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In the high spin–orbit-coupled Sr2IrO4, the high sensitivity of the
ground state to the details of the local lattice structure shows a
large potential for the manipulation of the functional properties
by inducing local lattice distortions. We use epitaxial strain to mod-
ify the Ir–O bond geometry in Sr2IrO4 and perform momentum-
dependent resonant inelastic X-ray scattering (RIXS) at the metal
and at the ligand sites to unveil the response of the low-energy
elementary excitations. We observe that the pseudospin-wave dis-
persion for tensile-strained Sr2IrO4 films displays large softening
along the [h,0] direction, while along the [h,h] direction it shows
hardening. This evolution reveals a renormalization of the magnetic
interactions caused by a strain-driven cross-over from anisotropic to
isotropic interactions between the magnetic moments. Moreover,
we detect dispersive electron–hole pair excitations which shift to
lower (higher) energies upon compressive (tensile) strain, manifest-
ing a reduction (increase) in the size of the charge gap. This behavior
shows an intimate coupling between charge excitations and lattice
distortions in Sr2IrO4, originating from the modified hopping ele-
ments between the t2g orbitals. Our work highlights the central role
played by the lattice degrees of freedom in determining both the
pseudospin and charge excitations of Sr2IrO4 and provides valuable
information toward the control of the ground state of complex ox-
ides in the presence of high spin–orbit coupling.

strain engineering | spin–orbit coupling | resonant inelastic X-ray
scattering | magnetoelastic coupling | elementary excitations

In strongly correlated electron materials, the intricate entangle-
ment of different degrees of freedom gives rise to many inter-

esting phases and emerging phenomena such as metal–insulator
transitions, colossal magnetoresistance, and superconductivity, to
mention a few (1–3). The intertwined degrees of freedom, which
often compete, in certain cases cooperate to establish the ground
state. A prominent example for this is Sr2IrO4, where the large
spin–orbit coupling combined with the moderate Coulomb re-
pulsion opens a Mott-like gap in the nominally half-filled Ir 5d t2g
orbitals, leading to an unexpected insulating behavior (4, 5).
Such a ground state, consisting of a single hole effectively car-

rying a spin-orbital total angular momentum (pseudospin) j = 1/2
in a square lattice, is reminiscent of the high-Tc Cu oxides. The
related prediction of superconductivity (6) has fueled numerous
studies in recent years, which have found impressive similarities
between the two families of materials such as the presence of
pseudogap (7–10), d-wave symmetry (11, 12), electron–boson
coupling (13), and analogies in the magnetic excitations (14, 15).
Nonetheless, superconductivity is still elusive in Sr2IrO4.

Since the ground-state properties are a direct consequence of
the delicate balance between interwoven degrees of freedom,
understanding this intricacy and finding appropriate tuning knobs
promises novel functionalities. In this regard, a peculiar charac-
teristic of Sr2IrO4 is the unprecedented dependence of the physical
properties on the local lattice structure in the ground state (16–18).
Indeed, due to the entanglement of spin and orbital degrees of
freedom, the local structural details play a central role in stabilizing
the canted antiferromagnetic (AF) ground state (19, 20).
Sr2IrO4 adopts the perovskite structure shown in Fig. 1A.

Upon doping or temperature, the local Ir–O bond lengths change
only marginally (21), while the Ir–O–Ir bond angle responds clearly
(17, 22). In addition, large changes in the bond angle have been
observed upon applying electrical currents (23). In all these cases, a
dramatic evolution of the ground-state properties accompanies the

Significance

Understanding the relationship between entangled degrees of
freedom (DOF) is a central problem in correlated materials and
the possibility to influence their balance is promising toward
realizing novel functionalities. In Sr2IrO4, the interaction be-
tween spin–orbit coupling and electron correlations induces an
exotic ground state with magnetotransport properties prom-
ising for antiferromagnetic spintronics applications. Moreover,
the coupling between orbital and spin DOF renders the mag-
netic structure sensitive to the Ir–O bond environment. To date,
a detailed understanding of the microscopic spin-lattice and
electron–phonon interactions is still lacking. Here, we use
strain engineering to perturb the local lattice environment and,
by tracking the response of the low-energy elementary exci-
tations, we unveil the response of the microscopic spin and
charge interactions.

