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Evolution of competing magnetic order in the J. = 1/2 insulating state of Sr;Ir;_,Ru,Oy4
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We investigate the magnetic properties of the series SrpIr;_,Ru,O4 with neutron, resonant x-ray, and
magnetization measurements. The results indicate an evolution and coexistence of magnetic structures via a
spin-flop transition from ab-plane to c-axis collinear order as the 5d Ir*" ions are replaced with an increasing
concentration of 4d Ru*" ions. The magnetic structures within the ordered regime of the phase diagram (x < 0.3)
are reported. Despite the changes in magnetic structure no alteration of the J.; = 1/2 ground state is observed.
The behavior of SryIr;_,Ru,O, is consistent with electronic phase separation and diverges from a standard
scenario of hole doping. The role of lattice alterations with doping on the magnetic and insulating behavior is
considered. The results presented here provide insight into the magnetic insulating states in strong spin-orbit
coupled materials and the role perturbations play in altering the behavior.
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I. INTRODUCTION

Investigations of materials with 54 transition metal ions
have opened up new paradigms in condensed-matter physics.
In this regime spin-orbit coupling (SOC) can play a prominent
role by competing directly with several phenomena, such
as electron correlations, lattice alterations, bandwidth, and
crystal-field splitting [1]. The consequence of these finely
balanced interactions is diverse behavior and allows 5d
systems to span a wide phase space containing metals and
insulators with exotic behavior such as Weyl semimetals, axion
insulators, and metal-insulator transitions [1-3]. Moreover
robust magnetism often emerges, despite the apparent obstacle
of reduced correlation and itinerant nature of 5d ions compared
to analogous 3d based systems.

Particular focus in 5d systems with strong SOC has
centered on iridates containing Ir** ions [1]. These systems
can host unusual magnetic insulating states where the SOC
splits the nondegenerate 5d°t,,-manifold into a fully occupied
Jett = 3/2 manifold and a half-filled Je = 1/2 shell that
can be further split by the on-site Coulomb interaction. The
result is a magnetic Jeir = 1/2 SOC Mott-like insulating state.
Experimental evidence was initially reported in SrpIrO4 [4],
followed by an increasing number of Ir** based transition
metal oxides [5-9].

The role of magnetism and lattice effects, notably the
existence of the Jo = 1/2 state despite significant noncubic
distortions, have continued to prompt debate as to the nature of
the ground state and subsequent emergent properties. In this
investigation we perturb SryIrO4 via chemical substitution.
Both electron doping and hole doping Sr,IrOy are interesting
avenues that have undergone limited investigations. Indeed
superconductivity has been postulated to occur via electron
doping on the Sr site [10] and experimental evidence of
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the proximity of the parent compound to a superconducting
regime has been proposed due to analogous spin excitations
with the parent cuprates [11]. Conversely hole or electron
doping on the Ir site offers a handle to control the on-site
and intrasite interactions of the magnetic ion responsible for
the Jor = 1/2 state. In this investigation we follow the latter
route and investigate the series SrpIr;_Ru,O4 over the full
magnetically ordered regime and into the unordered state. We
verify that this corresponds to hole doping with the substitution
of 4d* Ru*" ions on the 54° Ir*" site. A key focus of our
investigation is the magnetism in the strong SOC limit. In this
regime interesting physics can emerge due to SOC allowing
the mixing of orbitals, where symmetry would usually prohibit
such an occurrence. This can lead to the presence of dominant
anisotropic rather than isotropic magnetic exchange couplings
in the ground state in the form of Kitaev interactions [12].
The end members of the SrpIr;_,Ru,O4 series exhibit
distinct physical behavior. Sr,RuQy is a nearly ferromagnetic
metal which exhibits unconventional superconductivity below
1.5 K attributed to p-wave pairing [ 13]. The electronic configu-
ration of the Ru** jon results in S = 1 in contrast to the Jett =
1/2 antiferromagnetic insulating state in Sr,IrO4. Therefore
Sr,RuQ4 (metallic) and Sr,IrO4 (insulator) reside on opposite
sides of a metal-insulator divide. Both Sr,RuQ4 and Sr,1rO4
form the K,NiF4-type structure, with Sr,RuQO,4 adopting the
14/mmm space group and Sr;IrO4 the 14)/acd, although
a recent report suggested the 74;/a space group [14]. The
difference between the space groups for Sr,IrO4 and Sr,RuQOy4
is the result of rotation of the IrOg octahedra. This series was
previously investigated in Ref. [15], where x-ray diffraction
indicated the structural change for the series SrpIr;_,Ru, Oy
to occur around x = 0.7. That investigation was restricted
to powder samples and involved no microscopic probes of
magnetism. Recently a Raman investigation measured single
crystals of SrpIr;_,Ru,O4, with the measurements focusing
on the octahedral rotations [16]. Here we investigate single
crystals with both neutron scattering and resonant magnetic
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x-ray scattering (RMXS) that allows us to probe the long-range
magnetic structure and nature of the electronic ground state of
the Ir ion as a function of Ru doping and consider the role of
the competing interactions in the system.

