering (RIXS) measurements on
powder samples in Ref. [38] suggested an energy spectrum
for Ag;Lilr,O compatible with the assumption of enhanced
Ir-O hybridizations. An aspect to note is that the sample char-
acterization of Ref. [38] do no exclude a possible Ir charge
disbalance of about 0.2%, which corresponds to the error bar
of the energy dispersive x-ray analysis (EDX). Such a charge
disbalance could be caused by, e.g., the presence of interlayer
Ag vacancies.

In view of the above observations, we investigate here
the microscopic origin of the electronic and magnetic prop-
erties in Ag;Lilr,Og in comparison to its parent compound
a-Li;IrO5 and analyze the role of disorder effects related to
the presence of Ag vacancies. For that, we perform density
functional theory (DFT) calculations combined with exact
diagonalization (ED) of ab initio based models for various
experimental and theoretically derived structures.

Such spin models are obtained under the assumption of
large spin-orbit coupling and Coulomb repulsion leading
to a localized basis of jgr = 1/2 and lower-lying j. =
3/2 relativistic orbitals. Alternatively, due to the honeycomb
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backbone nature of these systems with dominant oxygen as-
sisted d-d hybridizations, one can consider a description of
the electronic structure in terms of quasimolecular orbitals
(QMOs) [39,40]. In the nonrelativistic case, the electronic
structure of Na,IrO3, for instance, is well described by the
QMO basis. The inclusion of spin-orbit effects induces mix-
ing of the QMO states, as was shown in Ref. [40]. Strong
Coulomb repulsion can destroy the QMOs in favor of a de-
scription in terms of localized states, however, some features
of the QMOs may still be detected as it has been shown in
the analysis of optical conductivity of Na,IrO; and «-Li;IrO3
[41]. Actually, a description in terms of fully localized (jes) or
itinerant QMO scenarios strongly depends on a competition
between the various energy scales involved (kinetic energy,
crystal field splittings, spin-orbit coupling, and Coulomb
repulsion).

For stoichiometric Ag;Lilr,Og our results show that the
Ir-O hybridization is moderate and a localized relativistic
Jeff = 1/2 magnetic model is still valid for the description
of the system. We also find that assuming the presence of
Ag vacancies has an important impact on the experimental
RIXS spectra due to the modification of Ir filling and hop-
ping parameters. We also show that the extracted exchange
parameters for the stoichiometric systems reproduce the ex-
perimentally observed spin spiral order.

The paper is organized as follows. In Sec. IT we discuss the
electronic properties of various structures of Ag;Lilr,O¢ from
the perspective of DFT calculations. In Sec. III we calculate
the RIXS spectra with the help of exact diagonalization of the
multiorbital Hubbard model on finite clusters. In Sec. IV the
magnetic interactions are estimated and the magnetic proper-
ties are analyzed. Finally, in Sec. V we discuss and summarize
our findings.

II. DENSITY FUNCTIONAL THEORY CALCULATIONS

The crystal structure of Ag;Lilr,O¢ is displayed in
Figs. 1(a) and 1(b). Edge-sharing IrOg octahedra build the
hexagonal planes in Ag;Lilr,Og with Li atoms in the hexag-
onal center while Ag atoms are placed between the layers.
Since the structural details are different in various experi-
ments, we consider here various structures of Ag;Lilr;Og:
(i) the experimental structure from Ref. [36] (S;); (ii) the
corresponding relaxed structure within DFT (S,); (iii) the ex-
perimental structure from Ref. [38] (S3); and (iv) to investigate
the effects of possible charge disbalance through Ag vacan-
cies, we remove one Ag along the Z bond from the S structure
resulting in structure S4 with one Ag vacancy per six Ag atoms
in the unit cell as shown in Fig. 1(c), and we consider as well
the case of one Ag vacancy per two Ag atoms per unit cell as
shown in Fig. 1(d) for the Z bond, that we denote structure
Ss. Starting from the S5 structure, the bond lengths and angles
of the resultant relaxed structure have values between those
of S» and S35 and its total energy is higher than that of S,. We
therefore consider in what follows only S, as the theoretical
relaxed structure.