Author contributions: M.R. and T.S. designed research; E. Paris, Y.T., E.M.P., W.Z., M.H.U.,
A.E., K.R., D.E.M., L.M., M.N., M.C., V.N.S., Z.W., D.C., C.W.S., E. Pomjakushina, K.W., M.R.,
and T.S. performed research; E. Paris and T.S. analyzed data; and E. Paris, E.M.P., K.W.,
and T.S. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).
1To whom correspondence may be addressed. Email: eugenio.paris@psi.ch or thorsten.
schmitt@psi.ch.

2Y.T. and E.M.P. contributed equally to this work.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2012043117/-/DCSupplemental.

First published September 21, 2020.

24764–24770 | PNAS | October 6, 2020 | vol. 117 | no. 40 www.pnas.org/cgi/doi/10.1073/pnas.2012043117

D
ow

nl
oa

de
d 

at
 L

ib
4R

I -
 E

aw
ag

, E
m

pa
, P

S
I, 

W
S

L 
on

 F
eb

ru
ar

y 
1,

 2
02

2 

https://orcid.org/0000-0002-3418-8828
https://orcid.org/0000-0003-0853-8182
https://orcid.org/0000-0003-3278-4076
https://orcid.org/0000-0001-7644-4300
https://orcid.org/0000-0002-4292-8574
https://orcid.org/0000-0002-6524-8264
https://orcid.org/0000-0003-4042-9648
https://orcid.org/0000-0002-5737-1094
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2012043117&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:eugenio.paris@psi.ch
mailto:thorsten.schmitt@psi.ch
mailto:thorsten.schmitt@psi.ch
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2012043117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2012043117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2012043117


change in the lattice structure. Such findings leave open the
question on the role of the lattice, separated from other contri-
butions such as band filling or disorder, urging for an approach
involving direct manipulation of the bond geometry. Efforts in this
direction provided promising results in view of controlling the
ground-state properties. For instance, the application of hydro-
static pressure quenches the local magnetic moment of Sr2IrO4
(24) and induces a magnetic cross-over, characterized by the
renormalization of the exchange couplings (25). Besides external
pressure, epitaxial strain––achieved by growing thin films of Sr2IrO4
on substrates with mismatching in-plane lattice parameter––allows
exerting very high biaxial pressure along the Ir–O bond network in
the basal plane (26, 27), as shown schematically in Fig. 1C. Epitaxial
strain can also affect the Ir–O–Ir bond angle, on which the hierarchy
between isotropic and anisotropic pseudospin interactions is
expected to depend (16). In previous reports, a decrease in the zone-
boundary magnon (28) and bimagnon (29) energy was found upon
tensile strain, accompanied by an increased Néel temperature (28).
Moreover, theoretical proposals suggest the Mott gap to shrink
upon compressive strain, driving the system toward an insulator-
to-metal transition (30).
Due to its giant anisotropic magnetoresistance, Sr2IrO4 is a

promising material in the novel field of AF spintronics (31–33).

For such applications, it is pivotal to be able to control the
magnetic interactions via strain in few-nanometer thin films in
the prospect of integrating such material layers into actual de-
vices. In this regard, it is important to obtain information on the
evolution of microscopic electronic quantities and the related
low-energy elementary excitations in response to the lattice
tuning. Such information is also highly valuable toward a better
understanding of the magnetoelastic coupling (16, 18, 23, 34, 35)
and electron–phonon coupling (13, 36, 37) in Sr2IrO4.
In this work, we investigate the strain effects on the spin-

orbital and charge excitations of Sr2IrO4 using a combination
of O K-edge and Ir L3-edge resonant inelastic X-ray scattering
(RIXS). We find the local bond geometry to control the nature
of the pseudospin exchange, effectively modulating the degree of
anisotropy of the magnetic interactions. The modification of the
magnetic dispersion is accompanied by a continuous evolution of
the low-energy electronic structure, revealed by a large change in
the electron–hole pair excitations. In particular, the strain-
induced enhancement of the electron hopping strength causes
a renormalization in the size of the Mott gap.

