Spin-orbit-controlled metal-insulator transition in SroIrQO,
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In the context of correlated insulators, where electron-
electron interactions (U) drive the localization of charge
carriers, the metal-insulator transition (MIT) is described
as either bandwidth (BC) or filling (FC) controlled [1].
Motivated by the challenge of the insulating phase in
Sr.IrO,4, a new class of correlated insulators has been pro-
posed, in which spin-orbit coupling (SOC) is believed to
renormalize the bandwidth of the half-filled j.z = 1/2
doublet, allowing a modest U to induce a charge-localized
phase [2, 3]. Naturally, the question arises whether in this
new framework the MIT can be driven by SOC. Previ-
ous attempts at revealing the role of SOC [4, 5] have been
hindered by concurrently occurring changes to the filling
[6-8]. We overcome this challenge by employing multi-
ple substituents that introduce well defined changes to the
signatures of SOC and carrier concentration in the elec-
tronic structure, as well as a new methodology that al-
lows us to monitor SOC directly. Specifically, we study
SroIr;_, T, 04 (T = Ru, Rh) by angle-resolved photoemis-
sion spectroscopy (ARPES) combined with ab-initio and
cluster tight-binding calculations. This allows us to dis-
tinguish relativistic and filling effects, thereby establishing
conclusively the central role of SOC in stabilizing the in-
sulating state of SroIrO,. Most importantly, we determine
the critical value for spin-orbit coupling for this system to
be \. = 0.41 eV, and provide the first demonstration of a
spin-orbit-controlled MIT.

The familiar tools of chemical doping and pressure have
provided straightforward access to both FC and BC MIT in
conventional correlated insulators. In an effort to unveil the
role of SOC in the insulating behavior of Sr2IrOy4, and whether
it can indeed drive a MIT, we have attempted to controllably
dilute SOC in the valence electronic structure by substituting
Ir Asoc ~ 0.4 eV [9-11]) with Ru and Rh (Agpoc ~ 0.19
eV [12-14]). While these substituents have similar values of
Asoc, they are electronically quite different: Ru sits to the left
of Rh in the periodic table and therefore has one less electron.
We will show through cluster tight-binding models that this
leads to a pronounced contrast in the consequences of Rh and
Ru substitution: the large impurity potential associated with
Ru, inhibits hybridization with Ir, precluding a significant re-
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FIG. 1. Dependence of the MIT on Rh and Ru substitution. a-d
ARPES spectra along I' — X for the pristine sample, zr, = 0.22,
Try = 0.40 and xgr, = 0.20, respectively. e and f show Fermi
surface maps for z = 0.22 Rh and z = 0.40 Ru. The relevant sizes
of the pockets are indicated with red arrows. Fermi surface maps are
integrated over 50 meV. Photon energy for all EDCs was hv = 64
eV with temperatures between 120 K and 150 K for < 0.10, and
below 40 K otherwise.

duction of the valence SOC. By comparison, Rh is electron-
ically more compatible with Ir, facilitating a more successful
dilution of SOC. We measure this evolution directly, through
orbital mixing imbued by SOC, manifest experimentally in
the photoemission dipole matrix element. To comprehend all
aspects of the MIT we observe for both Rh and Ru substitu-
tion, we consider individually the effects of filling (Fig. 1),
correlations (Fig. 2), and spin-orbit coupling (Figs. 3 and
4), ultimately concluding that the transition in Rh-substituted
Sr2IrOy is a spin-orbit controlled MIT.