We note that the vacancy cases considered correspond
to a much larger concentration of vacancies than the pos-
sible concentrations present in the material. Simulation
of smaller concentrations would require large supercell

FIG. 1. Crystal structure of Ag,Lilr,O¢ in the (a) ac plane and
(b) ab plane. Ir, Ag, and O are displayed as magenta, dark blue, and
yellow balls. Red, green, and blue bonds show the three different
types of bonds, X, Y, and Z, respectively. The green arrows in (b) in-
dicate the stripy magnetic configuration used in the calculations. /;
denotes the length of the long bond (X and Y) and [ the length of
the short bond (Z) for the structure S; (see the main text). (c) and
(d) show two types of Ag vacancies considered (marked with circles)
on Z-bond Ir-Ir clusters corresponding to Ir*** and Ir>*, respectively.
X, y, z are the Cartesian coordinates for d orbitals.

calculations. Since we are interested in evaluating the possible
effects emerging from the local presence of Ag vacancies
around Ir, we consider here the very extreme cases S; and
Ss where not only the Ir filling of the Ag neighboring Ir is
affected, but the Ir-O hoppings as well. In S4 [Fig. 1(c)] the
Ag vacancies induce on the Z bond a filling Ir+>" (occupation
d*%). In Ss [Fig. 1(d)] the Ir filling on the Z bond is Ir>"
(occupation d*). All the structures are in the C2/m symmetry
as shown in Fig. 1. The corresponding lattice parameters, bond
lengths, and Ir-O-Ir angles for the five structures are displayed
in Table I. The anisotropy between the X (Y') and Z bonds are
found to be strong in the two experimental structures S; and
S3 while weak in the relaxed structure S;. For the S structure,
the bond ratio /;/I; ~ 1.03, where /; denotes the length of the
long bond (X and Y) and [, the length of the short bond (Z)
is smaller than the strong dimerization case under pressure in
a — RuCl; [42] with [; /I, ~ 1.25.

The S, structure is obtained from the experimental struc-
ture S by fixing the lattice parameters and relaxing the atomic
coordinates using the Vienna ab initio simulation package
(VASP) [43,44]. To keep consistent with previous calcula-
tions [41] for a-LioIrO3, we considered relativistic effects as
well as contributions of the Coulomb repulsion [45] (U =
2.4 eV) within GGA 4 SO 4 U. We adopted a cutoff energy
of 520 eV and Monkhorst-pack k-points generated with 8
x 6 x 8. The choice of U, = 2.4 eV was done following
Ref. [41], which was determined by the gap of the electronic
structures in Na,IrOs;. We also considered Ui = 2 eV and
3 eV, but the resultant relaxed structures are not significantly
affected by the values.

The band structures were obtained from full-potential lin-
earized augmented plane-wave (LAPW) calculations [46]. We
chose the basis-size controlling parameter RK,,x = 8 and a
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TABLE 1. Lattice parameters (C2/m), nearest-neighbor Ir-Ir distances (A), Ir-O distances (A), Ir-O-Ir bond angles (°), crystal-field
splittings (meV), and nearest-neighbor hopping integrals (meV) for the five structures. The 1,, crystal fields A, A, denote, respectively,
the on-site hopping between d,, and d, orbitals, d,, and d,,, orbitals. A3 is the on-site energy of dy, minus d, /., [25]. The labels t;, 15, 13, and
14 are given in Refs. [24,25] and shown in Fig. 3. The notations ¢, t,¢, ti, and ¢, | are the same as in Ref. [40].