Results and Discussion
In recent years, intense efforts have been made to exploit the
electron–lattice coupling to induce new functionality in Sr2IrO4.
An important missing piece of knowledge in this regard is the
study of the collective elementary excitations upon tuning the
lattice parameters, which can only be probed using advanced
spectroscopies such as RIXS. So far, Ir L3-edge RIXS has been
extensively employed to study iridium oxide materials in the bulk
form (14, 15, 38–47). It was recently reported that, due to the
large metal–ligand hybridization combined with high spin–orbit
coupling at the metal ion, information on the elementary exci-
tations can be extracted using an indirect RIXS process at the O
K edge (48). One of the advantages of this approach is the lower
penetration depth of soft X-rays, providing high sensitivity to
ultrathin samples such as films.
Fig. 2 C and D display the Ir L3-edge and O K-edge RIXS

spectra, respectively, both measured at the in-plane momentum
transfer Q = (1/4, 0) reciprocal lattice units (r.l.u.) on a Sr2IrO4
thin film with e = −0.5% compressive strain. In the O K-edge
RIXS experiment, we tune the incoming photon energy to a
particular absorption peak, allowing isolation of the contribution
to the RIXS signal from the planar oxygen 2px/2py orbitals, hy-
bridized with the Ir 5d orbitals (SI Appendix, Fig. S3B). In the Ir
L3-edge RIXS experiment, instead, the incoming photon energy
is tuned to the L3 X-ray absorption resonance, corresponding to
the Ir 2p3/2-5d transition and being directly sensitive to the ele-
mentary excitations involving the Ir d shell. Both the Ir L3 and O
K-edge RIXS spectra show single j = 1/2 pseudospin-flip exci-
tations centered around 150-meV energy loss (labeled “M” in
Fig. 2). The high sensitivity to spin excitations is due to the
presence of strong spin–orbit coupling in the intermediate state
in the former case (49) and sizable spin–orbit coupling in the
valence band in the latter (48). The magnetic excitations are
more intense in the L3-edge spectrum while broader and less
defined in the O K-edge spectrum due to the presence of a large
bi (multi)-magnon tail. Both spectra show an intense structure
from 0.5 to 1-eV energy loss due to orbital excitations between
j = 3/2 and j = 1/2 manifolds (14, 42). On the other hand, the
main qualitative difference between the Ir L3-edge and O K-edge
RIXS spectrum is the higher sensitivity of the latter to an exci-
tation located at ∼400-meV energy loss (labeled “A” in Fig. 2).
As we will discuss later, this excitation is sensitive to the carrier
dynamics through electron–hole pair excitations.
Before discussing the evolution of the elementary excitations

probed by RIXS, we briefly discuss the possible effects of epi-
taxial strain on the local structure of Sr2IrO4. The x-ray dif-
fraction scans in Fig. 1B show a continuous change in the unit
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Fig. 1. Strain engineering of Sr2IrO4. (A) Crystal structure of the single-layer
perovskite Sr2IrO4. The polyhedra represent the IrO6 octahedron while the
gray spheres represent the Sr ions. (B) X-ray θ-2θ diffraction scans across the
(004) reflection of the Sr2IrO4 films grown on GSO (110), STO (100), LSAT
(100), and NGO (110), showing the change in the unit cell induced by epi-
taxial strain. The pseudocubic (001) reflection of the substrate is also shown
(on a different scale) for comparison. The data are presented on a loga-
rithmic scale. (C) Pictorial view of the evolution of the local Ir–O bond in the
a,b plane (cut along the plane shown in A) upon epitaxial strain, assuming
that both the Ir–O bond length and Ir–O–Ir bond angle are evolving (not in
scale). The box depicts the relative expansion/compression of the
pseudocubic unit cell.
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cell caused by the strain. In perovskite oxide materials, the epi-
taxial strain is expected to induce rotations of the metal-oxide
octahedra (Fig. 1C). Namely, tensile (compressive) strain tends
to increase (decrease) the Ir–O–Ir bond angle (26, 27). However,
to what extent this rotation would be “rigid” in Sr2IrO4 is not
clear, as a concomitant modulation of the Ir–O bond length is
likely at play (28, 30, 50).
In the following, we will first address the effect of strain on the

isospin excitations and then discuss the evolution of the low-
energy band structure by analyzing the electron–hole pair exci-
tations. The orbital excitations are also modified by strain; a brief
discussion on this aspect can be found in SI Appendix.

