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In the quest for realizations of quantum spin liquids, the exploration of Kitaev materials (spin-orbit-entangled
Mott insulators with strong bond-directional exchanges) has taken center stage. However, in these materials the
local spin-orbital j = 1/2 moments typically show long-range magnetic order at low temperature, thus defying
the formation of a spin-liquid ground state. It is an intriguing question how far the properties of the Kitaev spin
liquid survive in these materials despite the presence of long-range magnetic order. Using resonant inelastic
x-ray scattering (RIXS), we here report on a proximate spin-liquid regime with distinctive fingerprints of Kitaev
physics in the magnetic excitations of the honeycomb iridates «-Li,IrO; and Na,IrO;. We observe a broad
continuum of magnetic excitations and prove its magnetic character via the resonance behavior. The continuum
is insensitive to temperature up to about 90 K and persists up to at least 300 K, more than an order of magnitude
larger than the magnetic ordering temperatures. This striking temperature dependence of the RIXS intensity
agrees with the behavior of the nearest-neighbor spin-spin correlations of the Kitaev model. This comparison is
motivated by momentum-dependent RIXS measurements of the dynamical structure factor for energies within
the continuum which show that dynamical spin-spin correlations are restricted to nearest neighbors, which is a
key property of the Kitaev model. Notably, these spectroscopic observations are also present in the magnetically
ordered state for excitation energies above the conventional magnon excitations. Phenomenologically, our data
agree with inelastic neutron scattering results on the related honeycomb compound «-RuCls, establishing a

common ground for a proximate Kitaev spin-liquid regime in these materials.

DOLI: 10.1103/PhysRevResearch.2.043094

I. INTRODUCTION

Spin liquids are elusive states of quantum matter in which
quantum fluctuations prevent the formation of long-range
magnetic order even at 7 = 0 [1]. Theory distinguishes var-
ious types of spin liquids, e.g., gapless and gapped variants
with topological order [2,3]. A particularly interesting version
arises from exchange frustration as described by the Kitaev
model on tricoordinated lattices [4,5], which exhibits frac-
tional excitations in the form of itinerant Majorana fermions
and static visons [6]. Realizations of such Kitaev spin lig-
uids are sought in Mott insulators with spin-orbit-entangled

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2643-1564/2020/2(4)/043094(15) 043094-1

j = 1/2 moments in edge-sharing bonding geometry [7] such
as the honeycomb iridates H3Lilr,Og [8] and Cu,IrOs [9]
which do not show magnetic order down to at least 50 mK and
260 mK, respectively [10]. The related compounds «-Li IrOs3,
Na,IrOs, and «-RuCl; all show dominant bond-directional
Kitaev interactions [11-13] but order magnetically below 7—
15 K, which is commonly attributed to additional coupling
terms, e.g., Heisenberg and off-diagonal interactions [12-14].

This raises the question of whether these materials are,
by virtue of their dominant bond-directional interactions, des-
tined to form Kitaev spin liquids, which however is impeded at
low temperatures by spurious additional couplings. This situa-
tion can be compared to quasi-1D quantum spin systems such
as KCuF3; showing 3D long-range order at low temperature
due to a residual interchain coupling. Despite magnetic order-
ing, the excitation spectrum can, however, still be described
by a continuum of fractional spinons for energies larger than
the energy scale of the interchain coupling [15], with the
low-energy magnons taking only a small fraction of the total

Published by the American Physical Society
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FIG. 1. Proximate spin-liquid regime in a hypothesized phase
diagram of the Kitaev model in the presence of additional mag-
netic interactions. In the pure Kitaev model (right), the ordered Z,
quantum-spin-liquid ground state is separated from the featureless,
high-temperature paramagnet by a disordered Z, spin liquid (dashed
lines denote crossovers). Long-range magnetic order is expected
for sufficiently large strength of additional exchange terms (left).
Above the magnetic-ordering transition, an intermediate-temperature
regime might persist, in which the system resides in a “proximate
spin-liquid regime,” where it exhibits fingerprints of Kitaev physics
up to temperatures of the order of the Kitaev coupling K.

spectral weight. At high energy, the spinon continuum is not
affected by the ordering temperature 7Ty and persists to tem-
peratures far above Ty. For the Kitaev materials at hand, this
suggests the existence of a proximate spin-liquid regime above
the long-range ordering temperature in which the physics of
fractionalized excitations manifests itself; see Fig. 1. Indeed,
a-RuCl; has been described as a proximate spin liquid based
on inelastic neutron scattering data [16,17] which revealed
a continuum of magnetic excitations, smeared out both in
energy and momentum space, which persists far above the
Néel temperature Ty. The large width in energy is attributed
to the fractional character of excitations; the sinusoidal mo-
mentum dependence of the dynamical structure factor reflects
the dominance of nearest-neighbor correlations. In general, an
excitation continuum based on short-range correlations counts
as a clear fingerprint of spin-liquid behavior as reported in
inelastic neutron scattering on the kagome lattice antiferro-
magnet herbertsmithite [18] and Ca;gCr;0,g [19]. Note that
the strict restriction to nearest-neighbor correlations is a key
property of the Kitaev model. The proximity of «-RuCls to a
Kitaev spin liquid was most prominently highlighted by the
observation of a half-integer quantized thermal Hall effect
attributed to fractionalized Majorana fermions in an external
magnetic field suppressing long-range order [20,21]. Also
a low-energy Raman continuum was attributed to Majorana
fermions [22,23].

Here, we address the question of whether the existence
of a proximate spin-liquid regime is a generic feature of Ki-
taev materials by exploring the j = 1/2 honeycomb iridates
NayIrO; and «-LiyIrO3. According to ab initio calculations
[13], the iridates and in particular Na,IrO; are expected to
be closer to the pure Kitaev limit than o-RuCls. In Na,IrOs3,
experimental evidence for dominant Kitaev coupling stems

from resonant elastic x-ray scattering [11]. However, exper-
imental studies of the magnetic excitations in the honeycomb
iridates are challenging and thus scarce. Powder inelastic neu-
tron scattering data of Na,IrO3 and «-Li,IrO; show magnon
modes at a few meV [24,25], but further investigations are
obstructed by the strong neutron absorption of Ir. Resonant
inelastic x-ray scattering (RIXS) has been used to study the
magnetic excitations of corner-sharing iridates [26-30] but
the much smaller energy scale of edge-sharing honeycomb
iridates is comparable to the state-of-the-art energy resolution
of 24 meV [31,32]. In Na,IrOs;, a broad inelastic RIXS feature
peaking at about 30 to 50 meV was previously attributed to the
sum of magnons and phonons [33].

