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‘We use x-ray spectroscopy at the Ir L3 /L, absorption edge to study powder samples of the intercalated honey-
comb magnet Ag;Lilr,O¢. Based on x-ray absorption and resonant inelastic x-ray scattering measurements, and
exact diagonalization calculations including nearest-neighbor Ir-Ir electron hopping integrals, we argue that the
intercalation of Ag atoms results in a delocalized electronic structure with enhanced Ir-O hybridization, departing
from the local relativistic j.; = 1/2 state. We find that the relative orbital contribution to the magnetic moment
is increased and the magnetization density is spatially extended and asymmetric in this hybridized state. Our
results confirm the importance of metal-ligand hybridization in the magnetism of transition metal oxides and
provide empirical guidance for understanding the collective magnetism in intercalated honeycomb iridates.
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Recognition that the Kitaev model, an exactly soluble
quantum spin liquid, may have material realization in heavy
transition metal oxides has driven significant research for the
past decade [1]. The emergence of this effective quantum
compass model depends on a hierarchy of crystal field, spin-
orbit coupling, and electronic correlations that act to generate
a relativistic atomic orbital basis with jo = 1/2 effective
angular moments. For insulators with edge-sharing octahedra
coordinating j. = 1/2 ions, isotropic Heisenberg exchange
interactions nearly vanish and the magnetism is dominated by
spatially anisotropic Kitaev exchange [1]. On the other hand,
ab initio calculations find that for many model jer = 1/2
materials, kinetic energy can promote Ir-O-Ir hybridization
and the formation of a quasimolecular orbital (QMO) state
[2,3]. In this delocalized scenario the Kitaev model is not
obviously applicable and little is known about the collective
magnetism.

In the context of Heisenberg-Kitaev magnetism, there has
been intensive research on honeycomb iridates [4—6] and «-
RuCl; [7-9]. These compounds have strong Kitaev exchange
in addition to Heisenberg and pseudodipolar interactions that
result in magnetic order [10,11]. A successful strategy to
reduce Néel temperatures has been to synthesize new versions
of these compounds by substitution on the alkali site through
intercalation between the honeycomb planes, for example,
Ag;Lilr,Og and H3Lilr;Og [12-14]. However, the jeg = 1/2
state is fragile against structural details [15,16] while bond
disorder and off-stoichiometries can inhibit magnetic order
[17,18]. An empirical understanding of the influence of chem-
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ical substitutions on this state is lacking and there does not
yet exist a sound starting point to understand collective mag-
netism in these intercalated materials.

In this Letter, we use x-ray spectroscopies to show that
the topochemical exchange of interlayer Li atoms with Ag in
Ag;Lilr,Og [19-21] enhances Ir-O hybridization and funda-
mentally alters the magnetism. X-ray absorption reveals that
the magnetism in Ag;Lilr,Og is characterized by an asymmet-
ric spin density with strong spin-orbit coupling and a larger
orbital component than the parent compound «-LiIrO;. Res-
onant inelastic x-ray scattering (RIXS) spectra probing the
Ir electronic structure of Ag;Lilr,Og is captured by incorpo-
rating strong Ir-O hybridization, demonstrating that the local
Jeft = 1/2 picture is not a valid basis. Ag;Lilr,O must be un-
derstood as a new type of delocalized model quantum magnet.
We posit that similar effects may be at play in other inter-
calated honeycomb iridates. Our results provide an empirical
foundation to develop suitable effective Hamiltonians in these
next-generation frustrated magnets.

High crystalline quality powder samples of Ag;Lilr,Os,
Ty = 8 K, and «-Li,IrO3; were from the same clean batch as
in [19]. Samples of Sr3;Calr,O9 were prepared as described
in [22]. RIXS was performed at Sector 27 (MERIX) at the
Advanced Photon Source (APS) of the Argonne National
Laboratory [23]. We used a horizontal 26 = 90° scatter-
ing geometry, with a 2 m radius spherically diced Si(844)
analyzer to give a 33 meV overall energy resolution (full
width at half maximum, FWHM). Powder diffraction was
conducted at APS 11-ID-B using a wavelength of 0.2115
A and a sample-to-detector distance of 167.335 mm, cali-
brated with a ceria standard. The 2D diffraction data were
integrated using GSAS-II and then corrected and normalized
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FIG. 1. (a), (b) Ir L3 and L, edge XAS at T = 300 K. Black line
is a fit, as explained in the main text. Insets in (a) and (b) detail L3 and
L, white lines for Ag;LiIr,Og, Li,IrO; (Ir*"), and Sr;Calr,0y (Ir°™).
Dashed lines mark the inflection points. (¢), (d) H=5T and T =
1.6 K XMCD data for Ag;Lilr,O¢ and «-Li,IrO;. The magnitude
of the spurious contributions due to experimental artifact is shown.
XAS and XMCD data at the L, edge are scaled by a factor of two for
clarity.