Structure S S S3 S Ss
a,b,c 5.283,9.136, 6.486 5.345,9.014, 6.469
a, B,y 90, 74.29, 90 90, 105.42, 90
Bond z X(Y) z X() z X(Y) z z
Ir-Ir 3.09 3.03 3.0479 3.0474 2.99 3.07 2.99 2.99
Ir-O 2.06 2.04 2.016 2.016 2.06 2.00 2.06 2.06
2.02 2.018 2.16
Ir-O-Ir 97.4 96.3 98.2 98.1 93.3 94.8 93.3 93.3
A —-72.1 —78.4 —56.9 —17.1 12.7
A, —54.8 —62.6 —78.3 —-23.0 2.0
A3 55.7 11.6 157.0 205.1 289.8
Bond Z XY) Z X) V4 XY) Z V4
i () —13.2 —17.9 —10.0 —18.4 25.0 -9.4 28.8 17.8
1 224 32.6
t (o) 168.6 154.2 185.0 189.4 203.4 109.2 310.1 281.9
3 (t1) -97.0 —158.2 —75.5 —87.1 —242.8 —158.1 —137.2 —124.7
ty (1) —-27.7 -2.3 —39.7 —-23.7 —48.1 —34.4 —6.7 -94
1 7.7 —18.4 —-26.9 -5.9 -9.3

mesh of 500 k points in the first Brillouin zone (FBZ) of
the primitive unit cell. The density of states (DOS) were
computed with 1000 k points in the full Brillouin zone.

We start with the band structures and partial DOS
within GGA, GGA + SO, and GGA + SO + U obtained from
LAPW calculations for the relaxed structure S, as presented in
Figs. 2(a) to 2(c). The DOS around the Fermi level in GGA is
dominated by Ir 75, and O states and it includes contributions
from Ag, in contrast to a-Li,IrO3 and H3Lilr,O¢ where the
DOS around the Fermi level has only Ir and O contributions.
From this we expect that Ag will affect the oxygen-assisted
Ir-Ir hoppings stronger than Li.

The inclusion of U within the GGA + SO + U approach
in the stripy magnetic configuration [see Fig. 1(b)], which has
the lowest energy within all collinear magnetic configurations,
opens a gap of 409 meV [Fig. 2(c)]. We note that the elec-
tronic properties for the two experimental structures S; and
S5 are similar to those obtained for the S, structure with Ag
contribution around the Fermi level and insulating behavior
within GGA + SO + U.

Valuable information on the hybridization patterns can be
obtained from the analysis of the hopping parameters ex-
tracted from GGA. Table I displays the hopping parameters
between the Ir 5d t,, orbitals computed via the Wannier func-
tion projection method [25,40] for the five structures. In terms
of the 1, d-orbital basis

_ (AT il il il ¥ i
¢ = (Ci,yz,T ci,yz,L Ci,xz,T Ci.xz,¢ Ci,xy,T ci,xy,¢)’ (1)

where cfa creates a hole in orbital a € {d,,, d;, d,,} at site i,

the crysfal field terms can be written as

HCF = - Zél‘{El ® ]I2><2}éis (2)

where [, is the 2 x 2 identity matrix (for the spin variables);
the crystal field tensor E; is constrained by local two-fold

symmetry at each Ir site to be

0 A A
Ei = Al 0 A2 . (3)
Ay Ay As

The #,, crystal fields Ay, A, denote the on-site hopping be-
tween d,; and d,, orbitals, and between d,, and d, . orbitals,
respectively (Table I). Aj is the on-site energy of d,, minus
that of dy, /.. [25]. There are large trigonal distortions A; and
A, due to Ag atoms, which induce an anisotropic crystal field
on Ir by distorting the Ir-O octahedra. Replacing Ag by Li and
keeping the local geometry reduces the values to —49 meV
(A1) and —41 meV (A,) for the S, structure, which is closer
to the «-Li,IrO; results [25]. We observe that the tetragonal
distortion Aj is 157 meV for the S5 structure, which is much
larger than in the case of S;, S, and «-Li;IrO3 (—5.5 meV)
[25] and closer to that of y-LiyIrO3 [47]. In this case the #,
crystal field is of the same order of magnitude as the spin-
orbit coupling A and this has significant effects on the local
magnetic interactions as we will show further below. In the
structure S; with Ag vacancies, on the Z-bond the crystal field
Aj is enhanced while A and A, are somewhat suppressed in
comparison to the S structure.