Tuning the Magnetic Interactions. The momentum dependence of
the Ir L3-edge RIXS spectrum for a Sr2IrO4 thin film with
e = −0.5% compressive strain is presented in Fig. 3A. In this
sample, as well as in all others investigated in this study, the
collective magnetic excitation disperses away from the AF zone
center and reaches the band top at the AF zone boundaries, in
good agreement with reports on single crystals of Sr2IrO4 (14, 38,
40, 46). In Fig. 3 B and C, we present the evolution of the
magnetic excitation as a function of strain at the zone boundaries
(1/2, 0) and (1/4, 1/4), respectively. The magnetic excitation shifts
to lower energies upon tensile strain at Q = (1/2, 0), while an
opposite behavior is observed at Q = (1/4, 1/4), where the
magnetic mode hardens. An anisotropic response of the mag-
netic excitations is reminiscent of electron doping, affecting
mainly the [h,h] direction in La-doped Sr2IrO4 (38, 40, 46) and
Sr3Ir2O7 (45, 47). It is worth noting that the present anisotropic
evolution is dissimilar to the case of a Mott insulator such as
La2CuO4, in which epitaxial strain affects the magnetic dispersion
in a similar way along the nodal and antinodal directions (51). As
summarized in Fig. 3D, upon expanding the lattice structure to e =
1.5%, the magnetic modes along the [h,0] and [h,h] directions of

the AF zone tend to reach a similar energy scale. In order to fully
probe the reciprocal lattice, we combine RIXS measurements at
the O K- and Ir L3 edge to uncover the full dispersion of the
magnetic excitations. For each sample, we performed at least one
measurement at both O K- and Ir L3 edge at a given Q vector, to
ensure the compatibility between the dispersion obtained from the
two datasets. The different components in the RIXS spectra are
fitted using multiple peak functions. A typical fit obtained for O
K-edge and Ir L3 edge at the same exchanged wave vector on a
Sr2IrO4/LSAT film (e = −0.5%) is presented in Fig. 4E. The
magnetic dispersion, obtained for different strain levels, is pre-
sented in Fig. 4 A–D. When the strain level is small (e = ± 0.5%),
the spin-wave dispersion resembles the one observed in the single
crystal (14, 40), reaching a band top of ∼200 meV at Q = (1/2, 0)
and ∼100 meV at Q = (1/4, 1/4). For higher compressive strain
(e = −0.7%) the dispersion shows a reduced curvature along the
[h,0] direction and tends to reach higher energy at the zone
boundary. Upon large tensile strain (e = +1.5%) the dispersion
presents an increased curvature and a large softening at Q = (1/2,
0), with a band top of ∼160 meV. The softening is accompanied by
a hardening at Q = (1/4, 1/4), where the magnetic mode reaches
∼130 meV.
In order to capture the evolution of the exchange couplings