To explore the existence of a proximate spin-liquid regime
in these honeycomb iridates we probe their magnetic excita-
tions using RIXS. We resolve the character of the low-lying
excitations by comparing Na,IrO3 and «-LiyIrO3; as well as
by studying the resonance behavior and the q dependence
of the RIXS intensity. We find distinctive fingerprints of
proximate Kitaev spin-liquid behavior: (i) a broad contin-
uum of quasi-2D magnetic excitations centered around the
I' point of the first Brillouin zone, (ii) the insensitivity of
this continuum to the magnetic-ordering temperature 7y and
the persistence of the continuum up to temperatures as high
as 300 K, i.e., far above Ty, and (iii) dynamical spin-spin
correlations restricted to nearest-neighbor bonds. The latter is
a key feature of the Kitaev model on tricoordinated lattices.
It explains the unusual temperature dependence of the RIXS
intensity which, however, agrees with the behavior of the
nearest-neighbor spin-spin correlations in the Kitaev model.
Observations (i)—(iii) are comparable to the neutron results
for -RuCl; [17] discussed above. Under the additional con-
sideration of dominant Kitaev interactions in the honeycomb
iridates, our results for the magnetic excitations, in particu-
lar the combination of observations (i)—(iii), provide strong
evidence for a proximate Kitaev spin liquid and establish a
common experimental ground for these j = 1/2 honeycomb
compounds. Going beyond the thermodynamic perspective
of the phase diagram sketched in Fig. 1, the magnetic con-
tinuum for excitation energies fiw 2 kpTy shows fingerprints
of proximate Kitaev spin-liquid behavior even below the
magnetic-ordering temperature—a spectroscopic proximate
spin-liquid regime.

II. CRYSTAL SYNTHESIS AND RIXS MEASUREMENTS

Single crystals of Na,IrO; can be grown by solid-state
synthesis out of a polycrystalline bed [34]. Single crystals
of several mm size were grown from Na,CO; and Ir in a
ratio of 1.5/1 at 1423 K. After cooling to room temperature
the crystals were separated mechanically from the remaining
polycrystalline sintered compact. Submillimeter single crys-
tals of a-LiyIrO; can be grown from separated educts [35].
NayIrO; and «-Li,IrOs3 both crystallize in the monoclinic
C2/m space group [24], display opposite magnetic anisotropy,
and order antiferromagnetically in zigzag and spiral states,
respectively, near 15 K [13]. Crystal quality for the present
study was checked by XRD and magnetic measurements. We
use the reciprocal lattice of the monoclinic setting. In this
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framework, I points of the 2D honeycomb net are given by,
e.g.,(00),(11),or(20).

RIXS was measured at the Ir L3 edge at beamline ID20 at
the European Synchrotron Radiation Facility. The measure-
ments were performed with incident  polarization in the
horizontal scattering plane in order to suppress the elastic
line for 26 close to 90°. The energy resolution equals AE =
24 meV, while the resolution of the transferred momentum
q amounts to about 1/5 of the Brillouin zone. The incident
energy was tuned to the Ir 2p3» — 5d,,, absorption edge, i.e.,
to resonate with the #,, manifold forming the j = 1/2 state.
For both compounds, the measurements were performed on a
(001) surface. The samples were oriented such that the b axis
was in the scattering plane and the a axis perpendicular to it.

III. EXPERIMENTAL RESULTS
A. Broad continuum of excitations

One general challenge for RIXS studies of magnetic exci-
tations in the honeycomb iridates is that the relevant excitation
energies one has to cope with are comparably low. There-
fore, we first address how, in our RIXS measurements, we
distinguish inelastic features from the elastic line. Figure 2
shows exemplary low-energy RIXS spectra for a-Li,[rO;3 [(a)
and (b)] and Na,IrO;5 [(c) and (d)] at 5 K [(a) and (c)] and
300 K [(b) and (d)]. The elastic line at zero energy loss with
a width of AE = 24 meV overlaps with inelastic features that
extend up to about 100 meV. Below we will show that this
inelastic contribution corresponds to magnetic excitations. To
disentangle inelastic features and the elastic line, we change
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FIG. 2. Disentangling inelastic features from the elastic line.
Low-energy RIXS spectra of a-Li,IrO; [(a) and (b)] and Na,IrO;
[(c) and (d)] at 5 K [(a) and (c¢)] and 300 K [(b) and (d)] in the vicinity
of ¢ = (0 —6 [). The width of the elastic line is AE = 24 meV. Its
intensity increases close to a Bragg peak and additionally depends
on the scattering angle 20. In particular, the elastic line is strongly
suppressed for 20 = 90°. For the selected values of /, 26 covers the
range from 90° to 110°. The data above about 20 meV are nearly
independent of /, demonstrating the presence of inelastic features
with a quasi-2D character.
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FIG. 3. Stokes contribution of RIXS spectra in the vicinity of
(h k) = (0 —6). The data depict the result of the analysis shown in
Fig. 2 and were normalized to the maximum value observed at 5 K.
We find a broad continuum which persists up to high temperature.
Below 15 meV (gray), the uncertainty increases since the precise
intensity of the elastic line can only be estimated.

the intensity of the latter by varying the scattering angle 26
in the range close to 90°. This is achieved by varying [ in the
transferred momentum q = (4 k ). Ideally, the elastic line is
fully suppressed for 20 = 90°. We fit the spectra for different
! by a sum of elastic line (black dashed) and inelastic features
(red dashed) using the Pearson VII line shape [36]. For the
elastic line, this line shape and the width are determined
by measurements on adhesive tape which do not show any
inelastic contribution. At 300 K, the fit includes an anti-Stokes
contribution at negative energy loss, where the anti-Stokes—
to—Stokes intensity ratio is given by exp(—#Aw/kgT). In the
fit, only the intensity of the elastic line is allowed to vary with
. The insensitivity to [/ of the inelastic features reflects the
quasi-2D character of the excitations.

The resulting Stokes contribution for transferred in-plane
momenta close to (0 —6) is depicted in Fig. 3. Note that
(0 —6) is equivalent to a I' point of the reciprocal lattice
of the honeycomb net. At 5 K, we find a broad excitation
continuum peaking at about 15 meV in @-LiyIrO3 and 35 meV
in Na,IrO3. A continuum character is suggested by the large
width of more than 50 meV, which is much larger than the ex-
perimental resolution AE = 24 meV, and by the featureless
line shape. A continuum reflects a two-particle or multi-
particle character of the excitation, a hallmark of fractional
excitations.

B. Temperature dependence

At 300 K, the RIXS data are strikingly similar to the 5 K
result, the main change being a reduction of the peak inten-
sity; see Fig. 3. The temperature-driven reduction is larger in
a-LirIrO5, in agreement with the smaller energy scale. For
Na,IrO;, the striking robustness with respect to temperature
is emphasized in Fig. 4 which shows that the RIXS peak for
q = (0 06.67) hardly changes between 5 K and 90K ~ 67j.

The insensitivity to temperature across 7y = 15 K and the
robustness up to 67y shows that the RIXS continuum cannot

043094-3



A.REVELLI et al.