The nearest-neighbor hopping parameters #,, t,, t3, and #4
are defined in Refs. [24,25] and shown in Fig. 3 for the Z-bond
interms of | = ty; yz = tyz vz, 1 = bz yz = yzaz 13 = by xy and
4 = btz xy = byzxy = beyxz = lyyyz- In terms of the 1, d-orbital
basis, the hopping Hamiltonian is most generally written as

Hhop = — Y& {Ti; @ o2} &, )

ij

with the hopping matrices T;; defined for each bond connect-
ing sites i, j. The hopping integrals for the nearest neighbor
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FIG. 2. Band structure and partial density of states for the relaxed
structure S, within (a) GGA, (b) GGA + SO, and (c) GGA + SO +
U, respectively, obtained with the LAPW basis [46]. In the GGA +
SO + U calculation we considered a stripy magnetization as shown
in Fig. 1 with doubling of the unit cell.

(a) tq

dacz dyz

FIG. 3. Geometry of nearest-neighbor hopping integrals (a) #;,
(b) 1, (¢) 13, and (d) t4 for the Z bond [31]. Both #, and #; include
contributions of oxygen assisted hopping and direct hopping. #, is
dominated by oxygen assisted hopping while #; is dominated by di-
rect hopping. In Ag;Lilr,O¢ the oxygen assisted part of #; is strongly
affected by Ag-O hybridization.

Z-bond (Cy;, symmetry) are written as [25]

31 Hh Iy
T;=|6 tu u]. )
s 14 13

where the X- and Y-bonds are of lower symmetry (C;), and
therefore #; (¢4) split into two values which are labeled as ¢,
and #{ (#4 and ¢;). The hopping matrices become

3oty I oty b
Tx=\t; 1§ ], Tr=\|ty 5 u]. (6)
Iy b h h 4 h

For the experimental structure S;, there is a strong
anisotropy between Z and X/Y -bonds. For the Z-bond, , >
|t3] while for the X bond, |#3] is slightly larger than #,. These
anisotropies are even more pronounced for the experimental
structure S3. The magnitude of the direct hopping |#3] is much
larger than the oxygen-assisted one #,. After structural relax-
ation, the bond anisotropy is suppressed in S,. The hopping
parameters, which are very sensitive to the structural details,
are slightly different between the Z bond and X/Y-bonds.
The ratio of #,/|t3] mainly depends on the angle of Ir-O-Ir
[25]. Since S, has the largest Ir-O-Ir angle within the three
structures, it hence has the largest #,/|t3|. The Ir-O-Ir angle
in the S, structure is 98°, close to the angle of Na,IrO3. Ir-O
bond lengths are 2.0 ~ 2.18 A for $-S5 in Ag;Lilr,Og and
2.06 ~ 2.08 A in Na,IrO3. However, f, is much smaller in
Ag;Lilr;Og than in NayIrO3; (264 meV) while the magnitude
of |t3] is much larger than in Na,IrO3 (26.6 meV). Therefore
the effect of Ag is to enhance the Ag-O hybridization and,
correspondingly, the oxygen mediated d-d hopping integrals
involving single (multiple) O p-orbitals are suppressed (en-
hanced). Taking the Z-bond as an example shown in Fig. 3,
t, is reduced due to suppression of the hopping paths like
Ir(d.;) — O(p;) — Ir(dy;). Similarly, |t3] and [t4] are en-
hanced through hopping paths such as Ir(d,;) - O(p;) —
Ag(s) = O(py) = Ir(dy).

This is opposite when vacancies are introduced. The Ag
vacancy in the Sy structure enhances #, in the Z bonds from
203.4 meV to 310.1 meV and reduces |t3]| from 242.8 meV
to 137.2 meV. This is because Ir and O have stronger hy-
bridization without Ag. For the X (Y) bond (not shown), the
symmetry of the two Ir-O-Ir hopping paths is broken by the
asymmetric Ag atom positions, leading to different #,.

