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We probe the

spectrum of elementary excitations

in SrIrO; by using heterostructured

[(StIrO3),,/ (SrTiO3),] samples to approach the bulk limit. Our resonant inelastic x-ray scattering (RIXS)
measurements at the Ir Ly edge reveal a robust low-lying collective magnetic mode with an antiferro-
magnetic (AFM) dispersion similar to the insulators Sr,IrO,4 and Sr;Ir,O-, albeit with a large gap and much
larger linewidth. At higher energies we find the spin-orbit exciton, also strongly broadened, but with an
inverted dispersion and doubled periodicity that are controlled by the charge hopping. These results
demonstrate that the AFM paramagnon persists, somewhat counterintuitively, far into the metallic regime
of the insulator-metal transition driven by the degree of confinement in the heterostructure. We conclude
that these two excitations, which are contrasting but coexisting hallmarks of strong AFM pseudospin and
charge fluctuations in a spin-orbit-coupled Mott-Slater material, are properties intrinsic to the ground state

of semimetallic perovskite SrlrO;.

DOI: 10.1103/96£1-5z1h

Iridium oxides of the Ruddlesden-Popper series
Sr,11r, 05, have attracted extensive interest in the search
for unconventional phenomena arising from the interplay
between strong electronic correlations and large spin-orbit
coupling (SOC) [1-5]. Although the compounds Sr,IrO,
and Sr3Ir,O5, which exhibit collective charge localization
and antiferromagnetic (AFM) ordering of the spin-orbit-
entangled J = 1/2 pseudospins, have been classified as
spin-orbit Mott insulators (MIs), their energy gap is one
order of magnitude smaller than that of a typical 3d ML
Indeed the end member of the series, SrlrOs, appears to be a
nonmagnetic, multiband semimetal [6—8], whose remarkably
narrow low-lying electronic bands and significant admixture
of J = 1/2 and 3/2 states indicate that these materials lie in
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the intermediate-coupling, or “Mott-Slater” regime [9,10].
Further, the prediction that SOC makes SrlrO; a Dirac
semimetal [11] places it at an exciting nexus of condensed
matter physics where correlated quantum materials with
competing spin, charge, and lattice [7] energy scales con-
verge with topological phenomena [12].

Nevertheless, the true properties of perovskite SrlrO;
have remained enigmatic due to the unavailability of single-
crystal samples. The SOC-induced coexistence of heavy
and light carriers [7,13] mixes the transport and magnetic
properties to produce strong magnetoresistance [8,9] and
spin-Hall effects [14], which have potential for low-power
spintronic applications [15—18]. The observation of non-
Fermi-liquid transport characteristics has been interpreted
as a hallmark of proximity to a metal-insulator transition
(MIT) [2,13,19]. Contrary to expectations based on the 4d
analog, STRuQs, the insulating phase proximate to SrlrO;
appears to be AFM, and has been reached by the appli-
cation of chemical pressure [20,21]. The extreme interest
in unraveling the complex electronic and magnetic structure of
SrIrO; has led a number of authors to investigate dimension-
ality effects using [(SrIrOs),,/(SrTiO;),] heterostructures

Published by the American Physical Society
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FIG. 1. RIXS investigation of (SrlrO3),,(SrTiO3), heterostruc-
tures. (a) Representation of (SrIrO3),,(SrTiO3), heterostructures,
which were grown on a (001)-oriented SrTiO; single-crystal
substrate. The samples investigated here had m = 3, 4, and 7 with
=1 and m =10 with /=4. (b) Phase diagram of the
(SrIr0O3),,(SrTiO3), system, illustrating the bandwidth-controlled
MIT [24] that takes place as the confinement is increased from
m = 3 to 2 [22]. (c) Reciprocal space of the pseudocubic AFM
unit cell. (d) Compilation of Ir L;-edge RIXS spectra at all
measured é points for the m = 4 sample at T = 20 K. (e) In-
tensity data of panel (d) shown as a function of energy transfer for
every é point. We identify a low-energy spin excitation (light
red) and a spin-orbit exciton at intermediate energies (light blue).