upon strain, we fit the spin-wave dispersion using the anisotropic
Heisenberg model with longer-range spin interactions, which was
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Fig. 2. Ir L3- and O K-edge RIXS experiments. (A and B) Sketch of the ex-
perimental geometry for the RIXS experiment. The scattering angle θS is set
to 130° for the O K-edge measurements and 90° for the Ir L3-edge mea-
surements. (C) Ir L3-edge RIXS spectrum on a thin film of Sr2IrO4 grown on
LSAT (100) with a e = −0.5% compressive strain, measured near Q = (0.25, 0).
(D) O K-edge RIXS spectrum on the same sample, taken at π-polarization and
Q ∼ (0.25, 0). The pseudospin-flip mode is labeled “M” while the electron-
hole pairs excitations are labeled “A.” The intense spin–orbit exciton struc-
ture (j = 3/2 to j = 1/2 excitation) is also indicated. (Insets) A pictorial view of
the electron–hole (peak A) and pseudospin-flip (peak M) excitations.
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Fig. 3. Strain and momentum-dependent Ir L3-edge RIXS. (A) Ir L3-edge
RIXS spectra recorded on a thin film of Sr2IrO4 grown on LSAT(100), with
e = −0.5% compressive strain for different exchanged momenta (as labeled).
(Inset) The reciprocal unit cell and the AF magnetic zone (gray area). (B and
C) Low-energy region of the Ir L3-edge RIXS spectra at Q = (1/2, 0) and Q = (1/
4, 1/4). Data from films grown on different substrates are shown with a
vertical offset. The data for e = +0.5% are multiplied by a constant for better
visualization (see label). The vertical dashed line is a guide to the eye. (D)
Energy of the collective magnetic excitation at the (1/2, 0) and (1/4, 1/4) zone
boundaries as a function of strain.
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recently used to model the magnetic excitations in a bulk Sr2IrO4
crystal (38, 52) (SI Appendix, Eq. S3). The best fit, obtained for
different strain levels, is shown as a solid black line in Fig. 4 A–D
and the obtained exchange couplings are reported in Table 1. By
increasing the tensile strain, the first- (J1), second- (J2), and
third-nearest-neighbor (J3) exchange-coupling parameters clearly
evolve. The relatively large decrease of the longer-range spin ex-
changes (J2 and J3) upon increase of the tensile strain is consistent
with an associated decrease of the hopping parameters, as pointed
out in recent Raman investigations (29). On the other hand, the
nearest-neighbor spin exchange J1 experiences relatively small but
nonmonotonic changes with the increase of the tensile strain. Fig.
4F shows the dependence on strain of the ratio of the second- and
third-neighbor exchange interactions with respect to the first
(nearest) neighbor exchange (|J2|+J3)/J1. When e = −0.7%, the
longer-range spin interactions reach up to 50% of the nearest-
neighbor exchange. By applying tensile strain, this ratio decreases
linearly and, when e =+1.5%, the spin interactions evolve toward a
nearest-neighbor Heisenberg-like behavior, with longer-range cor-
relations accounting only for ∼15% of J1. In this regard, tensile
strain makes the isospin-wave dispersion similar to the spin-wave
dispersion observed in cuprates. For comparison, in correlated
cuprate insulators such as La2CuO4, the importance of longer-range
terms is ∼10% (53).
It has been proposed that a Mott insulator, with strong on-site

spin–orbit coupling and metal–oxygen–metal bond close to 180°,
can be described with a magnetic Hamiltonian composed of
Heisenberg-like interactions with a dominant nearest-neighbor
exchange (J1). Such a model contains only small anisotropic cor-
rections, and the magnetic dispersion is expected to be similar
along the [h,0] and [h,h] directions of the reciprocal lattice. In
Sr2IrO4 however, the presence of octahedral rotations enhances
the importance of Dzyaloshinskii–Moriya and other anisotropic
interactions (16). The resulting magnetic dispersion of Sr2IrO4
shows a different behavior along the [h,0] and [h,h] directions,
requiring inclusion of sizable second- and third-nearest-neighbor
exchange interactions (J2 and J3) in the model calculations.
Moreover, in most 3d Mott insulators, the AF order arises among

localized S = 1/2 spins, naturally allowing mapping the spin in-
teractions into a Heisenberg model with local interactions. In
Sr2IrO4 on the other hand, the delocalized nature of the 5d or-
bitals suggests describing the ground state in an intermediate
Mott–Slater regime, i.e., to assume a moderate value of the
Coulomb repulsion (as compared to the kinetic energy of the
electrons) (54). Importantly, the values of J2 and J3 obtained ex-
perimentally for bulk single crystals of Sr2IrO4 are as large as 33%
and 25% of J1 in magnitude, respectively. The nonlocal interac-
tions are thus implicitly included in the phenomenological model
through the large higher-order exchange terms. Crucially, the J1-
J2-J3 Heisenberg model with longer-range spin interactions
employed here describes remarkably well the observed experi-
mental pseudospin-wave dispersion (14, 38, 40) which justifies its
choice in this work.

Tuning the Low-Energy Electronic Structure. In the following, we
address the nature of peak A in the O K-edge RIXS spectrum.
Through this mode, we can track the evolution of the low-energy
electronic structure of Sr2IrO4 upon misfit strain. Fig. 5A shows
the O K-edge RIXS spectra of a thin film of Sr2IrO4 with
e = −0.5%, measured by varying the exchanged momentum in
the reciprocal space. Peak A appears as a dispersive mode with a
minimum located at the zone center. This excitation has been
observed in various iridate compounds (40, 42, 55) but its nature
is not well understood. The energy scale (300–400 meV) is of the
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Fig. 4. Tuning of the spin-wave mode by epitaxial strain. (A–D) Dispersion of the collective magnetic excitations in Sr2IrO4 as a function of the epitaxial strain.
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dependence of the ratio between the magnitude of the higher-order exchange interactions (|J2|+J3) and the first-nearest-neighbor exchange interaction (J1).
(Insets) A pictorial view of the evolution of the Ir–O–Ir bond upon strain.