To discuss the choice of basis for the effective spin
Hamiltonian, we first display in Figs. 4(a) to 4(c) the non-
relativistic density of states within GGA projected onto the
quasimolecular-orbital (QMO) [39,40] basis for the structures
S1-S3. We observe that the separation of the density of states
into isolated narrow bands of unique QMO characters is much
less evident in S-S5 than in NayIrO3 [39] and resembles the
case of «-LioIrO5 [41]. For instance, for the S5 structure we
observe a strong mixing of QMO states due to a smaller #, /|3
than in Na,IrO3. When spin-orbit effects are included, while
for Na,IrO; (withz, ~ 0.27 eV, |t3] ~ 0.025 eV [40]) both, the
relativistic basis and QMO provide a good description of the
electronic properties, in Ag;Lilr;Og #, is reduced to 0.15 ~
0.2 eV and |f3] increases, resulting in the suppression of QMO
and enhancement of the relativistic basis. We therefore present
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() S, GGA+SO |
|12 = Je=Bi2i-

(e) S, GGA+SO
6 |

DOS (states per eV per Ir)

(f) Sg GGA+SO
6 |

-15 -10 -05 0.0 05
E - E- (eV)

-15 -1 -05 0 0.5
E - E- (eV)

FIG. 4. (a)-(c) Nonrelativistic GGA density of states projected
onto quasimolecular orbitals and (d)—(f) relativistic GGA + SO den-
sity of states projected onto the relativistic j.i basis for structures
S1-S;5.

in Figs. 4(d) to 4(f) the electronic structure within GGA + SO
projected to the relativistic jeg basis. The spin-orbit coupling
largely destroys the QMOs and leads instead to the formation
of relativistic jer = 1/2 orbitals with a small contribution
from jegr = 3/2 around the Fermi level.

III. RIXS SPECTRA

Based on the density of states from DFT, we calculated
the joint density of states (see the Appendix), which corre-
sponds to the peak positions of the RIXS spectra. However,
as discussed in Ref. [47], DFT does not fully capture the
effects originating from correlations beyond GGA + SO + U,
which are expected to be relevant when analyzing electronic
excitations. Specifically, DFT does not correctly capture the
spin-multiplicity associated with the localized states. To com-
pare to the experimental RIXS spectra, we perform exact
diagonalization of one-site and two-sites clusters of the Ir
f,-only Hamiltonian

7'[tot = Hhop + 7'LCF + 7-LSO + HU» (7)

consisting of the kinetic hopping term Hjp, the crystal field
splitting Hcp, spin-orbit coupling Hso, and Coulomb inter-
action Hy contributions. In terms of the ,, basis introduced
above, the spin-orbit coupling (SO) is described by

3 0 —io, o,
Hso =3 Y & o 0 —io, |&, ®)
i —io, oy 0

05 -0-O- -0~ | fio
' oo o-o-|
0.6 oo o-o-| 312
04 | -o-r --0-| fio
202 oo oo |l
c
g 0.0 .
[
308 -0-0-' -0-'-' he
0 oo | ;
N 0.6 [eXe) oo 3/2
0.4 -0-0- @— -O-O- j1/2
02 T Ik
0.0
0.0 0.3 0.6 0.9
Ejoss (8V)

FIG. 5. Spectral weight of various states [Eq. (11)] obtained from
performing (a) one-site and (b) two-site cluster calculations for the
experimental structure S3. P; indicates the ground state, P; is a local
exciton, P; are multiple excitons, while P, are all the projections
including d*-d®. (c) Schematic diagrams of the lowest-energy sub-
spaces By, B, B, and B, as defined in the main text.

where o,, u = {x,y,z} are Pauli matrices. The Coulomb
terms are

Hy =U Zni,a,wi,a,¢ + U = Jn) Z Nia,0Mibo

i,a i,a<b,o
+U’ Z MiaNiby — Ju Z CZaTci,a¢ch¢Ci,bT
i,ab i,atb
+Ju Y el el cinicing, (€)]
i,atb