to obtain the atomic pair distribution function (PDF), G(r),
using PDFgetX3 [24]. X-ray absorption near edge structure
(XANES), far edge (EXAFS), and x-ray magnetic circular
dichroism (XMCD) were performed in transmission at APS
4-1D-D. XAS and EXAFS data were analyzed using the Larch
[25] and FEFF [26] software packages. Magnetic field and
temperature were controlled using a 6.5 T liquid He cooled
magnet system. XMCD circular polarization was generated
using a 500 um diamond phase plate.

In Figs. 1(a) and 1(b) we show the normalized absorption
intensity at the Ir L3 and L, edge, respectively. Both the
relative position of the Ls; white line inflection points and
the L-edge sum rules provide quantitative information on the
oxidation state of a transition metal ion [27-29]. To extract
this information, we fit the normalized data to an arctangent
step and Lorentzian peak [30]. The results of our analysis are
summarized in Table I. The inset of Fig. 1 shows a direct com-
parison of the white line measured in Ag;Lilr;Og, @-LizIrO;
(5d°), and Sr3Calr,Og (5d%) [22]. In Ag,Lilr,O4, we find
(np) = 5.5(2) by averaging the results obtained from white
line inflection points and integrated intensities. This deviates
from (n,) = 5 expected for a localized jei = 1/2 state [21].
We also find a branching ratio, BR = I, /I;, = 5.7(4), that is
comparable to that of «-Li;IrOs, confirming that spin-orbit
coupling is a dominant energy scale in Ag;Lilr,O¢ [3,31,32].

TABLE I. Summary of the parameters extracted from the analy-
sis of the L3 , XAS data.

Material ((n;,)) Ly eV) I(Ly)+I1(L,) BR  (L-S)
a-LiyIrO; (5) 11219.0 22.0(5) 504)  2.5(2)
Ag,Lilr, 06 (5.5)  11219.4 26.0(5) 574)  3.1(2)
Sr3Calr, 0y (6) 11220.0 30.0(5) 6.55)  3.6(2)
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FIG. 2. (a) Atomic PDF at T = 300 K; red line is a refinement
in the range r = 1.2-12 A and gray line is difference between refine-
ment and data. (b) Magnitude of the Fourier transform of 7 = 300 K
EXAFS oscillations and fit (red line). Shaded gray regions indicate
the contribution from Ir-O bonds.

If the hole concentration extracted from the XAS analysis
is interpreted to arise from a Ir**/Ir’* mixture, it implies
that 50% of the Ir are in a nonmagnetic j = O state. Such a
large fraction of Ir* is not consistent with chemical analysis
or the measured paramagnetic moment of pey = 1.87 ug/Ir
[19] and our XAS measurements at the Ag L3 edge, that rule
out Ag in the 04 oxidation state [21]. Moreover, we find a six
orders of magnitude reduction in low-temperature resistivity
of Ag;Lilr,Og compared with «-LiyIrOs [21]. Thus, the more
plausible explanation is that the increased electronegativity of
Ag over Li results in a larger inductive effect on Ir, effec-
tively bringing Ir away from half filling and increasing the
Ag electron count with respect to the 41 oxidation state in
the ionic limit. This is consistent with an increase in Ir-O
hybridization in Ag;Lilr,Og when compared to a-LiyIrO3 as
found by LDA+U calculations [33].