Table 1. Values of the exchange parameters obtained from the
least-square fit of the experimental spin-wave dispersion in
strained Sr2IrO4 films

Substrate (e) J1, meV J2, meV J3, meV

NGO (−0.7%) 65.0 (±8.0) −17 (±4.5) 15 (±2.0)
LSAT (−0.5%) 72.2 (±7.0) −17 (±3.9) 16 (±1.6)
STO (+0.5%) 73.2 (±5.4) −12 (±2.9) 11 (±1.7)
GSO (+1.5%) 68.3 (±3.6) −5.6 (±1.9) 4.6 (±1.1)

For the model fit function, see SI Appendix, Eq. S3.
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order of magnitude of the on-site Coulomb interaction and
similar to the optical gap energy (26, 36, 56), suggesting that this
excitation is related to the formation of electron–hole pairs.
Indeed, this excitation is reported to be in the same energy range
also in Na2IrO3 (55), having a band gap similar to Sr2IrO4 and
absent (in this energy range) in Sr3Ir2O7 having a smaller charge
gap (48). Theoretical work suggested it results from the inter-
action between optical electron–hole excitations and the spin–orbit
exciton modes (57). Moreover, previous RIXS reports ascribed it
to an additional branch of the spin–orbit exciton (40), possibly
involving a Jahn–Teller-like distortion in the t2g orbitals (58).
To clarify the origin of this excitation, we compute the RIXS

intensity for an electron–hole interband transition by evaluating
the momentum-resolved joint density of states N (⍵,Q), using the
following equation (59):

N(ω,Q) = ∑
v

∫
V
dk∫

V ′
dk′δ(Zω − ev(k) − ec(k′))δ(k − k′ − Q)  , [1]

where ev and ec represent the valence (occupied) and conduction
(unoccupied) bands involved in the electron–hole pair forma-
tion. In our notation, ⍵ is the energy lost by the photon in the
RIXS process and Q is the exchanged momentum. Since this
calculation requires the knowledge of ev(k) and ec(k) across the
whole reciprocal space, we calculate the dispersions of the elec-
tron removal and addition states using single-particle Green
functions, accounting for electron–electron correlations in a non-
perturbative way, as was recently used to describe photoemission

and inverse photoemission spectral functions, respectively (60)
(see SI Appendix for details). Finally, we account for the exper-
imental resolution adding a finite Gaussian broadening to the
obtained spectrum. The resulting momentum and energy-dependent
spectral function for the low-energy electron–hole pair excitations
(EHP) in Sr2IrO4 is presented in Fig. 5B. In our calculation, when
the energy loss equals the indirect charge gap at ∼250 meV (7), we
observe a continuum in the N (⍵,Q) due to the onset of electron–
hole transitions. On top of such a broad structure, we identify a
dispersive mode featuring a U-shaped dispersion, with a bottom
located at Q = (0,0). Our calculation captures well the overall be-
havior of peak A, allowing us to assign it to an interband EHP. The
value of the energy minimum at the zone center provides informa-
tion on the optical gap, for which experimental reports range from
∼300 meV (26, 36) to 550 meV (56). It is worth noting that the
onset of the EHP overlaps with the many-body magnetic excitations,
located between 200 and 300 meV, indicating a possible interaction
between charge and isospin degrees of freedom.
To address the effect of strain on the electronic structure of

Sr2IrO4, we collect momentum-dependent O K-edge RIXS on
our series of strained thin films. Fig. 5C shows the strain de-
pendence of peak A, measured near Q = (0,0). As one can see,
the strain directly affects the energy of this mode, suggesting the
underlying modification of the low-energy electronic structure.
In particular, peak A hardens in energy upon tensile strain. We
analyzed the dependence of the excitation energy on strain and
momentum by a detailed peak fitting (see, for example, Fig. 4E).
The momentum dispersion of peak A upon various strain values