PHYSICAL REVIEW RESEARCH 2, 043094 (2020)

T T T T

Na,lIrO, T=5K |
T (0 0 6.67)
= |
8 50 K
S, 70 K
=
% 200K
£ 300 K
0
5 -
2 oL,

s T

80 100 120
Energy loss [meV]

FIG. 4. Temperature dependence of the continuum in Na,IrOs;.
The plot depicts the Stokes contribution at (0 0 6.67). Data were
normalized by the integrated RIXS intensity from 0.3 to 1.1 eV. The
continuum hardly changes between 5 K and 90 K and persists up to
300 K. In particular, the continuum is insensitive to the Néel temper-
ature Ty = 15 K. Below 15 meV (gray), the uncertainty increases;
cf. Fig. 3. Error bars refer to the raw data before subtraction of the
elastic line; they do not represent the larger uncertainty in the gray
area below 15 meV.

be explained in terms of magnons of the magnetically long-
range ordered state observed below Ty. Also the quasi-2D
character speaks against magnons of the 3D ordered state.
As discussed in the next section, our RIXS data neverthe-
less provide strong evidence for a magnetic character of the
continuum, pointing toward a more intriguing origin. A dom-
inant Kitaev exchange is well accepted for the honeycomb
iridates [11-13], in which long-range order is thought to
arise due to additional weaker coupling terms beyond the
pure Kitaev model [12—-14]. This suggests an analogy with
quasi-one-dimensional systems which show long-range order
at low temperature due to finite interchain couplings. Nev-
ertheless the excitations at higher energy are well described
as fractional spinon excitations, both below and above the
ordering temperature. For the iridates, this suggests that the
proximate Kitaev spin liquid leaves its fingerprints not only
in the magnetic excitations above the ordering temperature,
as sketched in Fig. 1, but also in the high-energy magnetic
excitations for temperatures below the long-range ordering
temperature. In this scenario, long-range order mainly affects
the excitations at lower energy, i.e., below 20 meV in Na,IrOs.
The high-energy Kitaev-related excitations are much more
robust against temperature than conventional magnons.

C. Magnetic character and resonance behavior

At first sight, a magnetic interpretation of excitations that
show such low sensitivity to temperature is counterintuitive
and requires a solid experimental foundation, which we will
give in the following. Our RIXS spectra of Na,IrO3 shown in
Fig. 4 agree very well with the data reported by Gretarsson
et al. [33]. They interpreted their data in terms of a series
of overlapping phonons at high temperature and as a sum
of phonons and magnons at low temperature [33]. In their

scenario, the small temperature dependence of the intensity on
the Stokes side is due to an accidental balance of the phonon
intensity increasing and the magnon intensity decreasing with
increasing temperature. A first argument against this scenario
is provided by the comparison of the data for isostructural
a-LipIrO; and Na,IrOs; see Fig. 3. Phonons are expected to
be very similar in these two compounds, with an enhanced
energy scale in «-LipIrO; due to the smaller mass of Li
compared to Na, as observed in optical spectroscopy [37]. In
contrast, the energy scale is markedly lower in «-Li,IrO; in
the RIXS data, questioning the phonon interpretation.

In RIXS at the Ir L3 edge, magnetic excitations can be
distinguished from phonons by their resonance behavior.
Magnetic spin-flip excitations and orbital excitations are cre-
ated in a direct RIXS process. Starting from a local j = 1/2
ground state with a 2p%5d° configuration in which the five
5d electrons occupy the t,¢ shell, the incident photon energy
of 11.2145 keV is tuned to resonantly enhance the absorp-
tion process that promotes a 2p core electron to the 5d tp,
level, resulting in a 2p° t26g intermediate state. Within a few
femtoseconds, this intermediate state relaxes to the final state
by photon emission, resulting in an excited 2p° t25; state that
corresponds to a magnetic or orbital excitation. The resonance
strongly boosts the RIXS intensity of these excitations. In con-
trast, a phonon excitation is an indirect RIXS process which
arises due to the dynamics in the short-lived intermediate
state; i.e., the lattice distorts to screen the core hole before
the electronic system relaxes from the intermediate state to
the j = 1/2 ground state. Typically, the cross section for
direct RIXS is much larger [38]. Phonons are expected to be
particularly weak in RIXS if the core hole in the intermediate
state is well screened [38], as commonly assumed for the
Ir 2p5 t26g intermediate state with localized #,, states. This
explains why no detectable phonon contribution was observed
thus far in L-edge RIXS data of other Mott-insulating 5d°
iridates [26-30,33,39-45]. A significant phonon contribution
requires a more delocalized intermediate state, in which case
the core hole is screened by adjacent ions and the lattice dis-
torts. Since the e, orbitals are both more delocalized and more
strongly coupled to the lattice, the intensity of a hypothetical
phonon peak is expected to be enhanced at the e, resonance
[46], which occurs at about E;, = 11.218 keV in the 5d° iri-
dates [47]. The 3.5 eV difference in resonance energy between
I, and e, levels corresponds to the cubic crystal field splitting.

The resonance behavior thus provides a litmus test for the
magnetic character of excitations. In the iridates, magnetic
excitations and intra-f,, orbital excitations both resonate at
Ei, = 11.2145 keV, whereas the RIXS intensity of phonons
is expected to show a different resonance behavior. In Mott-
insulating -Li>IrO3 and NayIrOs, intra-f,, excitations set in
at 0.4 eV with a peak at about 0.7 eV for spin-orbital exci-
tations to the j = 3/2 state [41]; see Fig. 5. The resonance
maps depicted in Fig. 6 show the same resonance behavior for
the RIXS continuum below 0.1 eV and the intra-#,, excitations
above 0.4 eV, both resonating at E;, = 11.2145 keV. We em-
phasize that an e, resonance at 11.218 keV is not observed.

The experimental result that all excitations in the measured
energy range show the same resonance behavior is particularly
obvious from cuts through the resonance maps. Normalized
constant-loss cuts below 0.1 eV and around 0.6 to 0.8 eV agree
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FIG. 5. Resonance behavior of RIXS spectra, establishing the
magnetic character of the low-energy continuum. RIXS was mea-
sured on -LiIrO; (a) and Na,IrOj; [(b) and (c)] for incident energies
of 11.2145 keV and 11.218 keV, equivalent to constant-E;, cuts
through the resonance maps shown in Fig. 6. To suppress the elastic
line, the transferred momentum was chosen such that 26 ~ 90°.
Maximum resonance enhancement is obtained at the #,, resonance
with Ej, = 11.2145 keV; see Fig. 7. Data for E;, = 11.218 keV were
scaled up by a factor 2.8 to compensate for detuning E;, away from
the #,, resonance. After scaling, the spectra fall on top of each other
over the full measurement range, demonstrating that the excitation
occurs via a direct RIXS process for all observed features.

very well with each other, showing a maximum resonance en-
hancement at 11.2145 keV independent of the energy loss; see
Fig. 7. Cuts for constant E;, = 11.2145 keV and 11.218 keV
are compared in Fig. 5. Also these spectra fall on top of each
other after normalization. For the normalization, the data for
Ei, = 11.218 keV were scaled up by a factor of 2.8, which
compensates the detuning of Ej, away from the #,, resonance.
This scaling behavior proves a common electronic intra-f,,
character of the entire excitation spectrum below 1 eV, where
“electronic” refers to magnetic and orbital degrees of freedom
at low and high energies, respectively. Most noteworthy, this
still holds true at 300 K; see Fig. 5(c). Thus, we conclude that
a phonon interpretation of the low-energy continuum can be
firmly ruled out.
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FIG. 6. Resonance maps. With RIXS being a resonant technique,
the intensity strongly depends on the incident energy which here is
varied across the Ir L; edge. Data were measured for «-Li, IrOz at 5 K
[(a) and (b)] and Na,IrO; at 5 K [(c) and (d)] and 300 K [(e) and (f)].
(a), (c), (e): Low-energy magnetic excitations. (b), (d), (f): Intra-t,,
excitations to the j = 3/2 state. All panels show a pronounced f,,
resonance at Ej, = 11.2145 keV but no resonance at the ¢, resonance
energy Ei, = 11.218 keV. The elastic line is suppressed by choosing
26 ~ 90°. Cuts through the resonance maps are plotted in Figs. 5
and 7.