Metal ligand hybridization is known to affect the mag-
netism in transition metal oxides [34-37]. We performed
XMCD at the Ir I3, edges with H =5 T and T =1.6 K
in order to understand the influence of the charge redistri-
bution on the magnetism [Figs. 1(c)-1(d)]. XMCD measures
the projection of the magnetic moment along the x-ray he-
licity, set to be parallel to the magnetic field direction. We
find that the XMCD signal at the L; edge is reduced in
Ag,;Lilr,Og compared with «-LiyIrO3. This may be related
to a reduction in the on-site Ir moment, or to differences
in the in-field magnetic structure between these two com-
pounds. We apply XMCD sum rules to find orbital (L),
spin (S;), and intra-atomic magnetic dipole moment 7,
contributions [38—-40]. For a single j.r = 1/2 hole one ex-
pects (L;)/2(S;) =2 [41]. Small departures from the ideal
values arising from noncubic crystal fields and covalency
are common in iridates [42—44], but we find even larger
differences for Ag;Lilr,Og. Sum rule analysis using the
measured w(H =5 T) ~ 0.05 ug/Ir moment for «-LiyIrO3
[45] gives (L;) = —0.028(1) up/Ir, (S;) = —0.011 up, and
(L;)/2(S;) = 1.27 and 7(T;)/2(S;) = 1. For Ag;Lilr,06 we
find (L;) = —0.018(3) up/Ir and (S;) = —0.002(3) ug, us-
ing (n;) =5.5(2) and the measured moment of w(H =
5T) = ((L;) + 2(S;)) = 0.022(5) up [19,21]. These values
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FIG. 3. (a) Ir L3 RIXS intensity as a function of E; and Eju
in Ag;Lilr,O6 at T = 20 K. Vertical dotted lines indicate theEj
range for (b). Horizontal dotted lines are color coded according
to the RIXS spectrum in (b). (b) Representative RIXS spectrum at
E; = 11.215 keV (black markers) and fit to the data (black solid line)
with Gaussian peaks (gray shaded) and Voigt elastic line (dotted), as
described in the main text. Blue markers show the RIXS spectrum at
E; = 11.221 keV. Inset shows the integrated intensity of features B,
D, and E as a function of E;.

lead to (L;)/2(S;) =2.6-4.5 and 7(T;)/2(S;) = 1.85-6.15.
The minimum twofold enhancement of the fractional contri-
bution of (L;) to the total moment in Ag;Lilr,Og further rules
out Ir’* Jj = 0 states where (L;)/2(S;) = 0.5 and establishes
the orbital nature of magnetism.

Large values of T, are associated with aspherical spin
density originating from noncubic fields, spin-orbit coupling,
and electron delocalization due to metal-ligand hybridization
[46—48]. To quantify departures from a cubic Ir environment,
we carefully examined the local structures of Ag;Lilr,Og
using x-ray PDF and EXAFS measurements (Fig. 2). Both
measurements are independently consistent with the reported
C2/m space group [14] over a broad r range. We find dis-
tortions of the Ir environment, with Ir-O distances ranging
from 2.021 to 2.119 A, and Ir-O-Ir bond angles of 92.38°
and 95.72° [21]. While the associated trigonal fields in
Ag;Lilr;Og are larger than in a-LiIrOs, the 5% difference in
Ir-O bond distance is not enough to account for the minimum
80% enhancement of 7(7;)/2(S,). We thus assign differences
in the magnetism of Ag;Lilr,Og to an increased delocalization
of the Ir 5d electrons over the ligands [47].

Having found that the magnetism in Ag;Lilr,Og is charac-
terized by a more delocalized electron density, we performed
RIXS measurements to better understand the Ir electronic
structure. Figure 3(a) shows the T =20 K RIXS signal in
Ag;Lilr;Og as a function of incident energy, E;, and energy
transfer, Ejos. Thompson scattering has a vanishing cross
section in our 90° scattering configuration; thus any phonon

