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Nonlocal Coulomb correlations in pure and electron-doped Sr,;IrO4: Spectral functions,
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We address the role of nonlocal Coulomb correlations and short-range magnetic fluctuations in the high-
temperature phase of Sr,IrO, within state-of-the-art spectroscopic and first-principles theoretical methods.
Introducing an “oriented-cluster dynamical mean-field scheme”, we compute momentum-resolved spectral
functions, which we find to be in excellent agreement with angle-resolved photoemission spectra. We show that
while short-range antiferromagnetic fluctuations are crucial to accounting for the electronic properties of Sr,IrO4
even in the high-temperature paramagnetic phase, long-range magnetic order is not a necessary ingredient of the
insulating state. Upon doping, an exotic metallic state is generated, exhibiting cuprate-like pseudo-gap spectral
properties, for which we propose a surprisingly simple theoretical mechanism.
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Introduction. Sr,IrQy is isostructural to the celebrated high-
temperature superconducting copper oxides of the La,CuQO4
family, but there are even more intriguing similarities in their
low energy electronic structure, which is dominated by a single
orbital. In the case of cuprates it is a single half-filled x2-y?
orbital, subject to strong electronic Coulomb correlations, that
determines the low-energy properties, presumably including
superconductivity [1]. In the tgg system Sr,IrOy4, a complex
spin-orbit entangled compound orbital carries a single hole
[2,3]. While in the cuprates the single-orbital nature of the
low-energy electronic structure results from the single-particle
band structure, in the iridate it is the result of the joined action
of Coulomb interactions and spin-orbit interactions which
effectively suppress the degeneracy [4,5].

As in the cuprates, stoichiometric samples of SrIrO4 are
insulating as a result of Coulomb interaction effects, and at
low temperatures antiferromagnetic order sets in [6]. The
phase diagram has been explored extensively both theoretically
[4,5,7-18] and experimentally [2,3,17,19-47]. Sr;IrO4 has
a strongly temperature-dependent gap that is, however, not
affected by the onset of magnetic order. This is a fortiori
intriguing since even in the paramagnetic phase, long-range
two-dimensional antiferromagnetic fluctuations exist, which
have been found to exceed 100 lattice spacings [44]. Mag-
netic exchange interactions seem to be of correspondingly
long-range nature [48]. First-principles dynamical mean-field
theory (DMFT) calculations [4] can rationalize the insulating
nature of the compound, even in its paramagnetic phase. This
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is consistent with the experimentally found insensitivity of
spectral or transport properties on the presence or absence of
magnetic order [28,49,50]. Nevertheless the detailed analysis
of band dispersions obtained within single-site DMFT reveals
interesting discrepancies between theory and experiment (see
below). Similar considerations apply to BayIrO4 [51-53].

Following the analogy with the cuprates, one of the most
intriguing questions is the evolution of the electronic structure
upon doping. Most interestingly, however, despite all the
analogies with the cuprates, to date no superconducting phase
has been observed.

A metallic state can be realized via cationic substitution
both by hole doping, e.g., with K [36], Rh [49,54,55], or Ru
[56], and by electron doping with La [36,50,54,57,58]. For
La doping x > 0.04 the system (Sr;_.La,);IrO4 remains a
paramagnetic metal down to lowest temperatures [36]. Other
possibilities of electron doping are depositing a K surface layer
[26,34] and via oxygen depletion [59].

Angle-resolved photoemission spectroscopy (ARPES) has
been able to identify the band dispersions and Fermi surfaces in
electron- [28,29,32,34,60] and hole-doped [28,32,33] samples.
On the electron-doped side, the dominant Fermi surface (FS)
feature is a lens-shaped electron pocket centered around M of
the crystallographic Brillouin zone (BZ). A detailed analysis
of the onset of spectral weight suggests the existence of deple-
tion regions [28,29] reminiscent of the pseudo-gap behavior
observed in the cuprates [61-63].