[Fig. 1(a)]. These studies found that the confinement-driven
MIT between m =2 and 3 heterostructures [Fig. 1(b)]
reproduces the n-driven MIT of bulk Sr,.Ir,05,.,
[19,22,23], but left unexplored the spectrum of spin, charge,
and orbital excitations on the metallic side.

In this Letter we use resonant inelastic x-ray scattering
(RIXS) to analyze the low-lying collective excitations of
SrIrO;/SrTiO; heterostructures spanning the metallic
regime beyond the MIT. In every case from m =3
(significantly confined) to m = 10 (the putative bulk
analog), we find a dispersive magnetic excitation similar
to the pseudospin-wave modes of single-crystalline Sr,1rO,
and Sr3Ir,O, except in that it has a large gap and up to
double the linewidth. Counterintuitively, we also find in
every case that the d-d transitions form a clear, if broad,
spin-orbit exciton (SOE) whose dispersion is dominated by
metallic charge motion. Both modes are largely insensitive

to the degree of confinement, and hence we deduce that
strong and short-ranged AFM pseudospin correlations
critically damped by metallic charge fluctuations are the
intrinsic physics of the multiband, Mott-Slater semimetallic
phase of perovskite SrlrO;.

To study the excitations on the metallic side of the
confinement-driven MIT, we prepared three high-
repetition superlattice heterostructures of the form
[(SrIrO3),,(SrTiO3)] x 70, with m =3, 4, and 7, and
one of the form [(StIrO3),,(StTiO3),4] x 8. All four sam-
ples were grown epitaxially on a single-crystal SrTiO;
(001) substrate using pulsed laser deposition and their layer
structure is represented schematically in Fig. 1(a). Sample
growth and characterization details are presented in Sec. S1
of Supplemental Material [25].

RIXS is a method of choice for probing magnetic
fluctuations with 100 meV energy scales in strongly
correlated materials [31-35], and is unique in providing
momentum-resolved information for thin-film systems.
RIXS has been used to investigate the perovskite iridates
in their bulk [36—40] and thin-film forms [41,42], and for
studies of the two insulating [(SrIrOs),,(SrTiO3),] hetero-
structures, namely, m = 1 and 2 [43,44].

Our Ir Ls-edge (11.2145 keV) RIXS experiments were
performed at the ID20 beam line [45] of the European
Synchrotron Radiation Facility. We varied the momentum
transfer to cover the (Q,, Q,) plane [Fig. 1(c)], with the
z-axis component fixed to Q, = 3.67 £ 0.01 r.L.u. (indexed
to the unit cell of SrTiO3). The sample temperature was set
to 20 K.

The RIXS spectra of all four systems exhibited the same
overall features, and we use the example of the m =4
heterostructure, shown in Figs. 1(d) and 1(e), to summarize
these. All spectra have an intense peak near zero energy
whose fit (to elastic scattering processes and a weak phonon
contribution) is discussed in Sec. S2 of Supplemental
Material [25]. In the energy-loss region 50-300 meV, the
spectra exhibit a dispersive excitation with energy minima at
the zone center and (1,1) points, and maxima on the
boundary of the putative AFM Brillouin zone, whose energy
is qualitatively similar to the pseudospin-wave modes
reported in Sr,IrO, and Sr3lr,0,[36,37]. In the range
0.5-0.8 eV, the spectra show a further broad and dispersive
peak that is common to many Ir oxides and has its origin in
d-d orbital excitations [36,46,47].

In Fig. 2 we present a quantitative analysis of the RIXS
spectra at three different Q values for all four heterostruc-
tures in our series, stacked to illustrate their approach to the
bulk limit. Definitely our most striking qualitative result is
that both the pseudospin wave and the collective orbital
mode are so similar in all respects, despite the hetero-
structures varying from a “minimal metallic” configuration
(m =3 has only one “bulk” IrO, plane and one pair of
interfacial planes) to one that should truly emulate the bulk.
Perhaps the next most obvious feature is that the excitations

of every heterostructure at every é are extremely broad
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FIG. 2. RIXS spectra. Ir L;-edge spectra at selected momenta
shown for our four samples. Measured intensity data (symbols)
presented together with a best fit (black line) composed of elastic
and phonon (dashed), paramagnon (light red), spin-orbit exciton
(SOE, light blue), and high-energy contributions (dot-dashed), as
detailed in Sec. S2 of Supplemental Material [25].