[15]

Having highlighted the three relevant aspects of the MIT
we will investigate, we begin our disquisition by showcas-
ing the changes both substituents introduce to the electronic
structure of the different compounds as measured by ARPES.
Fig. 1a-d show ARPES spectra for z = 0, zgr, = 0.22, and
TRy = 0.20,0.40. As reported previously [2], the pristine
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FIG. 2. ARPES linewidth evolution with substitution. Energy
distribution curves (EDC’s) for Ru a and Rh b substituted samples,
taken at the momentum with the leading edge closest to the Fermi
energy. Photon energies and temperatures for the EDCs are the same
asin Fig. 1 ¢ Momentum distribution curve (MDC) curves for zry =
0.40 and zrn = 0.22. d MDC fits for xtry = 0.40 and gL =
0.22. MDC data shown in c¢,d were taken using hv = 92 eV at a
temperature of 20 K.

sample shows an energy gap, with a band maximum at X at
a binding energy of around Ej = 0.25 eV. When substituting
Rh, a pseudo-gapped metallic state forms for concentrations
x 2, 0.13 [6-8]. This is exemplified by our z g, = 0.22 data,
shown in Fig. 1b and le. Somewhat surprisingly, the shift
of the pockets for the Rh samples shown in Fig. 1b and le
confirms its effect on filling as reported [16, 17]. The pocket
size we observe for Rh seems compatible with other work,
which determines the change in filling as 1 carrier per Rh [8].
At comparable values of z g, the system remains insulating
(cf. zry = 0.20 in Fig. 1d), and only by going as high as
Try = 0.40 (Fig. lc, 1f) do we observe the MIT has been
traversed. This slower onset of metallic behavior is consis-
tent with other reports [18, 19]. The size of the Fermi surface
in Fig. 1f corresponds well to that of 0.4 holes per transi-
tion metal atom, confirming the expected filling change for a
substituent that is d* in a lattice of d® ions, corroborating the
suggestion of a 4+ valence for Ru sites [15]. This indicates
that both Ru and Rh act as the source of one hole carrier, pro-
viding in principle similar levels of filling control at a given
concentration. However, the critical concentrations at which
the MIT occurs for the two species differs considerably, pre-
cluding the viability of a description in terms of an FC-type
transition [6-8].

Despite the discrepancy between the critical concentrations
of Ru and Rh, the correlated metallic phase which ultimately
emerges share strong similarities. The energy distribution
curves (EDCs) plotted cut through the valence band maxi-
mum for each doping in Fig. 2a (Ru) and 2b (Rh) reflect the
evolution of each material across the MIT. From our data we
infer the critical concentrations to be xgy, = 0.13 4= 0.03 and
TRru = 0.3%£0.1, which matches previous photoemission work
on the Rh substituted compound [6—8] (Ru-substituted sam-

ples have not previously been studied by photoemission). The
stark contrast of the transition concentrations is seen clearly in
consideration of the two panels. While a broadening of EDC
linewidth is observed with increasing concentration in both
cases, the interpretation of EDC lineshapes is non-trivial [20].
We then turn to an analysis of momentum distribution curves
(MDCs) for a more quantitative analysis of the evolution of
correlation effects.

The MDC linewidth is directly related to the state lifetime,
and by extension to both electronic interactions and disorder
[21-23]. Two representative MDCs are shown in Fig. 2c for
Trn = 0.22 and xr, = 0.40. Widths from these, and other
MDCs along the dispersion are summarized in Fig. 2d. As
can be inferred by comparison of data from 20 K and 150 K,
correlations, rather than thermal broadening, are the limiting
factor in determining the MDC linewidth. Consideration of
both zr, = 0.40 and zry = 0.22 reveal remarkably similar
interaction effects in the two compounds, despite their signif-
icant differences in composition and disorder.

We have thus determined that while doping effects are equal
to one hole per Ru/Rh, similar correlated metallic phases are
observed at very different concentrations. To rectify this ap-
parent contradiction, one must consider the context of the
present MIT: it has been proposed that the correlated insu-
lating phase in SroIrOy is stabilized by the strong spin-orbit
coupling. This motivates consideration of the role SOC plays
in the MIT for both Ru- and Rh- substituted compounds. The
low-energy influence of SOC can be characterized by an effec-
tive value in the valence band, determined by the hybridization
between atomic species as demonstrated in [24, 25]. This ef-
fect could cause a reduction of SOC effects in the valence
band as a function of (Ru,Rh) substitution. Hybridization
between species is however highly dependent on the orbital
energies of the substituted elements. In light of the reported
electronic phase separation for the Ru compound [26-28], this
suggests that such dilution of SOC may be more effective for
Rh, providing a natural explanation for their contrasting criti-
cal concentration in substituted SroIrO4 compounds.