In this paper, we establish a first-principles description of
the spectral properties of pure and electron-doped Sr,IrO4
beyond the DMFT approximation of a purely local many-
body self-energy. We demonstrate that including short-range
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FIG. 1. Spectral function of Sr,IrQO,. (a) Crystal structure of Sr,IrO,4. Green spheres stand for Sr, golden ones for Ir, and blue ones for O.
The unit cell comprises two layers in the ¢ direction, which are shifted by (1/2,0) in the a-b plane. (b) [llustration of the first BZ of the distorted
and undistorted structure of Sr,IrO4, and associated high symmetry points. Rotations of the oxygen octahedra cause a doubling of the unit cell,
which leads to a halved first BZ. (c) and (e) Measured ARPES spectra in the first and second BZs. (d) Calculated momentum-resolved spectral

function of SryIrO;,.

fluctuations is crucial to reliably assessing spectral properties,
which we find in excellent agreement with experiments. In the
electron-doped case we find an exotic metallic state, which
explains recent angle-resolved photoemission spectra. In par-
ticular, our calculations offer a surprisingly simple picture
for the putative antinodal pseudo-gap found in experiments.
It is in fact a direct consequence of strong intersite Ir-Ir
fluctuations. Our findings suggest that while the similarities
between iridates and cuprates cover various quite different
aspects, these common features may not be considered as
proxies for superconductivity.

Assessing electronic properties of SryIrOy4. The 5d transi-
tion metal oxide Sr,IrO4 crystallizes into a tetragonal crystal
structure derived from the K,NiF, structure, well known in
SrpRuOy4 or La;CuOy, by lowering the symmetry by an 11°
rotation of its IrO¢ octahedra around the ¢ axis [52,64,65].
Below 240 K, canted antiferromagnetic order sets in [6,66,67],
see Figs. 1(a) and 1(b). Here, we focus on the paramagnetic
insulating phase of Sr,IrO4 above 240 K.

DMFT-based first-principles calculations that introduce ef-
fective Hubbard interactions and assess the resulting quantum
fluctuations locally on each Ir atom could indeed identify
the insulating state of SrpIrO4 [4,5], even in the absence
of long-range magnetic order. The resulting description of
spectral properties (see Fig. 3(c) of Ref. [4], which is replotted
as Fig. 1 in the Supplemental Material [68]) is, however, not
in agreement with experiment.

Here, we introduce an extension of ab initio cluster DMFT
that extends the concept to oriented clusters as representative

entities of parts of the solid. As in DMFT, a self-consistency
condition restores the original symmetries of the lattice,
which—in the case of an oriented cluster—concerns, however,
not only the usual translational symmetries, but also the point
group of the solid.

Our starting Hamiltonian is the three-orbital Hubbard-type
Hamiltonian of Ref. [4], where a single-particle Hamiltonian
for the t,, manifold is derived from density functional theory
(DFT) calculations and augmented by Hubbard and Hund
interaction terms. However, the effect of the interactions onto
the jeir = 3/2 states is essentially a global shift that fills these
orbitals completely, leaving only the j.i = 1/2 states around
the Fermi level [4]. Therefore, we take the result for the
Jefr = 3/2 states directly from Ref. [4], and include only the
Jeff = 1/2 states within a tight-binding parametrization into
our cluster theory treatment.

The oriented cluster DMFT (OC-DMFT) treatment of this
Hamiltonian focuses onto the local Green’s function

Gioe(@) = Y Gu(k0), M
k,a

with the momentum k- and orientation «-resolved Green’s
function

a -1
Go(kw) = [0+ u—HEK) - T @] . ()
Here, X§ ., is the self-energy of a dimer impurity problem,

augmented by an orientation « = a £ b, where a and b are
the unit-cell vectors. The k sum runs over the first BZ
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(1BZ), restoring the translational invariance of the solid after
calculating its self-energy from the quantum dimer problem,
and the sum over « restores its point group. More details on the
general philosophy and practical implementation can be found
in the Supplemental Material [68].

In a metal, electronic screening is drastically enhanced as
compared to an insulator with profound consequences for the
spectra [69,70]. This is even more true in 5d compounds,
where the relatively extended nature of the 5d orbitals induces
interatomic interactions that are relatively large as compared
to the local ones [71]. For this reason, the effective Hubbard
interactions are expected to be smaller in the La-doped com-
pound than in the pure sample [72]. We mimic this effect here
by using a smaller on-site Hubbard interaction for the doped
case (Uer = 0.6 eV) than for the undoped one (Uer = 1.1eV).