(Fig. 2), indicating intrinsically ultrashort-range spin and
orbital correlations.

In detail, we performed a multicomponent fit of each
spectrum to separate the contributions of the near-elastic
processes, pseudospin and orbital excitations, and a high-
energy contribution (Fig. 2), as described in Sec. S2 of
Supplemental Material [25]. We modeled the broad exci-
tations with the damped harmonic oscillator (DHO) profile
used to describe the strongly damped paramagnons
observed in a number of doped cuprates [48,49] and
iron-based superconductors [33,50-52]. The key property
of this form [inset Fig. 3(b), and Sec. S2 [25] | is that it can
be used equally when the linewidth, y;(Q)/2, exceeds the
bare propagation frequency, wi(é), a regime we approach
in parts of the Brillouin zone (below). As Fig. 2 makes
clear, this functional form provides a good fit to the
measured line shapes of both excitations for all samples
at all momenta.

In Fig. 3 we show the dispersions, linewidths, and
normalized intensities that we extract for the paramagnon

of the square-lattice Heisenberg AFM for J = 100 meV and the
solid purple line the finite-size gap, A, arising due to the
ultrashort correlation length, £/a = 1. (b) Momentum depend-
ence of the corresponding paramagnon linewidths, ym(é) /2, and
(c) of the paramagnon spectral weights, A(é), normalized to the
é-averaged magnetic weight. The black dashed line in (c) is the
result for the square-lattice Heisenberg AFM scaled by an
arbitrary constant. (d) é—averaged magnetic weight normalized
by the total spectral weight and shown as a function of the SrlrO;
layer thickness, m. (e) Paramagnon linewidth, y,, (é) /2, averaged

over Q and shown as a function of m.

in each of our samples. First, the dispersion [Fig. 3(a)] is
very similar in all four cases. It has a generic form familiar
from that of magnons arising from nearest-neighbor AFM
interactions with a maximum around 200 meV along the
zone boundary (black dashed line), except with a huge gap,
A, of over 130 meV at the zone center and a giant damping
that is a large fraction of the band energy [Fig. 3(b)].
Second, this dispersion is similar to that reported for the
m = 1 and 2 heterostructures [43,44], which are thought to
be strongly confined and insulating systems. Because the
confinement-driven MIT occurs at 2 < m < 3 [Fig. 1(b)], it
is very surprising to find that our samples all exhibit near-
identical RIXS spectra despite being paramagnetic semi-
metals. In particular, the bulk-type transport and magnetic
properties of m = 10 samples [22,23] attest that these are
well in the semimetallic phase. Thus we deduce that this
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gapped and strongly damped AFM pseudospin wave is not
related to confinement effects in a near-ordered insulator,
but is rather an intrinsic property of the bulk semimetal.

We interpret the situation as follows. Although the modes
of the m = 1 and 2 heterostructures have been associated
with the spin waves of bulk Sr,IrO, and Sr3Ir,O; [43], the
damping is much larger at all momenta and the large gap in all
the heterostructures, metallic or insulating, well exceeds the
values obtained in either material. In fact the two are quite
different, with Sr,IrO,4 behaving as a true MI and square-
lattice Heisenberg AFM, showing a large charge gap and
minimal spin gap [53,54], whereas Sr3Ir,O; has an interlayer
spin gap [36] and a charge gap [55] of the same order as the
magnetic energy scale [38,39], which is a characteristic of
the Mott-Slater regime [9,10]. The giant paramagnon line-
width observed in both insulating [43] and metallic hetero-
structures [Fig. 3(b)], ym & @p,, is a hallmark of near-unitary
scattering, which limits the lifetime ¢ = 1/y,,, and hence the
spin correlation length (¢ = a), to the nearest-neighbor (n.n.)
level, while the opening of the huge gap, A =~ J(a/&), in
Fig. 3(a) is a finite-size effect stemming from the corre-
spondingly tiny correlated magnetic regions.