where Jy gives the strength of Hund’s coupling, U is the
intraorbital Coulomb repulsion, and U’ = U — 2Jy is the in-
terorbital repulsion. For 5d Ir we take U = 1.7 eV, Jy =
0.3 eV [25,48]. Based on the eigenenergies, we analyzed the
states. In one-site and two-site clusters, we consider states
with a total of one hole or two holes in the #,, orbitals,
respectively. Each Ir site contains six relativistic orbitals
consisting of two je = 1/2 and four jeg = 3/2 levels. As
in Refs. [47,49], the many-body basis states for the clus-
ter can be divided into several subspaces B; (i = 1,2, 3,4)
based on the occupancy of the various orbitals and sites
as shown in Fig. 5(c). The subspace B; contains all states
with (j3/2)*(ji1/2)! occupancy at every site, which represent
a significant contribution to the ground state and low-lying
magnon-like spin excitations. From these configurations,
the promotion of a single electron via on-site jz;» — ji2
generates subspace /3, containing all states with a single spin-
orbital exciton; the characteristic excitation energy for such
states is given by AE; ~ 31/2 ~ 0.6 eV if the crystal-field
and hopping parameters are zero. For the two-site cluster,
the states with two excitons are grouped into subspace Bj
with energies AE; ~ 2AE,, and the basis states with site
occupancy d*-d® belong to ;. We project the exact cluster
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FIG. 6. (a) JDOS and (b) RIXS results obtained from one-site
and two-site cluster calculations (see main text) for the experimental
structure S3. The experimental data from Ref. [38] are shown with
a black dashed line where A, B, C, D, E indicate the experimental
observed peaks.

eigenstates ¢,, on different subspaces B;:

=" Upnlb)I, (10)

bEBi

and take the spectral weight (SW) of the projected excitation
spectra P; [47,49]:

Pi(Eioss) = »_ T7'8(Eioss — En), (11)

m

where Ej. is the energy transfer from the ground state to all
other states. P, (i = 1, 2, 3, 4) are shown in Fig. 5(a) for one
site and Fig. 5(b) for two sites (Z-bond) cluster calculations.
For the one-site cluster, as expected, the ground state around
0 eV has dominant B, character (large P;), and the peaks
centered at 0.55 and 0.73 eV have dominant 3, character.
For two-site cluster of the Z-bond, in addition to the ground
state around O eV, P has a peak around 0.02 eV indicating
low-lying magnon-like spin excitations. Regarding higher ex-
citations, B; is weakly mixed with the multiparticle B; and By
excitations via intersite hopping. P, has peaks of 0.58,0.78 eV
and an additional shoulder at 0.49 eV. Similar results were
obtained in Ref. [49] in the analysis of the excitation spectra
of Na,IrO;. For the two-site cluster calculation of X -bond, the
peaks are close to Z-bond, but the 0.49 eV one disappears due
to smaller hopping integrals.
The joint density of states (JDOS) is defined as

JDOS(EIOSS) X S(Eloss - Ef + Eg)a (12)
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FIG. 7. (a) JDOS and (b) RIXS results obtained from two-site
cluster (Z-bond) calculations for (i) the structure S3 with Ir occupan-
cies d°-d°, (ii) the structure Sy with Ir occupancies d>-d°, (iii) the
structure S; with Ir occupancies d*3-d*>, and (iv) the structure Ss
with Ir occupancies d*-d*.

where E, and E; are the ground states and excited states,
respectively. The RIXS spectra are given by

RIXS(Eioss) & Y | Y e " OM(FIF) P8 (Eioss — Ey + Ey),

fooi
13)

where the final state is generated by the RIXS process
|F)) = D! ! Dilg). (14)

i Ein - Hinter + Eg + ti/2

Here g (f) are the ground (excited) eigenstates of Hy, and
E;, is the energy of the incident x rays. D; is the dipolar
transition operator from 2p to 5d shell on the Ir site, and Hiyer
is the intermediate configuration of the RIXS process where
a 2p core-hole is created and I', is the core-hole life time
broadening. Q represents the wave vectors of the incident and
outgoing photons and R; are the positions of Ir sites. Here we
use the EDRIXS software package [50] for the calculations.