Results for undoped Sr;IrO4. We have measured ARPES
spectra of Sr,IrO4 under the experimental conditions described
in the Supplemental Material [68]. Figure 1 displays the re-
sulting spectra along the I'-M-X-T" path in the first BZ and the
second BZ (2BZ). Due to matrix element effects, these results
display characteristic differences, with spectra in the 1BZ am-
plifying the j. = 1/2 contribution, while in the 2BZ the j. =
3/2 contribution is dominant. This strong matrix element effect
expresses the fact that the corresponding Fourier component of
the potential (lowering the symmetry from I, /mmm to I4/acd)
is weak. In agreement with ARPES spectra in the literature
[28,29], we find the first removal state at I' to be of jegr = 3/2
character, while the je = 1/2 states are strongly dispersive,
with a maximum at X. In our theoretical calculations, we do
not address matrix element effects, which would differentiate
results between different BZs. For this reason, the theoretical
spectral function is compared to the sum of the experimental
spectra. Most intriguingly, in single-site DMFT calculations
(see the Supplemental Material [68]), the j. = 1/2 states
form a very weakly dispersive feature with an onset of spectral
weight at —0.2 eV below the Fermi level, in strong disagree-
ment with the experimental spectra in Figs. 1(c) and 1(e).

Figure 1(d) displays the results of our present calculations
that include nonlocal many-body correlations within our new
OC-DMFT scheme. The comparison to the experimental spec-
tra yields impressive agreement, demonstrating that nonlocal
many-body effects were indeed the missing ingredients for as-
sessing spectral properties of this compound. The OC-DMFT
treatment effectively includes inter-iridium site fluctuations in
the half-filled j. = 1/2 manifold, and especially includes the
intersite magnetic exchange of energy scale 4¢>/U into the
description. With the present parameters we obtain a value
of ~108 meV (78 meV) for states of interlayer (anti)bonding
nature, which coincides with the experimental estimate of the
magnetic exchange coupling J = 4t2/U ~ 100 meV [44].
As a consequence of the antiferromagnetic fluctuations, the
Jett = 1/2 band is much more dispersive than in the single-site
DMFT calculation and each of the Hubbard bands [73] has a
width of ~0.8 eV.

Our analysis further allows a refinement of the identification
of the character of the spectral features. In Fig. 1(c), the
signal comes from the 1BZ and is dominated by the jes =
1/2 manifold, even though along the M-X direction some
spectral weight around —1.1 eV originates from the jegr = 3/2
manifold. In Fig. 1(e), the signal comes from the 2BZ and is
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FIG. 2. Constant energy map of the spectral density of SrpIrOy.
(a) Experimental (left) and theoretical (right) spectral density at
—0.25 eV. (b) The same quantities at —0.5 eV. Blue points indicate
high-symmetry points. In the calculations, 1BZ and 2BZ are the same;
in the experiments, matrix element effects cause differences.

dominated by the j.r = 3/2 bands. Our calculations show that
even within the j. = 3/2 manifold the experimental signal
is selective with respect to the m ; quantum number. The main
contribution to the spectral weight seen in the 2BZ comes from
the m; = 1/2 band whereas the m; = 3/2 contributes to the
1BZ.

The left panel of Fig. 2(a) shows an ARPES spectrum
acquired at X at —0.25 eV at room temperature. According
to ARPES measurements of the magnetic phase, the lowest
energy excitations disperse up to the X point and never cross
the Fermi level. This spectrum is qualitatively similar to the one
measured below Ty in previous works [2,25], demonstrating
that spectral properties are largely insensitive to the presence
or absence of long-range magnetic order. The lack of a Fermi
level crossing excludes the presence of metallic quasiparticles
even in the paramagnetic phase, in agreement with theory and
experiment. By comparing the measured spectrum with the
calculated spectral function, the overall agreement allows a
clear identification of the peak at —0.25 eV with the jeg = 1/2
lower Hubbard band (LHB). We show in the left panel of
Fig. 2(b) the photoelectron intensity map collected at —0.5 eV.
The intense blobs observed at I" originate from the top level of
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FIG. 3. Calculated momentum-resolved spectral function A(k,w)
of 10% electron-doped Sr,IrO,4 along the I'-M-X-T" path.

the jeir = 3/2 band, whereas the spectral features around M
and X arise from the je = 1/2 band and form circles centered

around I with a radius of 0.5 A_l.