contribution to the RIXS signal is minimal. The broad and
intense features centered at Ej,s ~3.8 eV originate from
e — e, transitions, consistent with the strong crystal field
limit, 10Dg > 3 eV [16,49-51]. For the remainder of this
work, we concentrate on the intra-f;, excitations, Ejy <
1.5 eV. Figure 3(b) shows a representative RIXS spectrum of
Ag;Lilr;Og at E; = 11.215 keV. In order to analyze the exper-
imental data, we fit eight Gaussian peaks: A = 0.029(25), B =
0.270(37), C = 0.470(60), D = 0.623(69), E = 0.811(58),
F =1.010(109), G = 1.300(153), H = 1.654(150) eV and
include a resolution-limited Voigt function for the elastic line
[21]. The RIXS spectrum of Ag;Lilr,Og is distinct from an
ideal local jei = 1/2 state, where only a single excitation be-
tween the j = 3/2 quartet and 1/2 doublet appears at AE =
31/2 =~ 0.75 eV, where X is the spin orbit coupling constant.
AEp_g = 0.19(4) eV is larger than the corresponding 0.11(3)
eV splittings in «-LiyIrO3 and Na,IrOs [50], consistent with
a more trigonally distorted environment. However, noncubic
crystal fields cannot reconcile the RIXS spectra with a single-
site Ir** model that can at most produce two RIXS features
for Ejoss < 1€V [21].

The energy of A, E{\, = 29 meV, is consistent with collec-
tive magnetic excitations observed in other iridates [52-56].
We find that the intensity of peak A follows detailed balance,
but there is no correlation with the Curie-Weiss tempera-
ture (Bcw = —132 K) [19], ruling out a spin wave origin
[21]. Peak C, EC, = 470 meV, is suggestive of the electron-
hole exciton in Na,IrOj;, «-LiIrOsz, and SrIrO4 [50,57].
Peak B, El‘gss = 0.279 eV, is more puzzling. A similar fea-
ture in other Ir*" compounds was associated with Ir>*
impurities based on qualitative arguments, but the relative
intensity of this feature rules out an origin from the <1%
off-stoichiometries in our sample, as constrained by chemical
analysis [19,21].

Our XAS and XMCD measurements indicate strong Ir-O
hybridization in Ag;Lilr,O¢. Thus, we consider a quasilocal
model including trigonal fields and hopping integrals be-
tween nearest-neighbor Ir atoms in the large cubic crystal
field limit (¢, fo, 5, t1). We follow the labels and hopping
paths described in Ref. [3]. These hopping terms are akin to
those discussed for the QMO state [2,3,36,58]. We note that
our nearest-neighbor model is the minimal unit for electron
delocalization and is a realistic approximation that captures
hybridization-related splitting of single-ion levels [51]. We fix
A =0.395 eV, on-site Coulomb interaction, U = 2 eV, and
Hund’s coupling, Jy = 0.3 eV, [21,51]. In Figs. 4(a)-4(c),
we show the resulting energy spectrum from exact diago-
nalization calculations as a function of the dominating 7,
hopping integrals #;, hopping between orbitals in parallel
plane, and 7o, O 2, mediated hopping, and noncubic crystal
fields, . The dashed horizontal lines and shaded boxes indi-
cate the centroids and FWHM of peaks A—G. We parametrize
the energy difference between the calculated excitonic spec-
trum and the experimental peak positions through a quality
factor, QF [21], minimized across &, ¢, to, I = —t, and
t; = —0.05¢;. Measured RIXS spectra can be reproduced
within our model for the parameter set to = 0.525(13) eV,
—0.18 <17 < —0.07 eV, and —0.07 < § < —0.02 eV with
a 10% variation of QF from the minimum [21]. Density
functional theory calculations find ) /to ~ 0.1 in H3Lilr,O¢
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FIG. 4. Calculated energy spectrum of Ag;Lilr,Og as a function of (a) o, (b) 8, and (c) #; with A =0.395eV, U =2¢eV, Jy =03 ¢V,
t, = —t), and t; = —0.05¢,. Horizontal dashed line and gray boxes represent the center energy and FWHM of the extracted inelastic peaks.
The color map indicates agreement of the calculation with the experimental data as encoded by the quality factor (QF). (d) Simulated RIXS

spectrum for the best parameters compared to the measured intensity.

[18]; thus, we fix #; to the lower end of the range consistent
with our data. False color maps in Figs. 4(a)—4(c) show the
dependence of the QF around a set of parameters within
this range. Using the optimized parameters—tg = 0.525 eV,
f) = —0.085 eV, and § = —0.075 eV—we computed the
powder-averaged RIXS intensity over the three inequivalent
bond directions [18,21,59] and convolved with a Gaussian
profile (FWHM = 33 meV) to compare with our data in
Fig. 4(d).