In our calculation, we set 2 & = 90° and fix the incident
beam polarization to lie in the scattering plane and average
over the outgoing direction in and perpendicular to the scat-
tering plane. JDOS and RIXS have the same peak positions
while the weights are different. Including the matrix elements
in RIXS, some JDOS peaks are enhanced while others are
suppressed. The calculated JDOS and RIXS spectra obtained
for the experimental structure S3 are compared in Fig. 6 with
the experimental measurements. There are five peaks from the
experiment at A ~ 0.029 eV, B ~ 0.27 eV, C ~ 047 eV,
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TABLE II. The magnetic interactions in meV for the four structures obtained by exact diagonalization on two-site cluster employing U =

1.7eV,Jy =03eV,and L = 0.4 V.

Structures S Ss S3 Sy

Bonds V4 XY) Z X) Z XY) Z XY)
Ji 114 13.7 7.3 6.9 21.7 7.1 6.1 2.1

K; —6.6 —5.8 —-9.8 —10.8 0.7 2.5 —10.3 2.5
I 1.6 3.5 0.8 1.5 9.0 2.1 10.3 —-0.2
I 2.1 —-0.7 -3.6 —2.8 -2.3 -0.9 —1.4 2.2

D ~ 0.623 eV, and E ~ 0.811 eV. The peaks D and E,
which indicate the local excitations from ji,» to j3/2, could
be obtained both by our one-site and two-site calculations.
The peaks A corresponding to magnon-like spin excitations
and C arising from the mixing of local exciton state 3, with
other states could be captured by our two-site calculation. We
observe that the peak B does not appear in the calculated
results. In Ref. [38] a large £, ~ 0.525 eV had to be assumed
to reproduce the data. The JDOS and RIXS spectra were also
calculated and compared for S; and S, (see the Appendix) and
find that the peaks C and D are robust for the three structures,
but E only appears in Ss.

We consider now the effect of Ag vacancies [Figs. 1(c)
and 1(d)] in the system. We observe that the consideration
of Ag vacancies as introduced in the structures S4 and Ss
enhances f, in the neighboring Ir, as shown in Table I and
induces different occupations of Ir (d*> and d° in the case of
the Z-bond). To take this into account, we performed cluster
calculations for the cases Ir-Ir d°-d°, d*°-d*°, and d*-d*
using the hopping parameters of the Z-bond in the S3, S4, and
Ss structures, respectively. The calculated JDOS and RIXS
are displayed in Fig. 7. We observe that RIXS calculated with
the d*3-d*? cluster shows peaks around 0.06, 0.35, 0.58, 0.8,
and 0.9 eV while in the d*-d* cluster the peaks are around
0.27, 0.39, 0.56, 0.72, and 0.94 eV. Of special importance
for both cases is that they seem to generate an important
contribution in the energy region where the B peak in RIXS
was reported. Although the ratio of Ir d* and d° is expected
to be small as described in Ref. [38], the local occupancies
d*>-d*> and d*-d* in our calculations may still have a mea-
surable contribution to produce a peak comparable to the B
peak in experiment. A smaller ratio of d*°/d> and d*/d> in
experiment as the one assumed in our calculations could also
explain the smaller magnitude of the reported B peak in exper-
iment than in our calculation. Furthermore, in the region of 0.4
and 0.8 eV (see Fig. 7), the comparison of the d°-d> case to
the case of introducing Ag vacancies (d*7-d*>) shows some
spectral shifts, which may also explain the slight discrepancies
in this region between the experimental observations and the
calculations from the stoichiometric case. Further supercell
investigations studying more possible vacancy concentrations
and the effect of vacancy-vacancy interactions, may help in
the future to obtain a final picture.

To understand the origin of the B peak, we calculate the
dominant spectral weight P/ (i = 1, 2) for d*-d* clusters in the
corresponding energy region. The results in Fig. 8 show that
the dominant contribution to peak B is a single exciton via
on-site j3/2 — j1/2 in d*.