Results for La-doped St,1IrOQy4 and the putative pseudo-gap.
In the following, we investigate spectral properties of the
electron-doped system and compare our results to experimental
findings on (Sr_,La, ),IrO4 with x = 0.05 [29]. In this doping
regime the system is a paramagnetic metal down to the lowest
temperatures.

Figure 3 displays the spectral function A(Kk,w) along the
I'-M-X-T path of the BZ resulting from our calculations for
an electron doping of 10%. The features of the upper Hubbard
band (UHB) of the undoped compound can be continuously
connected to features of the quasiparticle states at the Fermi
level, which are visible in Fig. 3. In our dimer picture,
this reminiscent feature of the UHB arises as bonding and
antibonding states of the cluster, which is why we will refer
in the following to the lower (upper) branch of the j.s = 1/2
band as the bonding (antibonding) band [73].

The antibonding band (ABB) crosses the Fermi level and
causes a Fermi pocket around M. The positions of the band
maxima at the high-symmetry points have changed slightly as
compared to the undoped case. At M the bonding band (BB)
of the jegr = 1/2 appears around —0.37 eV and at X it is in
close proximity to the Fermi energy. There, depending on the
resolution, spectral weight stemming from the tail of the broad
peak can be picked up at the Fermi energy. At I' the signal of
the jeir = 3/2 manifold can be seen at —0.4 eV.

Overall, the spectral function displays excellent agree-
ment with available ARPES data [28,29]. In agreement with
Ref. [29] we find a nearly linear dispersion close to the Fermi
level, which can be traced back to the ABB. Compared to
Ref. [29] our spectrum differs slightly at M in that in Ref. [29]
the dispersion close to the Fermi energy was interpreted to
extrapolate to a Dirac point around —0.1 eV and a quasilinear
continuation for even lower energies, possibly with a small
gap at the high-symmetry line. Here, we see a distinct gap
between BB and ABB at M and can clearly distinguish between
states of the ABB forming the electron pocket and those
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FIG. 4. Spectra of 10%-electron-doped Sr,IrO4. (a) Fermi sur-
face. In the first quadrant we overlay experimental data points along
which the pseudo-gap was extracted in Ref. [29], and in the third
quadrant we overlay the pseudo-gap extracted from the bold lines in
(b). (b) Particle-hole averaged (“symmetrized”) spectral function for
the semicircular k path used in experimenta [see (a)]. Maxima are
indicated by a dot. (c) Calculated spectral function with equal energy
cuts at the Fermi surface for Green’s functions before orientation
average. If not indicated otherwise, the broadening is n = 0.02 eV.

of the BB. Although the lower part of the experimentally
measured dispersion matches our calculated spectrum, the
states right below the putative Dirac point are not found here.
Our calculation rather suggests a scenario similar to the one
of Ref. [28], where a similar quasilinear dispersion was found
for a doping of x = 0.04. There, the vertical dispersion was
discussed as stemming from the spectral weight of the large
tail of the jer = 1/2, which is picked up by the momentum
distribution curve [28].

We now turn to the FS. The ABB crosses the Fermi energy
close to M resulting in a lens-shaped electron pocket, centered
around M [see Fig. 4(a)]. Our theoretical findings agree
well with recent ARPES measurements on the electron-doped
system (Sr;_,La,),IrO4, considering both the shape and size
of the pockets [29].