A B C D

E

Fig. 5. Electron-hole pair (EHP) excitations from O K-edge RIXS. (A) Momentum dependence of the O K-edge RIXS spectrum of a thin film of Sr2IrO4 under
e = −0.5% compressive strain, taken at 20 K with π-polarized light. (Inset) Representation of the path followed in the reciprocal space (white arrow). The gray
square represents the magnetic zone of Sr2IrO4 while the blue sphere shows the maximum probing volume accessible at the O K edge. The red dashed line
marks the position of peak A. (B) Colormap representing the theoretical RIXS intensity for the EHP excitation as a function of the exchanged energy and
momentum, calculated as discussed in the main text. (C) The EHP excitation from O K-edge RIXS for different strain levels, taken at Q ∼ (0.04,0) r.l.u. (D)
Calculated O K-edge RIXS intensity for an EHP excitation at Q = (0.04,0) as a function of strain (see main text for details). The vertical dashed line is a guide to
the eye, marking the position of peak A for the highest compressive strain. (E) Energy dispersion of the EHP excitations (peak A) obtained by fitting the O
K-edge RIXS spectra. Different panels represent different strain levels.
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is shown in Fig. 5E. Regardless of the strain level, this excitation
shows a gap at the zone center and disperses, rather symmetri-
cally, along the [h,0] and [h,h] directions. The strain appears to
modulate the electron–hole bandwidth, and a large increase in
the size of the gap at Q = (0,0) is observed upon tensile strain.
We note that the hardening of peak A resembles the evolution of
the “α-peak” observed in optical spectroscopy that was associated
with a reduction of the U/t ratio (26, 61). In particular, Nichols
et al. (26) found the optical gap to increase (decrease) upon
tensile (compressive) strain. The present findings are in agreement
with this scenario and suggest that the material is evolving toward
a metallic state upon compressive strain. We observe that going
from a compressive strain of −0.7% to a tensile strain of +1.5%
we detect a change in the direct charge gap of about ∼60 meV.
For comparison, upon hydrostatic pressure as large as 30 GPa, the
change in the insulating gap inferred from transport measure-
ments was ∼30 meV (24). This finding shows the effectiveness of
epitaxial strain in tuning the electronic structure by distorting the
local Ir-O environment. Nonetheless, the gap remains sizable as a
function of strain, allowing us to employ the same approach, based
on the localized limit, to describe the charge and spin excitations.
In order to understand the evolution of the EHP excitations

microscopically, we compute the joint density of states N (⍵,Q)
for different strain levels using Eq. (1). To account for the strain
effects, we firstly assume an exponential scaling of the orbital-
dependent hopping parameters as a function of the in-plane
lattice constant, as in ref. 62. Secondly, we adapt the exchange-
coupling parameters to those obtained from fitting the experi-
mental magnetic dispersion for various strain levels, as shown in
Fig. 4 A–D (details in SI Appendix). The result of this calculation
is shown in Fig. 5D at the same momentum transfer vector Q as
the data in Fig. 5C. The model captures well the evolution of the
excitation gap upon strain, i.e., the charge gap increases with
increasing e. In this material, the size of the Mott gap depends
not only on the on-site Coulomb repulsion U, but also on the
binding energies of the so-called magnetic polarons, which are
composed of charge carriers coupled to the magnetic J = 1/2
excitations (SI Appendix). Since U is a local interaction, we as-
sume that this would change only negligibly in the considered
range of strain. Therefore, we ascribe the observed increase of the
charge gap upon tensile strain to a decrease in the binding energy
of magnetic polarons in both valence and conduction bands. Such
binding energy depends on the ratios of the spin-exchange pa-
rameters J with respect to the hopping parameters t (63). In
particular, the exchange parameters J2 and J3 are responsible for
the free hopping of the magnetic polaron and contribute mostly to
its bandwidth. Upon tensile strain, J2 and J3 decrease quicker than
the coupling of the holes and electrons to the magnetic back-
ground (∼t) (63), causing the decrease of polaron binding energies
resulting in the effective tuning of the charge gap.
As discussed earlier, a reduction of the lattice parameter

corresponds locally to a reduction of the Ir–O bond length and/
or an enhanced rotation of the IrO6 octahedra. While a rise in
the hopping parameters follows naturally a decrease in the Ir–O
bond length, such a development is not obvious for an increase in
the octahedral rotation. Indeed, it apparently contradicts the
existing paradigm in transition-metal oxides, that the closer the
metal–oxygen–metal angle is to 180°, the more effective is the
hopping mechanism. However, such a picture assumes that the
spin–orbit coupling is small enough to separate the single-particle
wave functions into their spin and orbital sectors. In 5d oxides,
such separation is no longer valid and the evolution of the hopping
integrals as a function of the bond angle becomes more compli-
cated. In this regard, recent work pointed toward a net increase in
the overall hopping integral t between the Jeff = 1/2 electrons upon
compressive strain (29).
Finally, it is worth noticing that in this material the low-energy

electronic structure is largely temperature-dependent (36). Since

our results are obtained at a fixed temperature of 20 K, exploring the
effect of strain in the elementary excitations as a function of temper-
ature would represent an interesting outlook for future experiments.