This heuristic argument can be validated quantitatively
through consideration of substituted cluster models. Working
within the density-functional theory, at x = 0.25 substitution,
we observe good overlap between the Rh and Ir density of
states (DOS) (Fig. 3a), allowing for proper hybridization of
the electronic states. This can be compared against the same
scenario with Ru in Fig. 3b, where the substituent DOS is
found to align poorly with Ir. The Ru bands are offset by
approximate 0.3 eV, an effect that has been reported previ-
ously for similar substitutions [29, 30]. This establishes a rea-
sonable parameterization with which to explore the influence
of doping on SOC effects in more detail. This is carried out
through development of a cluster tight-binding model. We ex-
pand a single iridium basis (see Supplementary Information)
to a large lattice cluster, assigning a randomly distributed frac-
tion x of sites as substituent atoms. Within this framework,
the substituents can have different Agoc (0.19 eV for both
Rh and Ru) and on-site energy (¢; = 0.0 eV for Rh, 0.3 eV
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FIG. 3. Reduction of SOC through cluster analysis. a and b Anal-
ysis of the impurity potential of Rh and Ru in Sr2IrOy4 as calculated
by density-functional theory. The grey background shows the Ir pro-
jected DOS for the pristine sample. The black curves show the Ir pro-
jected DOS in the 25% substituted calculation, while the orange and
teal colored curves show the projected DOS for Rh and Ru respec-
tively. The arrows indicate the center mass for the projected bands.
¢ Cluster calculated spectrum for z = 0.2 obtained after unfolding.
The splitting at the N point for the pure end members (x = 0.0 and
x = 1.0) are indicated. d Cuts at N (EDCs) for different concen-
trations of dopants. Simulations with (without) added ionic potential
are shown in red (black). e Progression of the splitting between the
outmost peaks for simulations shown in d; also indicated in grey is a
linear interpolation between the end members of the phase diagram,
which exactly matches the black markers. The orange shaded area
indicates the inferred ..

for Ru). The remaining sites in the cluster represent Ir with
Asoc = 0.45 eV. In an effort to focus on the effects of SOC
and impurity potential, kinetic terms remain the same for all
sites. Similarly, octahedral distortions and electron correla-
tions are neglected to better illustrate the shift of the j.g states.
We have used the unfolding method [31-34] to fold bands into
the original Brillouin zone. By averaging the resulting spec-
tral function over many random cluster configurations, we ob-
serve a smooth evolution of SOC effects in this system which
depends strongly on the impurity potential.

The results are summarized in Fig. 3, with a representa-
tive unfolded spectrum (z = 0.20) plotted in Fig. 3c. The
level spacing at the IV point, indicated by the vertical arrows,
is found to be a reliable measure of the valence SOC. This is
seen clearly in Fig. 3d, where we present a series of EDCs
along the N direction, for models with a non-zero on-site im-
purity potential (Ru, red), and those without (Rh, black). This
doping dependence is summarized in Fig. 3e. The right ver-
tical axis shows the splitting observed at the N point, and the
left the value of spin-orbit coupling that would produce the
corresponding splitting at N in a single-atom model. This
second axis serves to show the effective spin-orbit coupling
caused by substitution of Ir with Rh and Ru. From the pro-
gression in Fig. 3e it is evident that Rh dilutes SOC more
efficiently than Ru: the black markers trace the interpolation

between the values of Ir and Rh which is shown as a dashed
line. Meanwhile the impurity potential associated with Ru
prevents substantial hybridization, and consequently dilution
of SOC. The results in Fig. 3e suggest that the different crit-
ical concentrations for the two substituents can be attributed
to a common parameter: a value for spin-orbit coupling of
Ae ~ 0.41 (indicated as an orange shaded area in Fig. 3e)
yields critical concentrations (zry, ~ 0.15 and xg, ~ 0.3)
that fit well with our observations. Moreover, theoretical re-
sults presented in [35] suggest that SOC in SryIrOy is only
marginally above the threshold for the insulating state, and
that a small change could drive the transition. The dilution of
spin-orbit coupling is therefore found to provide a compelling
theoretical picture of the transition.