We can account for all observed Ej. < 1.5 eV RIXS
peaks, including peaks A, B, C, F, and G which the single-ion
model fails to capture, by including electron hopping and
noncubic crystal fields. In particular, peak B is strongly
dependent on 7g. This hopping term is inversely proportional
to the energy difference between Ir 1, and O 2p orbitals,
and ab initio calculations have shown that it depends on the
intercalated ion. In H3Lilr,Og, hybridization of the H 1s and
O 2p orbitals enhances 7o = 0.3-0.4 eV [18] with respect
to that of NayIrOs (to = 0.270 eV) [2,3]. It is plausible that
the larger spatial extent of Ag orbitals compared with Li,
increased electronegativity, and the energy overlap of Ag
and O states [14] enhances the hybridization between Ir-O
already present in the parent compound [60] and leads to the
larger to in Ag;Lilr,Og. This is consistent with the measured
temperature dependence of the resistivity, which although
still displaying insulating behavior is orders of magnitude
smaller than that of the parent compound [21]. On the other
hand, including further neighbor terms [37] and/or a larger
Ju, within the physical meaningful range Jy = 0.2-0.4 [61],
may reduce the value of 7¢ that can still explain our data [21].
Similar effects could be at play in H3Lilr,Og and we find that
hybridization-related RIXS features should be resolvable for
values of o > 0.2 eV, within expectations for that compound.
Finally, we compute the expectation values associated with L
and S by calculating the eigenvalues of L? and S? associated
with the projection of the eigenvectors resulting from the exact
diagonalization into the associated orthonormal basis. We find
an enhancement of the orbital contribution to the ground state
of the quasilocal two-site model [L(L + 1)]/[S(S+ 1)] =
2.99, when compared to the expected j.gr = 1/2 state

[L(L 4 1)]/[S(S + 1)] =2.66. This demonstrates consis-
tency between our RIXS and XMCD results.

The delocalized magnetic state in Ag;Lilr,Og has impor-
tant implications for the magnetism of intercalated iridates.
In Ag;Lilr,Og, the paramagnetic moment e = 1.87 up/Ir
[14,19] agrees with the expected 1.74 wup/Ir for jeg = 1/2.
Muon spin resonance measurements also find oscillations
characteristic of incommensurate magnetic order, similar to
that of a-Li,IrO;, hinting at a common origin of the mag-
netism [19,37]. Our finding of an asymmetric spin density and
large orbital contribution warrants a more nuanced interpre-
tation. The fundamental magnetic unit in Ag;Lilr,Og is an
extended and anisotropic electron density over Ir and O sites
[62] that will promote long-range and possibly anisotropic
interactions. The result is a greater magnetic frustration with
enhanced Curie-Weiss (Ocw = —132 K vs Ocw = —105 K),
but reduced ordering temperatures from the parent «-LiyIrO3
[14,19]. Thus, hybridization could offer another possible route
to spin liquids in iridates. The spatially extended spin density
also has consequences for neutron scattering measurements,
as the magnetic form factor of such a state will depart from
the localized limit. In order to interpret magnetic measure-
ments and design future materials more closely approaching
the quantum spin liquid limit, more detailed studies of the
effective magnetic Hamiltonians for such a delocalized state
are needed [18].

In summary, we have used a suite of x-ray spectroscopies to
find that intercalation of Ag atoms on inter-honeycomb-layer
sites in a-Li,IrO3 promotes Ir-O hybridization and alters the
magnetism. Our data and analysis reveal that the electronic
structure Ag;Lilr,Og is delocalized, a result of a more trig-
onally distorted Ir environment and enhanced hopping inte-
grals. The magnetism is characterized by an asymmetric spin
density and large orbital moment that is drastically different
from the parent compound. As a result, magnetic frustration is
enhanced indicating that delocalization may offer an alterna-
tive route to spin liquids in the iridates. This phenomenology
may extend to other intercalated versions of the honeycomb
iridates and our results provide a foundation to develop effec-
tive magnetic Hamiltonians for these compounds.
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