To_characterize this strong scattering, we first note that
the Q dependence of the peak intensity is also nearly
identical for all four samples [Fig. 3(c)], with its maximum
at 0 = (1,1) and minimum at O = (0, 0) again character-
istic of a square-lattice Heisenberg AFM [56]. Next we
observe that the dispersions in Fig. 3(a) show only minor
bandwidth changes, falling from around 80 meV in the bulk
limit (m = 10) to 60 meV in our more confined samples.
The slight increase in the zone-boundary energy as the
electronic system is deconfined suggests the role of
interactions with the charge carriers.

Before pursuing this, we finish our discussion of the
paramagnon linewidth shown in Fig. 3(b). This varies by a
factor of 2 from the zone center to the zone edge, but its O
average changes remarkably little with the degree of
confinement across the heterostructure series, as we show
in Fig. 3(e). While hybridization with the TiO, layers and
effective doping of the interfacial IrO, layers cannot be
excluded as factors contributing to the strong damping, at
minimum our m = 10 sample has rather few interfacial
layers and thus one expects that the right-hand side of
Fig. 3(e) provides a good estimate of the intrinsic damping
in bulk SrIrO;. As a further probe of possible interfacial
effects, in Fig. 3(d) we show the average magnetic intensity
normalized to the total spectral intensity, and again find no
meaningful change. This result constitutes one of our most
important indicators that all the features we observe are
intrinsic to the SrlrO; system, as distinct modes of the
interfacial IrO, layers would be expected to scale as 1/m.

Turning now to the orbital excitation, we apply the
same DHO analysis to extract the energy and linewidth.
Figure 4(a) shows that this excitation forms a broad
and dispersive mode with a bandwidth of 100 meV,

3u.c
4 u.c.
7 u.c.
10 u.c.
= Sr,IrO4

720

W,y (MeV)

@y o | @oy,
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FIG. 4. Spin-orbital exciton. (a) Momentum dependence of the
SOE excitation energy, w,(Q), extracted from the DHO fit for all
four samples. The purple line shows the SOE dispersion in
Sr,IrO,, taken from the data of Ref. [36] as described in Sec. S3
of Supplemental Material [25]. (b) Momentum dependence of the
corresponding linewidth, yo(é) /2. (c) yo(é) /2 averaged over 0
and shown as a function of m.

conventionally described as a “spin-orbit exciton” (SOE)
[36,47,57-59]. In Fig. 4(a) it is difficult to discern much
change in its dispersion caused by the confinement. As one
might anticipate from Fig. 2, the linewidth of the SOE is
very high, and Fig. 4(b) shows that, like the damping of the
paramagnon [Fig. 3(b)] it also varies by 80-120 meV as a
function of Q. In this case we note a systematic trend
towards a larger linewidth as the confinement is removed,
quantified in Fig. 4(c), which contrasts with the behavior of
the paramagnon and presumably reflects the progressive
delocalization of electrons contributing to the relevant
scattering processes.

Returning to Fig. 4(a), the dispersion of the SOE is
completely different from that of Sr,IrO, [36,47], whose
form is characteristic of a magnetic insulator. Instead, the

upward dispersion around Q = (0,0) follows the form
found in the paramagnetic metal Sr,RhO, [58] and the

doubled é—space periodicity relative to Sr,IrO, [purple line
in Fig. 4(a)] shows no evidence of AFM character. From
this result we conclude that, despite the short-range-
correlated magnetic background in SrlrO; systems, the
propagation of the SOE is dominated by metallic hopping
processes of the conduction electrons.

The origin of such strongly contrasting SOE behavior is
that the physics of the AFM insulator is governed by the
narrow, filled lower Hubbard-type band formed from the
J = 1/2 electronic states, whereas in a metallic system it is
controlled by charge hopping in the J = 3/2 band [58].
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The surprise in our results is that a paramagnon so similar
to the AFM insulator coexists with a manifestly metallic
SOE. A clue to this coexistence is provided by the behavior
of both hole- [40] and electron-doped [60] Sr,IrO,, where
the paramagnon and the constraining effect of the magnetic
background on the mobile holes persists out to dopings in
excess of 10%. Thus the paramagnon can retain its
definition also when “self-doping” of the upper J = 1/2
band occurs as the J = 3/2 band becomes broad enough to
make the system metallic. The finite concentration of
carriers causing the bad-metal transport characteristics,
whose correlation-controlled charge fluctuations cause
the giant linewidths, also decouples the behavior of the
SOE from the physics of the narrow J = 1/2 band. The fact
that the SOEs of both heterostructured and bulk SrlrO,
systems can be so different from Sr,IrO4, while the
magnetic dispersion has so many similarities, underlines
the complex interplay of structure and correlations in this
class of materials [61].