Having demonstrated this evolution of SOC via substitu-
tion and its ability to provide a natural explanation for the
transition, we aim to substantiate these claims experimentally.
To establish a convenient metric for SOC, we leverage the
symmetry constraints of the photoemission matrix element.
Dipole selection rules allow transitions from only certain or-
bitals: since d. (dy.,dsy) is even (odd) in the experimen-
tal scattering plane, states composed of this cubic harmonic
are only observable with 7- (o) -polarization. As SOC mixes
these orbitals into linear combinations prescribed by the jeg
construction [2], we quantify SOC by comparing the ratio of
even/odd states at strategically chosen points in the Brillouin
zone where these symmetry-based selection rules are most
well defined. In the absence of SOC, the state along I' — X,
in SroIrO4 would be of pure d,, character: any photoemis-
sion from this state using o-polarization must be due to the
admixture of d,. and d, introduced by SOC. More quanti-
tatively, of interest here is the value of M7, which we nor-
malize in experiments through division by M. A simulation
of this quantity based on an ab-initio tight binding model for
Sr2IrO4 with variable spin-orbit coupling is shown in Fig. 4e.
The model takes into account effects of geometry as well as
photon energy and polarization; for further details refer to the
Supplementary Information. The curve shows a clear decrease
of M7 /MZ‘J7 as a function of spin-orbit coupling, demonstrat-
ing the possibility for a direct measure of Agoc via ARPES.

Motivated by the results of the cluster simulations, we in-
vestigate the progression of M7 /Mg experimentally in a se-
ries of Rh and Ru substituted samples. In Fig. 4a-d we plot
constant-energy contours for each of the concentrations, as
recorded with o- polarized light. To compare the different
samples, we take our constant energy maps at that energy
which places the state of interest at k& = 0.757/a. Taking
advantage of the nearly vertical dispersion the data has been
integrated over a window of 150 meV around this energy to
improve the statistical accuracy of our analysis. Integrating
the ARPES intensity within the indicated regions of Fig. 4a-d
yields the ratio M7 /M.

We can then proceed to make a quantitative connection with
an effective spin-orbit coupling strength. To this end, we re-
turn to the previous discussion around Fig. 4e, which plots the
simulated ratio as a function of spin-orbit coupling. To pro-
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FIG. 4. Observation of the reduction of SOC via the ARPES dipole matrix element. a-d Constant energy maps for different concentrations
of zrp, using o-polarized light. The constant energy maps are integrated over 150 meV to improve numerical accuracy, and taken at an energy
such that the size of the pocket around X is the same for all concentrations. The relevant states used for the analysis are indicated using the
red boxes, and their integrated values are shown within. All data are taken at 64 eV, with temperatures at 120 K for x = 0 and g, = 0.1, 70
K for zrn = 0.1, and 20 K zgrn = 0.16, all chosen to mitigate the effects of charging. e Calculated ratio of matrix elements for a model of
Sr2IrO4 (details in the Supplementary Information), plotted as a function of spin-orbit coupling (black curve). The colored markers indicate
the ratio of the values shown in panels a-d. The error bars are calculated from the standard deviation over the integrated range in energy. The
top x-axis in e shows the substitution required to produce the spin-orbit coupling value on the bottoms x-axis, by taking a weighted average of

the Asoc values of Ir (Asoc = 0.45) and Rh (Asoc = 0.19).

vide further context for these results, we normalize this curve
to connect the simulation at Asoc = 0.45 with the experi-
mental result from pristine SryIrO,4 (see Supplementary Fig.
1). The remaining points can then be compared directly to
a SOC strength by matching the observed M7 /M;j ratios to
those of the normalized curve. The data suggests values of
Asoc = 0.443, 0.424, and 0.408 extracted from the mea-
sured spectra for xg, = 0.10, xgy = 0.10, and 0.16 respec-
tively. Our cluster simulations in Fig. 3 predict that for Rh
Asoc should linearly interpolate the end values of A\, = 0.45
and A\gp, = 0.19. To verify the validity of this, a second
axis was added that reflects the Rh concentration which would
yield the corresponding interpolated Asoc. These calculated
concentrations are found to agree remarkably well with those
determined by electron probe microanalysis. While the Ru
datapoint can not be projected in a meaningful way onto the
Rh-axis scale, it aligns well with the red points in Fig. 3e at
TRu = 0.10.