D. Nearest-neighbor spin-spin correlations

Having established the magnetic character of the contin-
uum, we now address the q-dependent behavior. RIXS spectra
of Na,IrO; covering the range from (0 —4.4 6.5) to (0 —5.4
6.5) are depicted in Fig. 8. Note that (0 —5 6.5) corresponds
to a magnetic Bragg peak [48]. The data in Fig. 8 were nor-
malized to the RIXS intensity at an energy loss of 50 meV.
The excellent agreement obtained above some 20 meV shows
that the RIXS intensity of the magnetic continuum depends
on q while the peak energy and width are hardly affected.
The q-dependent intensity of the continuum corresponds to
the dynamical structure factor S(q, w), which allows us to
measure dynamical spin-spin correlations in real space (see
also the Discussion section).

We address S(q, w) by measuring the q-dependent inten-
sity modulation of the magnetic continuum in the range of
30 meV to 150 meV for different directions of q; see Fig. 9.
The choice of 30 meV for the cutoff is adapted to the ex-
perimental resolution. Note that the result is qualitatively not
affected by choosing larger values for the cutoff. The data
cover several Brillouin zones, both at 5 K and 300 K. The
honeycomb lattice has three different Ir-Ir bonds which are
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FIG. 7. Constant-loss cuts through the resonance maps shown in
Fig. 6. Data were normalized to the maximum value and are offset for
clarity. In both compounds, the low-energy excitations (green) show
the same resonance behavior as the intra-t,, excitations around 0.7 eV
(orange), exhibiting a pronounced resonance peak at 11.2145 keV.
This demonstrates the direct RIXS character of the excitation process
and establishes the magnetic character of the low-energy continuum,
both at 5 K and at 300 K.

described by the real-space vectors r; 3 = (£a/2, b/6, 0) and

= (0, b/3, 0), as sketched by the green, red, and blue bonds
of Fig. 9(a) and 9(b). In Fig. 9(c) and 9(e), we show data
for q L r; with q-r, =q-r3 (I'-K direction; cf. inset of
Fig. 8). In this direction, we find a pronounced sinusoidal

6 T T T T 1 T T T T T T

N82|I'O3 kI ]
5L 5K |
M$ K . |

(0 k 6.5) . an
4r k=-44 r| 1
I ©0) |/ (10 Ao
3F k=-4.8 1

Normalized RIXS intensity [arb. units]

-50 0 50 100 150
Energy loss [meV]

FIG. 8. Momentum dependence of normalized RIXS spectra of
Na,IrOs. Data were normalized by the intensity at 50 meV energy
loss. Above about 20 meV, the normalized spectra fall on top of
each other, showing that concerning the continuum, only the intensity
changes as a function of q. Inset: Black lines denote the 2D Brillouin
zone of the honeycomb lattice with the high-symmetry points I, K,
and M. Red rectangles depict 2D cuts of the Brillouin zone of the
monoclinic lattice. The colors of the symbols denote the q values
equivalent to the ones studied in the main figure.

intensity modulation cos?(q - r,/2) in both compounds. This
behavior strongly deviates from the expectations for magnons
in a long-range ordered state, as reported in L-edge RIXS
on the square-lattice Heisenberg magnet Sr,IrOy4 [26]. Such a
sinusoidal modulation, however, fully agrees with the Kitaev
model for which one finds [17]

S(@ @) o) [SO(‘”) — K1S1() + 2K, S1 () cos® (%)]
l (1

for ferromagnetic Kitaev coupling K;, where Sy and S; de-
note on-site and nearest-neighbor correlators, respectively.
Recently, such a sinusoidal modulation of the Ir L-edge RIXS
intensity was observed for Ir dimers in Ba;Celr,O9 where it
was discussed in terms of RIXS interferometry and interpreted
as an inelastic incarnation of Young’s double-slit experiment
[44]. For the dimers, the superposition of x-ray photons
scattered coherently on the two sites yields the prototypical
sinusoidal interference pattern of two-beam interference. Ap-
plied to the magnetic continuum, our data show a modulation
period which corresponds to nearest-neighbor correlations
without any evidence for a shorter modulation period; see
Fig. 9(c) and 9(e). This shows that a given excited state can
only be reached by spin-flip RIXS processes on either of
the two Ir sites of a given bond, which is equivalent to a
double-slit-type process. In other words, dynamical spin-spin
correlations for the magnetic continuum are restricted to near-
est neighbors; we find no signature of correlations between
further neighbors (see below). This is a key feature of the
Kitaev model, in which the three different spin-flip channels
are independent and do not interfere with each other [50].
Flipping the x component of the spin creates an excitation
on an x bond, while a flip of the y component yields an
orthogonal final state living on a y bond. Similar results were
reported for o-RuCl; based on inelastic neutron scattering
[17]. Remarkably, «-LiyIrO3 and Na,IrO3 show very similar
behavior, despite their different magnetic ordering patterns
[13]. This further supports the notion that the restriction to
nearest-neighbor correlations is due to dominant Kitaev ex-
change and insensitive to small additional couplings.

Besides the sinusoidal modulation, the RIXS intensity
shows a slow variation with q. Note that a change of q is
unavoidably accompanied by a change of the experimental
scattering geometry, which affects the x-ray polarization and
the matrix elements. This gives rise to deviations from a pure
sinusoidal behavior. We emphasize that spin-spin correlations
beyond nearest neighbors would give rise to a shorter mod-
ulation period, for which we do not find any evidence for
hw = 30 meV. More explicitly, the scattering geometry cho-
sen for the data in Figs. 9(c) and 9(e) yields a RIXS intensity

11(q) o Iy + b 3c0s*(q - 125/2) + I cos*(q - 12),  (2)

where the term proportional to I 3 refers to nearest neighbors
at r; and r3. For more distant neighbors, q - r; in this geom-
etry with q L r; is an integer multiple of q - r, and Eq. (2)
considers only the contribution with the largest modulation
period, which, beyond next-nearest neighbors, also contains
contributions from third-nearest and more distant neighbors.
A least-squares fit of the 5 K data of «-LiIrO; (NayIrO3)

043094-6



FINGERPRINTS OF KITAEV PHYSICS IN THE ...