ARPES also revealed unusual metallic behavior [28,29]
with an antinodal pseudo-gap at a La concentration of x =
0.05 [29]. Figure 4(b) shows particle-hole averaged spectral
functions (symmetrized spectra) as they are often plotted
from experimental data. We move along a semicircular k
path, which is a natural extension of the Fermi surface [see
Fig. 4(a)]. At small angles 4° < « the symmetrized spectral
function shows a pseudo-gap, which closes again at o & 15°.
For angles 21° < o < 26° an additional feature emerges at
sufficiently large temperatures, which could be misinterpreted
as a pseudo-gap, too. However, since the hole-part of the
spectrum is still close to the Fermi energy, this feature can
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be traced back to contributions of hole-parts of the spectrum
due to large enough temperatures, which then resemble a
pseudo-gap in the symmetrized spectra. For angles o < 45°,
i.e., close to the antinodal point, spectral features closely
resemble the pseudo-gap features emerging at smaller angles
close to the tips of the electron pockets. In experiment, based
on symmetrized energy distribution curves, the regions outside
the pockets were identified as showing a pseudo-gap, which
reaches up to the antinodal point [29]. Our calculations reveal
that the antinodal regions do not show the same pseudo-gap,
which stems from the UHB that forms the pockets, but rather
relics of the jer = 1/2 LHB (Fig. 3). To better understand the
origin of pseudo-gap-like features in the symmetrized spectral
function, we focus in Fig. 4(a) on FS cuts of the spectral
function. Within OC-DMFT we have access to the precise
position of the quasiparticle excitations. However, in plots
of the spectral function A(k,w) we add a finite broadening
n to mimic the experimental k resolution. The top left panel
shows the spectral density at the Fermi level with a realistic
broadening n = 0.10 eV. It shows the lens-shaped FS pocket,
which is in good agreement with ARPES spectra [29] [top
right panel of Fig. 4(a)]. Plotting the extracted pseudo-gap
from the symmetrized spectral function in Fig. 4(b) along the
semicircular k path resembles the pseudo-gap found in ARPES
(bottom left panel).

We can trace back the origin of the pseudo-gap features
by choosing an artificially enhanced resolution [see bottom
right panel of Fig. 4(a)], which reveals the fine structure of the
Fermi pocket. What seemed to be a sole pocket is actually
composed of two separate lens-shaped pockets, which are
tilted off-axis in opposite directions by roughly 15° each.
Given the experimental resolution, ARPES cannot resolve
them separately. The dimer used in our OC-DMFT calculation
is the minimal setup to account for the two different IrOg
orientations of adjacent Ir sites and leads to two configurations
(related by a 90° rotation), which are schematically shown in
Fig. 4(c). Itis the breaking of orientation symmetry within each
configuration, which gives rise to the stretched, tilted Fermi
pocket at the Fermi energy as shown in the FS cuts of the
spectra in Fig. 4(c).

Figure 4(a) shows the FS of the orientation average of
both configurations shown in Fig. 4(c). A realistic broadening,
however, renders it impossible to identify two separate pockets,
but rather suggests an interpretation as a single pocket structure
[see Fig. 4(a) for n = 0.10 eV]. As a consequence, the path
along which one extracts the energy distribution curves of this
putative single pocket resembles the circular shape of the DFT
result that was used in Ref. [29] and does not coincide with the
FS of the (two-pocket) FS visible at higher resolution.

Since the putative sole pocket visible at larger broadening is
a superposition of the two canted pockets, its tip corresponds
to the region between the two pockets. When measuring there,
the emerging symmetrized spectral function shown in Fig. 4(b)
features a pseudo-gap. In this sense, the appearance of the
pseudo-gap close to the pocket’s tip is a direct consequence of
the nonlocal fluctuations.

Summary and outlook. In conclusion, we have introduced an
ab initio oriented cluster dynamical mean-field theory which
includes nonlocal quantum fluctuations based on an oriented
dimer as a reference system for a dynamical mean-field theory
scheme. We find excellent agreement between the resulting
spectral functions for both pure and electron-doped SryIrO4
with experimental photoemission data, emphasizing the role of
nonlocal quantum correlations in these 5d compounds. These
findings provide new evidence for the electronic analogies
between iridates and cuprates, making the absence of super-
conductivity an even more intriguing feature of the iridate com-
pounds. In particular, the single-orbital nature of a compound,
the emergence of a metallic state from a doped insulating
parent compound, and the pseudo-gap-like features discussed
for Sr,IrO4 do not seem to be proxies for superconductivity.
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