Let us now turn back to the question of the role of spin-orbit
coupling in the metal insulator transition in Srolry_,T,Oy4
(T = Ru, Rh). As laid out in Figs. 1 and 2, the difference in
critical concentration between Ru and Rh doped samples is
unexplained by effects of filling. Using cluster simulations,
we have presented the suggestion that dilution of spin-orbit
coupling by substitution of different species gives rise to a
natural explanation of the different critical concentrations.
The impurity potential for Ru results in less hybridization
and therefore less efficient dilution of spin-orbit coupling.
The predicted critical concentration for Ru is therefore about
twice that of Rh, which explains the dichotomy in critical
concentration for the MIT to occur. The experimental results
presented in Fig. 4 show that a reduction of SOC is indeed

observed with increasing concentration of Rh, and that this
reduction does not occur when substituting Ru. To quantify
the transition point, the A\, = 0.41 inferred in the discussion
of Fig. 3e has been added to Fig. 4e. This shows the SOC
reduction is set to surpass the critical value A, = 0.41 at
a concentration of around zr; ~ 0.15, in line with our
experimental values. We also note that due to the complex
progression of valence, the precise value of this parameter is
likely related to the concurrent changes in filling and local
Coulomb interactions in this system.

The combination of SOC sensitive techniques and the
comparison of Ru and Rh substituted samples has therefore
put us in a unique position to comment on the role of SOC in
the metal-insulator transition of SroIrO4. In our comparison
of different factors including filling, correlations, and SOC,
the only parameter that yields a satisfactory explanation
for the dichotomy in critical concentration between Ru and
Rh is spin-orbit coupling itself. We therefore conclude that
spin-orbit coupling is essential to the transition. In this
way we have demonstrated for the first time a spin-orbit
coupling controlled collapse of a correlated insulating phase.
Moreover, by demonstrating the essential role of SOC in
driving the MIT, the significance of SOC in the insulating
phase is directly implicated. This establishes the definitive
confirmation of SryIrOy4 as a relativistic Mott insulator as an
important corollary to our results.

Methods

Single crystals of SroIr;_,Rh, 04 were grown with nomi-
nal concentrations of zr, = 0.0,0.10,0.16,0.22 and tested
with electron probe microanalysis to be within 0.01 of
their nominal concentration. Crystals of Srolr;_;Ru,Oy4



were grown with nominal concentrations of zgr, =
0.10,0.20,0.40. Measurements were carried out at the SIS
beamline at the Swiss Lightsource (Rh substituted samples)
and at the Merlin beamline at the Advanced Lightsource (Rh
and Ru substituted samples). All measurements were done on
freshly cleaved surfaces, where the pressure during measure-
ment and cleaving was always lower than 3.3 - 10~'° mbar.
Measurements used for inference of spin-orbit coupling val-
ues were performed with 64 eV photons, using light polarized
perpendicular to the analyzer slit direction (o-polarization).
The axis rotation of the manipulator for the acquisition of the
Fermi surface was parallel to the slit direction. The sample
was mounted such that the Ir-O bonds (I' — X') was aligned to
this axis of rotation. Temperatures were chosen as low as pos-
sible while mitigating the effects of charging and are reported
in the figure captions. A tight binding model was constructed
from a Wannier orbital calculation using the Wannier90 pack-
age [36]. The Wannier90 calculations were performed on re-
sults from density functional theory calculations done with the
Wien2k package [37, 38]. Cluster calculations and matrix el-
ement calculations were done using in house developed code.
Further details can be found in the Supplementary Informa-
tion.
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