PHYSICAL REVIEW RESEARCH 2, 043094 (2020)

-41.0
E 4
< ~038
'EI 4
0, -4 0.6
>
= |
c 1 to bond
g 04 ‘ N
= ' T
» 10+ itobond y
0.8 | o> 4
© " s (/]
o) ° )
© [ % /]
;',’ 0.6 - %%
S
0.4 F
0_2..‘\..‘.I‘..‘\."\I\I‘lvl‘\.o_z
-05 0.0 0.5 7 6 5 4 3 2 1 0 1

(h -3h-6)

0 k)

FIG. 9. RIXS interference patterns showing only nearest-neighbor spin-spin correlations. (a): Sketches of the three Ir-Ir bonds r; (green,
red, and blue) and of several Brillouin zones of the reciprocal lattice (black). The red arrow marks the range of q covered by the data in (c) and
(e) along I'-K. Light blue arrows depict the projection of r; on q. (b): Same for the I'-M direction. (c)—(f): Normalized RIXS intensity as a
function of ¢, integrated from 30 to 150 meV. Data were corrected for self-absorption effects [49]. Solid lines: Sinusoidal fits assuming that
dynamical spin-spin correlations are restricted to nearest neighbors. (¢), (d): @-LixIrO;. (e), (f): Na,IrOs. (c) and (e): Data for q along I'-K,
as sketched in (a). Along I'-K, the projection of q on the Ir-Ir bonds yields a single sinusoidal modulation. (d) and (f): Data for q along I'-M,
as sketched in (b). Along I"'-M, nearest-neighbor correlations along the three different bonds yield a superposition of two modulation periods,
see Eq. (3), as observed experimentally. Dashed and dotted lines in (f) exemplarily show the two individual contributions to the fit at 5 K. The

interference patterns are remarkably robust against temperature.

yields Iy, /I 3 =~ 0.03 £ 0.15 (0.02 £ 0.07), suggesting a van-
ishing contribution of further neighbors. Setting Iz, = 0 has
a marginal effect on the fit quality, with x? increasing by
less than 1%. Based on the noise level of the data, we
conservatively estimate the upper limit for such a further-
neighbor contribution with a shorter modulation period to
10%.

Quantitatively, the modulation amplitude contains impor-
tant information on the ratio S;/Sp; see Eq. (1). Such a
quantitative analysis, however, requires detailed measure-
ments of, e.g., the polarization dependence and is beyond the
scope of our present work. In the neutron study of o-RuCls,
S1/So was scaled by a phenomenological prefactor that de-
scribes deviations from the pure Kitaev model.

The restriction of dynamical spin-spin correlations to near-
est neighbors is corroborated by the behavior observed for
the I'-M direction; see Figs. 9(d) and 9(f). With q || r, and
q-r; =q-r;=(q-r;)/2, the nearest-neighbor correlations
on the three different bonds give rise to an incoherent sum of

two sinusoidal modulations,
I(q) o< Ip + L cos®(q - 12/2) + L 3 cos*(q - 113/2),  (3)

where the period of the latter is twice the period of the former
due to the different projections q - r;; see dashed and dotted
lines in Fig. 9(f). For instance for Na,IrOs3, the experiment
roughly shows I} 3 & 2.41,, which reflects the fact that the two
bonds r; and r; contribute to the modulation amplitude 7, 3.
Additionally, the prefactors depend on the x-ray polarization
and the scattering geometry, both changing with q in our
measurements. As discussed above for the I'-K direction, this
causes deviations from a pure sinusoidal behavior.

Most importantly, we do not find, within our experi-
mental resolution and for fiw > 30 meV, any evidence for
further modulation periods beyond nearest neighbors. Taking
into account a term Iy, cos>(3 q - r;/2) which represents four
bonds to next-nearest neighbors as well as further neighbors
again does not increase the fit quality substantially, as dis-
cussed above for q L r;. For the I'-M direction with q || r»
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FIG. 10. RIXS intensity in the long-range magnetically ordered
state at 5 K. Full symbols: Same data as in Fig. 9, showing the
normalized RIXS intensity integrated from 30 to 150 meV. Open
symbols show corresponding low-energy data integrated from —10
to +30 meV, revealing differences between the two compounds
that can be attributed to the different magnetic ordering patterns.
In contrast, the behavior at high energy (full symbols) is identical.
(a), (b): a-LiyIrOs. (c), (d): Na,IrO;. (a) and (c): I'-K direction
(perpendicular to an Ir-Ir bond; see Fig. 9). (b) and (d): I"-M direction
(parallel to an Ir-Ir bond). Data were corrected for self-absorption
effects [49].

we find I/l 3 =0.03 £ 0.06 (0.07 £ 0.08) for a-Li,IrOs
(NayIrO3), with x? decreasing by 3% (14%). This supports
our estimate for an upper limit of further-neighbor contribu-
tions of 10%.

The q-dependent intensity modulation is very robust
against temperature. The main change at 300 K is a reduction
of the modulation amplitude; see Fig. 9. This can be rational-
ized by the energy scale of the observed excitations, which is
comparable to kg 300 K ~ 26 meV. It is thus not surprising
that nearest-neighbor correlations are still strong at 300 K.

Our central experimental finding is that the magnetic con-
tinuum shows only nearest-neighbor spin-spin correlations
even in the long-range magnetically ordered state at 5 K. This
behavior strongly deviates from the expectations for magnons,
which are supposed to reflect longer-range spin-spin correla-
tions at lower energy. Indeed, for integration below 30 meV
at 5 K, both Na,IrO5; and «-Li,IrO; show additional shorter
modulation periods which correspond to spin-spin correla-
tions beyond nearest neighbors; see open symbols in Fig. 10.
Note that the magnetic ordering patterns differ in the two
compounds. Zigzag order in Na,IrO; gives rise to a magnetic
Bragg peak at, e.g., (0 —1 6.5), which explains the strong
increase of intensity in Fig. 10(d). In contrast, «-LiIrO3
exhibits incommensurate magnetic order with the ordering
wave vector (£0.32 0 0). The different magnetic ordering
patterns explain the differences in the dynamical structure
factors S(q, @) of the two compounds at low energy for tem-
peratures below Ty . These differences observed at low energy
corroborate the notion that the common behavior of the high-
energy continuum is not related to long-range magnetic order,
as sketched in Fig. 1.

FIG. 11. Flux excitations in the Kitaev model. In the Kitaev
model, spin-flip RIXS on site i creates two flux excitations, so-called
visons, on adjacent plaquettes. (a) For excitation on site #, there are
three orthogonal excited states; each corresponds to a different spin-
flip channel S [50]. (b) Each excited state can be reached only from
the two sites i and j on the bond connecting the respective plaquettes.
This restricts dynamical spin-spin correlations to nearest-neighbor
sites and explains the sinusoidal RIXS interference patterns depicted
in Fig. 9.