A further important argument that the giant paramagnon
damping is an intrinsic property of SrlrO5 can be found in
the extensive reports of non-Fermi-liquid and quantum
critical behavior in this material [2,13,62]. SrIrO5 hetero-
structures exhibit the fingerprints of both Mott physics, in
the form of the bad-metal (or strange-metal) resistivities
[22], and Slater physics, in the form of the strong AFM spin
fluctuations we observe despite the charge being delocal-
ized. Indeed the emerging theoretical consensus [9,10]
places SrIrO; in the Mott-Slater regime of intermediate
correlations. Our observation of near-critically damped
magnetic and orbital fluctuations (y; =% @;) indicates that
their mean free path is of order one lattice constant
({/a =~ 1), which stands to reason if the Mott-Slater charge
fluctuations drive the system towards the Mott-loffe-Regel
limit. This very-bad-metal behavior of the quasiparticle
scattering in SrlrO5 has also been shown [13] to approach
the Planckian limit [63] at finite temperatures.

Finally, the most important issue when drawing our
conclusions from heterostructures concerns the effect of
the TiO, layers. It is known that Ti-O-Ir hybridization occurs
[22,64], that the AFM ground state at m = 1 changes with
the SrTiO; thickness (I > 1) [65], and that the m =1
magnon dispersion changes slightly when using CaTiO;
[44]. The rotation and distortion of IrOg octahedra caused by
the lattice mismatch are also found to affect the interfacial
layers [7,43,66]. To judge whether the properties we observe
could be a consequence of heterostructuring, rather than
being intrinsic to SrlrO3, we have argued that they should
show a systematic dependence on the layer thickness. This
was not the case for the paramagnon broadening in Fig. 3(e)
or the SOE broadening in Fig. 4(c). More specifically, if a
mode were interfacial, its spectral weight should be propor-
tional to the interface or bulk ratio of the different samples.
As we showed in Fig. 3(d), the intensity of the paramagnon
is a rather steady 22%—24% of the total weight, even as the
nominal ratio of interfacial IrO, layers changes from 67% to

20%. To complete this argument, we probed the local
chemical environment of the interfaces by Ti L-edge
x-ray absorption spectroscopy (XAS), as we detail in
Sec. S1B of Supplemental Material [25]. This confirmed
first that finite Ti-O-Ir hybridization takes place and second
that the XAS intensities from Ti atoms in different environ-
ments do scale linearly with the nominal ratio given by the
heterostructure geometry. Hence the magnetic mode we
observe must be a property of the bulk, while the hybridi-
zation remains a minor quantitative effect.

In summary, we have performed RIXS measurements to
unveil the spectrum of elementary excitations in hetero-
structured SrlIrO;. Investigating a series of systems on the
semimetallic side of the confinement-driven MIT confirms
the presence in all spectra of two universal features that are
also shared with the AFM insulator. At low energy is a
broad and gapped pseudospin paramagnon that reveals the
simultaneous presence of strong AFM correlations and
strong quasiparticle scattering. In counterpoint is a spin-
orbit exciton at higher energy, whose dispersion and
extreme linewidth reflect only the rapid charge fluctuations
of semimetallic SrlrO;, and not the strong AFM character.
However, charge fluctuations arising from the non-Fermi-
liquid nature of the strange-metal phase in SrlrO5 cause the
magnetic fluctuations to remain ultrashort-ranged, and
hence provide additional evidence for a quasiparticle
scattering rate near the unitary limit. The remarkable
robustness of both nominally incompatible excitations,
the AFM paramagnon as confinement is removed and
the metallic spin-orbit exciton as confinement is increased,
leads us to conclude that both are generic properties of
bulk SrIrO;.
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