IV. MAGNETIC INTERACTIONS

The magnetic interactions for Ag;Lilr,O¢ displayed in
Table I were estimated by exact diagonalization in a two-
site cluster of the corresponding multiorbital Hubbard model
including spin-orbit coupling interactions [20,25]. The ex-
change parameters are calculated with the same parameters
as in the previous section, namely U = 1.7 eV, Jy = 0.3 eV,
and A = 0.4 eV [25,48]. For the experimental structure
S, the Heisenberg exchange interactions are the dominant
ones. Averaging the interactions of the X (Y) and Z bonds,
we obtain (J, Kj, T'y, Fi) ~ (12.9, —-6.1,2.9, —1.2) meV,
leading to Neel AFM magnetic configurations following
the classical calculations in Ref. [25]. For the experi-
mental structure S3, J; is dominant and the anisotropic
bond interactions are quite different. The ground state is a
Neel AFM magnetic configuration. For the relaxed struc-
ture S,, there is less anisotropy between the Z and X/Y
bonds and the average interactions are (Ji, Ky, 'y, I}) ~
(7.0, —10.5, 1.3, —3.1) meV, leading to the experimentally
observed spin-spiral order with the g vector around 0.42
along the a direction, close to 0.32 of «a-LiIrO3. The cor-
responding Weiss constant is ©F” = —2-[J + 3K — 3(T' +
2I'") = —74.9 K and ©f = —%[1 + 1K+ 3T +2I")] =
—34.2 K [51]. Comparing the values for the S, structure with
a-LibIrOs (Ji, K, T, T)) ~ (=2.7,-8.6,8.9, —0.6) meV
[25], J1 and T'] are strongly enhanced while I'; is reduced.
We also calculated the second and third neighbor interactions
for S, and the averaged results are (J», K, I'>, 'S, D, J3) ~
0.5, -0.5,0.7,0.4, 0.6, 1.3), which are much smaller than
for «-LiyIrO3 [25]. For the structure S, with Ag impurities,

@ 5, (o) .
08 U ] “0=0- 00| Jip2
[2] P2 31, .,
= eo oo | ;
S0.6 oo o-o- | /312
504 1 e 2
= 0.2 %2 | oo oo | |
n oo oo | 1312

0.0
0 0.3 0.6 0.9
Eoss (8V)

FIG. 8. (a) Spectral weight [Eq. (11)] of various states obtained
from two-site cluster calculations for the S4 structure with Ir occu-
pancies d*-d*. P| indicates the ground states and P; is local excitons
for d*. (b) Schematic diagrams of the lowest-energy subspaces B,
(i =1, 2) for d*-d*.
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the exchange parameters are significantly changed due to the
modified hoppings.

V. SUMMARY

In this work we investigate the electronic and magnetic
properties of the intercalated honeycomb iridate Ag;Lilr,O¢
by a combination of density functional theory and exact di-
agonalization of Hubbard models on finite clusters. We show
that the magnetism of this system is well captured in terms of a
localized relativistic jesr = 1/2 basis. We find that the reported
resonant inelastic x-ray scattering spectra can be reproduced if
the Ag vacancies, which introduce both different Ir filling and
modified hybridizations, are assumed. Our results clarify the
important role of impurities in intercalated Kitaev candidates.
Other systems such as Bas;Celr,O9 [52] may also need to
invoke the presence of impurities to fully explain RIXS data.
Finally, our magnetic models for the stoichiometric structure
reproduce the experimental observed spin spiral order.
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APPENDIX: JDOS AND RIXS RESULTS FOR THE THREE
STRUCTURES WITHIN DFT AND ED

In Fig. 9(a) we show the JDOS calculated (i) with WIEN2K
within GGA + SO+ U and the stripy magnetic order for
the S, structure and (ii) via exact diagonalization for the
two-site cluster (Z-bond) for the structures Si, S, and S3.
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FIG. 9. (a) JDOS for S, obtained from DFT [S,(DFT)] and from
two-site ED [S>(ED)] in comparison to the ED results for S; and Ss.
(b) RIXS results for S;-S5 structures.

The corresponding RIXS spectra is shown in Fig. 9(b). The
DFT versus ED comparison for JDOS shows that DFT cannot
fully capture the effects originating from correlations beyond
GGA + SO + U, which are expected to be relevant when an-
alyzing electronic excitations. The DOS and RIXS for the S,
S>, and 3 structures indicate that the peaks C and D are robust
for the three structures, but E only appears in the structure Ss.
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