IV. DISCUSSION

Our RIXS study of Na,IrO; and «-LiIrO; in the high-
temperature regime above their respective magnetic ordering
transitions as well as the high-energy regime of their mag-
netically ordered low-temperature states has revealed many
atypical features that allow us to clearly rule out that this
high-energy and high-temperature RIXS response can be
interpreted as arising from a conventional, featureless para-
magnetic state. In fact, taken together these experimentally
observed features—a broad continuum of magnetic excita-
tions, its persistence to high temperatures, and dominant
nearest-neighbor spin-spin correlations—provide strong evi-
dence, as we will argue in the following, for the notion that
Na,IrO; and «-Li,IrOj3 are both in close proximity to a Kitaev
spin liquid. We will review the RIXS response expected for
the pure Kitaev model and discuss how this response is mod-
ified in the presence of additional magnetic interactions [51],
i.e., generic diagonal and off-diagonal couplings expected to
be present in these spin-orbit entangled materials [12].

RIXS response of pure Kitaev model. For the pure Kitaev
model, the RIXS response was first elucidated by Halasz,
Perkins, and van den Brink [50], where they showed that,
with a tzﬁg intermediate state, the response naturally de-
composes into four independent RIXS channels. The single
spin-conserving RIXS channel corresponds to an indirect
RIXS process and is thus much weaker than the remaining
three spin-flip RIXS channels, which correspond to direct
processes. As a result, it is only these spin-flip RIXS channels
that are of relevance to the discussion here. The three different
channels correspond to the three diagonal components of the
dynamical spin structure factor. In the language of the Kitaev
model, they excite both mobile Majorana fermions and static
flux excitations, so-called visons. For example, the operator S7
creates propagating Majoranas, as well as two visons in adja-
cent plaquettes, as illustrated in Fig. 11(a). Since the visons
are gapped, this translates to a gapped RIXS response, with
a sharp peak at the T point at the two-flux gap of the order
of 10% of the Kitaev coupling K, followed by a broad con-
tinuum, reflecting the existence of fractionalized excitations
(itinerant Majorana fermions and static visons).

Broad continuum of excitations. Experimentally, the to-
tal spin-flip RIXS spectrum shows only a broad magnetic
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excitation continuum at the I point, peaking at about 15 meV
in @-LizIrO3 and 35 meV in Na,IrO;3. The expectation of the
pure Kitaev model, a dominant sharp peak at fiw ~ 0.1|K |
followed by a broad continuum, must be modified to include
(i) the anisotropy of the Kitaev coupling on different bonds
[51], (ii) the inclusion of additional exchange interactions
such as Heisenberg and off-diagonal, bond-directional terms
(such as the so-called I exchange) [12], and (iii) finite tem-
perature. Taken together, all three effects lead to a significant
broadening of the dominant peak and a shift to higher energies
[52-56]. For both Na,IrO; and «-LiyIrO3 the anisotropy of
K, and the existence of additional exchange interactions are
well established [51]. Unfortunately, inclusion of such terms
breaks the integrability of the model, providing a challenge
to quantitative theoretical modeling. However, an augmented
parton mean-field theory from Knolle, Bhattacharjee, and
Moessner [53] found that the dominant low-energy peak does
indeed broaden substantially and shift to significantly higher
energy upon inclusion of the additional relevant exchange in-
teractions. Without detailed knowledge of the minimal model
for the materials at hand, one can only estimate that the peak
energy should be comparable to the energy scale of the Kitaev
coupling. Experimental and theoretical results consistently
show that the latter is larger in Na,IrO; than in «-LiyIrOs.
Specific heat data [57] show that the peak temperature, identi-
fied with the upper crossover in Fig. 1, is about 20% higher in
NayIrOs. Ab initio estimates [51,58—60] yield ferromagnetic
K; in the range —15 to —35 meV for Na,IrO; and —4 to
—13 meV for a-Li,IrOs. This is in good agreement with our
observation that the RIXS peak energy is roughly a factor of
two higher in NayIrO; and that Na,IrO; is less sensitive to
temperature. The broad excitation continuum observed is thus
consistent with the expectation for an extended Kitaev model.

Temperature dependence of continuum. For a magnetic
excitation, the experimentally observed broad continuum dis-
plays a highly unusual insensitivity to temperature. The shape
of the continuum remains largely unchanged with increasing
temperature, and also the intensity is roughly constant up
to about 67y; see Fig. 4. Even up to room temperature, we
find only a moderate decrease in overall intensity, which is
more pronounced for «-Li,IrOs, see Fig. 3, consistent with
the overall lower energy scale of the peak. Qualitatively, this
remarkable temperature dependence is consistent with nu-
merical calculations, where, at temperatures above the flux
gap, the broad continuum displays only a smooth weaken-
ing in intensity as temperature increases [54,56,61,62]. For
a quantitative analysis, we make use of our finding that the
magnetic continuum reveals only nearest-neighbor correla-
tions; see Fig. 9. This motivates us to compare the integrated
RIXS intensity of the continuum with the (static) nearest-
neighbor correlations of the pure Kitaev model, calculated
through numerically exact quantum Monte Carlo simulations
[63]. Note that we consider static correlations in our numerics,
i.e., the dynamical structure factor integrated over all energies,
while in experiment the data were integrated above a cutoff
of 30 meV. Such a comparison is shown in Fig. 12, where
we have rescaled the temperature scale, using the experimen-
tally determined specific heat data of Na,IrOs [57] which
locates the high-temperature crossover in the specific heat [see
Fig. 12(a)] at T* = 110 K. After this rescaling, the two data
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FIG. 12. Thermodynamic signatures of Kitaev physics and tem-
perature dependence of spin-spin correlations. (a) The specific heat
of the pure Kitaev model exhibits a characteristic two-peak struc-
ture, with a crossover at 7* ~ K; to a disordered Kitaev spin-liquid
regime and a low-temperature transition at 7. ~ K; /100 to the Kitaev
spin-liquid phase (see also Fig. 1). (b) The nearest-neighbor spin-
spin correlations remain nearly constant up to the high-temperature
crossover scale. Numerical results for the pure Kitaev model from
quantum Monte Carlo simulations (blue) are shown in comparison
to the temperature dependence of the RIXS intensity of Na,IrO;
integrated above 30 meV (red; cf. Fig. 4). To set the temperature
scale for the comparison, we used 7* = 110 K as determined from
specific heat data [57].

sets bear a striking resemblance; both traces of the nearest-
neighbor correlations remain nearly constant up to the order
of the high-temperature crossover scale and drop only then,
indicating a transition to a featureless, paramagnetic state at
temperatures which are one order of magnitude higher than
the experimentally observed magnetic-ordering scale.

The presence of a magnetic continuum above the long-
range ordering temperature is also known for non-Kitaev
systems such as quasi-one-dimensional S = 1/2 Heisenberg
antiferromagnets. However, such Heisenberg systems typi-
cally show a strong temperature dependence of both the
correlation length and the absolute value of the dynamical
structure factor [64]. This is in strong contrast with the in-
sensitivity of the RIXS intensity observed in the honeycomb
iridates, which is based on the comparable temperature insen-
sitivity of nearest-neighbor correlations.