Conclusions
We have used RIXS to resolve the effect of the epitaxial strain
on the elementary excitations of Sr2IrO4. In particular, we have
identified EHP excitations, mapped their momentum depen-
dence, and found that the epitaxial strain alters the energy scale
of such excitations, indicating a substantial increase in the size of
the Mott gap upon tensile strain. With the aid of state-of-the-art
model calculations, we show that such an evolution of the Mott
gap follows the ratio of the spin exchange with respect to the
hopping integral, which is responsible for the coupling between
electrons (and holes) to the spin excitations in the AF back-
ground. In particular, under tensile strain, the collective mag-
netic excitations undergo a large softening at the magnetic zone
boundary Q = (1/2, 0), accompanied by hardening at Q = (1/4, 1/
4). This behavior entails an evolution from long-range aniso-
tropic toward nearest-neighbor Heisenberg-like pseudospin in-
teractions upon tensile strain. We suggest that the change in the
Ir–O–Ir bond angle, induced by the strain, is responsible for the
change in the degree of anisotropy in the magnetic interactions.
However, the observed cross-over from short-range to long-
range interactions may also originate in a transition from Mott-
like to Slater-like physics. Altogether, this suggests that the lo-
calized limit might be more appropriate to describe the system in
the tensile-strain case, where the effective magnetic interactions
are more akin to the “high-Tc” copper oxides. Conversely, the
importance of nonlocal interactions seems to increase upon
compressive strain. Indeed, such a scenario is also corroborated by
the changes in the size of the charge gap, being larger upon tensile
strain. In summary, our study provides a microscopic view of the
electron- and pseudospin–lattice interaction in Sr2IrO4 and dem-
onstrates that epitaxial strain, combined with other tuning knobs
such as doping or interface engineering, is a promising route to-
ward inducing new functional properties in high spin–orbit-coupled
oxides.

Materials and Methods
Thin films of Sr2IrO4 were grown on GdScO3(110) (GSO), SrTiO3(100) (STO),
(LaAlO3)0.3(Sr2AlTaO6) 0.7(100) (LSAT), and NdGaO3(110) (NGO) by pulsed
laser deposition to achieve an in-plane strain e = +1.5%, +0.5% and −0.5%
and −0.7%, respectively. In our convention, e = 100*(a-a0)/a0 where a and a0
are the strained and bulk pseudocubic in-plane lattice parameters. The ep-
itaxial strain levels are experimentally determined using X-ray diffraction.
The X-ray absorption and RIXS measurements at the O K edge (∼530 eV)
were carried out at the ADRESS beamline of the Swiss Light Source, Paul
Scherrer Institut (64). The Ir L3-edge (∼11.214-KeV) RIXS measurements were
performed at the ID20 beamline of the European Synchrotron Radiation
Facility (ESRF) (65) and at the 27 ID-B beamline of the Advanced Photon
Source (APS) (66). The sample temperature was kept at 20 K during all
measurements. The magnetic dispersion, measured with RIXS, was fitted with
an anisotropic Heisenberg model with first-, second-, and third-neighbor
contributions (SI Appendix, Eq. S3) (38, 52), and the exchange parameters
for each sample were obtained employing least-square fitting. Theoretical
predictions of the intensity and dispersion of the EHP excitations measured in
O K-edge RIXS were obtained by numerically integrating the occupied and
unoccupied bands over momentum space. The dispersion of valence (con-
duction) bands was obtained using an extended multiplet t-J-like model
evaluated using Green functions in the framework of the self-consistent Born
approximation (60, 67). Details of the sample preparation, experimental con-
ditions, and calculation methods can be found in SI Appendix.

Data Availability. All study data are included in the article and SI Appendix
and can be obtained from the corresponding authors upon reasonable request.
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