We note that an alternate scenario for the origin of the
broad continuum in «-RuCl; has recently been put forward by
Winter et al. [65], which attributes it to magnon decay within a
multimagnon continuum. They showed that large anisotropic
couplings in spin-orbit coupled magnets can generically lead
to substantial two-magnon decay, giving rise to a broad,
incoherent excitation continuum in the long-range ordered
state. This raises the question of whether the magnetically
ordered state or the proximate spin liquid are the better start-
ing point for the description of the excitations in Na,IrO3
and «-LiIrOs. In our experimental RIXS data, one of the
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most striking observations is that the excitation continuum is
insensitive to temperature up to at least 67y and persists up to
temperatures of roughly 207y, far above the ordered state and
magnon modes. Consequently, we are led to the conclusion
that we cannot explain the existence of a high-temperature
quasi-2D continuum via the physics of low-temperature 3D
magnons and that the scenario of a proximate spin liquid is a
better starting point.

Nearest-neighbor spin-spin correlations. As discussed
above for the pure Kitaev model, spin-flip RIXS creates two
local visons in adjacent plaquettes as illustrated in Fig. 11.
Such a probe of only the nearest-neighbor spin correlations
is indeed corroborated by our experimentally observed mo-
mentum dependence; see Fig. 9. Note that this observation
clearly differs from the response of other spin-liquid candi-
dates inspected on the kagome lattice and the triangular lattice
which show clear deviations from a pure cos?(gR/2) behav-
ior [18,66] due to finite correlations between next-nearest
and further neighbors. The pronounced sinusoidal shape thus
provides strong evidence for the dominant role of Kitaev in-
teractions.

The strict nearest-neighbor spin-spin correlations of the
pure Kitaev model are, of course, modified by the inclusion
of the necessary additional interactions. These integrability-
breaking terms add dynamics to the previously immobile
flux excitations, giving rise to correlations beyond nearest
neighbors [53,67]. To quantitatively illustrate this effect, we
plot results from numerical exact diagonalization calcula-
tions [68,69], similar to Ref. [67], for the (static) nearest-
and next-nearest-neighbor spin-spin correlations in Fig. 13.
Shown are data for both the pure Kitaev model (top) and
an extended Kitaev model (bottom) augmented by Heisen-
berg and off-diagonal spin exchanges, based on the proposal
[60] by Yamaji et al. for Na,IrO3: J; = +3.2, K; = —29.4,
'l =—3.5, 5 =+1.7 in units of meV. As can be seen,
these static next-nearest-neighbor correlations remain neg-
ligible at elevated temperatures, remaining at a level well
below 20% of the corresponding nearest-neighbor correla-
tions in the temperature region corresponding to the upper
peak in the specific heat. For a detailed discussion of the role
of the individual exchange terms on the nearest- and next-
nearest-neighbor spin-spin correlations, see the Appendix.
The restriction of dynamical spin-spin correlations to near-
est neighbors is an outstanding property of the pure Kitaev
model. Experimentally, we estimated the upper limited for
further-neighbor correlations to 10%; see above. We con-
clude that this is consistent with a realistic, extended Kitaev
model.

Comparison to a-RuCl;. Phenomenologically, we note that
the results presented here are in full analogy with the inelastic
neutron scattering data on the closely related j = 1/2 com-
pound «-RuCl; [17]. Both in «-RuCl; and the honeycomb
iridates studied here, there is a broad excitation continuum
with a maximum of intensity at the I" point at high energies
which is robust against temperature, persisting up to roughly
207Tx. Additionally, the neutron data show a nearly sinusoidal
modulation along I'-K with a period that reflects that spin-
spin correlations are predominantly of nearest-neighbor type.
Similar to our analysis of the RIXS data, this modulation was
interpreted as a signature of the experimental proximity to the

TIK,

FIG. 13. Temperature dependence of static spin-spin correla-
tions. Comparison of the nearest- (orange) and next-nearest-neighbor
(green) spin-spin correlations, Syy and Syxy, as a function of temper-
ature for (a) the pure Kitaev model and (b) an extended Kitaev model
augmented by Heisenberg and off-diagonal spin exchanges as pro-
posed [60] by Yamaji et al. for Na,IrO;. The next-nearest-neighbor
correlations remain vanishingly small in our exact diagonalization
studies for the pure Kitaev model. However, in the extended model,
they are finite at zero temperature but start to decrease around
the temperature scale of the low-temperature specific heat peak
(blue). The dashed line indicates 300 K, using the same scale as
in Fig. 12. The shaded regions indicate the estimated error of the
finite-temperature calculation.

Kitaev spin liquid. Note that in our RIXS data of «-LiyIrO3
and Na,IrO;, the deviations from a pure nearest-neighbor
behavior are even smaller than in «-RuCls.

V. CONCLUSIONS

In conclusion, we find that our experimental RIXS probes
of the magnetic excitations of the honeycomb iridates
NayIrO; and «-Li,IrO; reveal strong evidence for the emer-
gence of a proximate Kitaev spin liquid in a broad temperature
and energy regime. While the existence of dominant Kitaev
exchange interactions is well accepted for the honeycomb
iridates, the relevance of the Kitaev spin-liquid state and
the physics associated with it has been an open issue since
these compounds show long-range magnetic order at low
temperature. Our results reveal the unusual properties of the
magnetic excitations, marking a breakthrough in this dis-
cussion. Both at temperatures up to an order of magnitude
above the magnetic ordering transition as well as for high-
energy probes in the magnetically ordered ground state, we
find evidence of a broad continuum of magnetic states which
cannot be explained in terms of low-energy magnon modes.
In addition, a thorough analysis of the (spin-flip) RIXS pro-
cesses reveals that the spin-spin correlations are, within our
experimental resolution, confined to nearest-neighbor sites.
While extremely localized in nature, the spin-spin correla-
tions are extremely robust against thermal fluctuations up to
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temperatures of about 300 K. Moreover, we observe very sim-
ilar behavior for Na,IrO3 and «-Li, [rO5 despite their different
magnetic-ordering patterns, which signals that these results on
the magnetic excitations mainly reflect the common feature of
dominant Kitaev exchange. While each of these experimental
findings individually points toward unconventional forms of
magnetism, it is in fact their combination which provides
nontrivial evidence that both materials are located in close
proximity to a Kitaev spin liquid. As we have comprehen-
sively argued in this work, this proximity leaves a distinct
fingerprint on the high-temperature and high-energy regimes
of these materials beyond their magnetically ordered ground
states.

We note that the principal findings of our RIXS experi-
ments for the honeycomb iridates Na,IrO3 and «-Li,IrO3 are
in striking analogy to recent inelastic neutron scattering exper-
iments [17] on «¢-RuCls. Their common phenomenology—a
broad continuum of magnetic excitations and spin-spin corre-
lations confined to nearest neighbors, which are both stable
way beyond their magnetic ordering temperatures—should
be taken as a concrete notion of what constitutes a “Kitaev
material” beyond the existence of a dominant bond-directional
exchange [14], and makes these compounds prototypical ex-
amples of this new class of materials.

Note added. Recently two complementary RIXS studies
on honeycomb iridates were reported [70,71]. Vale et al. [70]
studied RIXS at the O K edge in «-Li;IrO; and find a series
of oxygen-based (multi)phonon modes. Compared to the Ir
L edge, the spectral weight of phonons is strongly enhanced
at the O K edge due to the long-lived intermediate state. At
the Ir L3 edge, a noteworthy phonon contribution is ruled
out by our comprehensive analysis of the resonance behavior.
In agreement with our discussion, the phonon contribution
is much more pronounced at the O K edge for intermediate
states that hybridize with Ir e, states rather than #,, ones. Kim
et al. [71] focused on the low-energy magnon contribution in
Na,IrOs; at the Ir L3 edge, exploring the possibilities of a new
analyzer with 12 meV resolution. Their results confirm the
temperature dependence of the broad continuum and support
our claims.
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APPENDIX: CORRELATIONS IN THE EXTENDED
KITAEV MODEL

In this Appendix, we investigate the effect of spin in-
teractions beyond the pure Kitaev model on the spin-spin
correlations. We individually evaluate the effect of nearest-
neighbor and next-nearest-neighbor Heisenberg interactions

as well as off-diagonal I'] interactions, as defined in Eq. (A2),
which are arguably relevant in Na,IrO3 [13]. We make use
of a pseudofermion functional renormalization group (pf-
FRGQG) approach [72], which has previously been employed to
study the Kitaev model on the honeycomb lattice augmented
by nearest-neighbor [73] and further-neighbor [74] Heisen-
berg interactions. Recently, the method has been extended
to comprise arbitrary nondiagonal two-spin interactions [75],
including also interactions of I'j type. The pf-FRG approach
can be understood as a simultaneous large-S expansion [76],
typically associated with magnetically ordered phases, and
large-N expansion [77,78], commonly favoring spin-liquid
ground states. The treatment of both channels on equal foot-
ing explains why the method can be readily employed to
model the delicate interplay of magnetic order and spin-liquid
physics, in both two-dimensional [72] and three-dimensional
[79,80] frustrated quantum spin systems.

The technique is based on a rewriting of spin operators
in terms of Abrikosov fermions [81] (pseudofermions), and
applying a conventional fermionic functional renormalization
group (FRG) scheme [82] to the resulting strongly coupled
pseudofermion system. Within the FRG scheme, it is pos-
sible to simultaneously compute the renormalization (in a
Wilsonian sense) of millions of interaction parameters. The
renormalization group flow of the interaction parameters is
generated by the installation of a (Matsubara-)frequency cut-
off A; the flow equations are solved numerically from the limit
of infinite cutoff, which corresponds to high temperatures
[79], down to zero cutoff where the fully interacting physical
system at zero temperature is restored. If the system under-
goes a magnetic-ordering transition at finite temperatures, the
associated spontaneous symmetry breaking manifests itself
in the form of a nonanalyticity in the flow of the spin-spin
correlation function

Xi[j\ = /dt(S,(t)S](O))

at some critical cutoff scale A . Properties of the system below
the flow breakdown point A, cannot be resolved within pf-
FRG, but the spin-spin correlations just above the breakdown
can be used as an indicator for the type of magnetic order that
is about to proliferate. Note that this definition of the correla-
tion function corresponds to the elastic (w = 0) component of
the (real-space transformed) dynamic structure factor.

Our general model of interest comprises Kitaev inter-
actions at strength Kj, nearest- and third-nearest-neighbor
Heisenberg interactions of strength J; and J3, respectively, as
well as I'] interactions. It is governed by the Hamiltonian

H =K, Z SIVS? +Ji Z S,'Sj + J3 Z S,'Sj
(i) (i (i,))3

+ T Y ) (STSe +sesY),

(i, j)} a#y

(AD)

(A2)

where (i, j); and (i, j)3 denote summations over all nearest
neighbors and third-nearest neighbors, respectively, and the
index y = x, y, z denotes the bond type. We investigate four
different scenarios of spin interactions beyond the pure ferro-
magnetic Kitaev model (K; = —1). (i) Augmenting the Kitaev
model with a finite I'j = —0.25 generates ferromagnetic
spin-spin correlations on nearest, next-nearest, and further
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FIG. 14. Correlations in the extended Kitaev model. The upper row displays the real-space-resolved spin-spin correlations just above
the magnetic-ordering transition. All correlations are measured with respect to the reference site indicated by the gray circle. The strength
of the correlation is indicated by the size of the respective circle, while the coloring indicates the sign of the correlation; blue indicates
ferromagnetic correlation and red is antiferromagnetic. The bottom row shows the average nearest-neighbor correlations yyy and next-nearest-
neighbor correlations xyyy (left axis), as well as their ratio (right axis). The flow breakdown (see text for details) is indicated by the shaded
region. The panels are computed at different sets of coupling constants, all of which have additional ferromagnetic Kitaev coupling K; = —1.
(@I"=-0.25.(b)J; =0.5.(c) 5 =0.25. (d) J; = 0.1, J3 = 0.05, and '] = —0.25.

neighbors. It induces a phase transition into a ferromagneti-
cally ordered state, indicated in our pf-FRG calculations by
a kink in the RG flow of the observables, below which they
exhibit unphysical behavior; see Fig. 14(a). (ii) Adding sizable
antiferromagnetic nearest-neighbor Heisenberg interactions
Ji = 0.5 drives the system into the phase of “stripy” order. Its
symmetrized correlations Xl-/}, which we determine just above
the phase transition at A, are antiferromagnetic for nearest
neighbors as well as next-nearest neighbors; see Fig. 14(b).
(iii) The combination of Kitaev interactions with antiferro-
magnetic third-nearest-neighbor Heisenberg exchange J; =
0.25 favors a “zigzag” ordered ground state. This configu-
ration has ferromagnetic nearest-neighbor correlations, while
the second-nearest neighbors correlate antiferromagnetically;
see Fig. 14(c). (iv) Ab initio calculations [60] suggest the
presence of antiferromagnetic nearest-neighbor Heisenberg

interactions J; /|K;| ~ 0.1 and third-nearest-neighbor Heisen-
berg interactions J3/|K;| ~ 0.05 in Na,IrO;. We have argued
that both of these couplings favor antiferromagnetic cor-
relations on next-nearest-neighbor level. These correlations
can be suppressed in the presence of finite I'| interactions.
At moderate values for I'j/|K;| & —0.25, the next-nearest-
neighbor correlations thereby almost vanish; see Fig. 14(d).
At smaller values of I'} the suppression is less drastic, par-
ticularly at I'j/|K;| & 0.1, which is the value suggested by
ab initio calculations; in our calculations, however, we ne-
glect bond anisotropies in the coupling constants that are also
part of the ab initio theory. Nevertheless, we have qualita-
tively demonstrated that the presence of I'| interactions in
Na,IrO; may play an important role in the suppression of
next-nearest-neighbor correlations at temperatures above the
ordering transition.
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