II. EXPERIMENTAL METHODS

Single crystals of SrpIr;_,Ru,O4 were grown in a Pt cru-
cible using the flux method. Crystals of mm dimensions with
masses ranging 5-20 mg were produced for Ru concentrations
up to 40%. Additionally powder samples of x = 0.05 and
0.2 were prepared by standard solid-state techniques. Neutron
scattering was performed on the single crystals at the High
Flux Isotope Reactor (HFIR) on HB-1, HB-1A, and HB-3A.
The triple axis instrument HB-1A was used in elastic mode
with a wavelength of 2.36 A and collimation 40'-40’-open-
open to determine the magnetic structure. Polarized neutron-
scattering measurements were performed on HB-1. Heusler
monochromator and analyzer crystals were used to perform the
polarized measurements with a guide field giving the option of
flipping the spin in horizontal and vertical fields at the sample
position. The beam was collimated with 48'-open-80'-open
solar collimators. The crystal structure was measured on
the four-circle single-crystal neutron diffractometer HB-3A
with a wavelength of 1.003 A. Measurements on the powder
samples were carried out on the HB-2A powder diffractometer

at HFIR using a wavelength of 1.54 A. Resonant magnetic
x-ray scattering (RMXS) measurements were performed on
beamline 6-ID-B at the Advanced Photon Source (APS) on
single crystals. Measurements were carried out at both the L,
(12.824 keV) and L3 (11.215 keV) resonant edges of iridium.
Graphite was used as the polarization analyzer at the (0 0 10)
and (0 O 8) reflections on the L, and L3 edges, respectively,
to achieve a scattering angle close to 90°. An analysis of the
photon polarization allowed magnetic and charge scattering to
be distinguished. To observe the sample fluorescence, energy
scans were performed without the analyzer and with the
detector away from any Bragg peaks through both absorp-
tion energies. X-ray magnetic circular dichroism (XMCD)
and x-ray-absorption near-edge spectroscopy (XANES) were
performed at the Ir L3 edge on beamline 4-ID-D at the
APS. The XMCD measurements were performed in an
43 T field at 1.8 K. Powder samples were used to ensure uni-
form sample thickness and all measurements were performed
in transmission mode. The sample magnetization M(T,H)
was measured with a Quantum Design (QD) magnetic prop-
erty measurement system (MPMS) with an applied field of
100 Oe.

III. RESULTS AND ANALYSIS

A. Valence determination of Ir in Sr,;Ir;_,Ru,O,4

We initially consider whether the introduction of Ru onto
the Ir site alters the valence state of iridium. It is reasonable
to assume that Ru adopts the Ru** valence resulting in
SroIr;_** Ru,*+ 0y for all values of x. However, a similar
reasoning proved incorrect in the series SrpIr;_Rh,Oy4. There
Rh formed Rh** for x > 0 resulting in mixed magnetic
Ir** and nonmagnetic Ir’* [17]. To probe the Ir valence in
SrpIr;—,Ru, O4 we performed XANES measurements on the
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FIG. 1. (Color online) XANES measurements at the Ir L3 edge
for SrpIr;_ Ru,Oy4, with x = 0, 0.05, and 0.2, and a IrO, standard.
The white line absorption intensity and the derivative are both shown
for each sample. The same absorption energy of 11.2175 keV is
observed for all the samples measured indicating a valence of Ir*".

x =0, 0.05, and 0.2 members of the series and compared this
to an established iridium standard IrO,. The XANES results
are shown in Fig. 1 and show no indication of an altered Ir
valence from 4+, unlike similar measurements for the Rh case
where a pronounced shift in the energy of the resonant edge
was observed [17]. Results at the L, edge show a similar
overlap in the energy position of the white line as the L3 edge.
Therefore the series SroIr;_,*t Ru,** 0, corresponds to hole
doping on the Ir site.

B. Magnetization measurements of Sr,Ir;_,Ru,O4

We begin our magnetic investigation with magnetization
measurements on single-crystal samples of SrpIr;_,Ru,O4
with x = 0.05, 0.1, 0.2, and 0.3, shown in Fig. 2. The
results indicate a rather complicated magnetic temperature
dependence with the x = 0.05 and x = 0.1 concentrations
showing more than one anomaly. For example for x = 0.05
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k33
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FIG. 2. (Color online) Magnetization measurements on single
crystals in the series Sr,Ir;_,Ru,O4 for x = 0.05, 0.1, 0.2, and 0.3.
Field-cooled (FC) and zero-field-cooled (ZFC) results in an applied
field of 100 Oe are shown. The ZFC curve is always lower than the
FC for all concentrations measured.
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there are two pronounced anomalies, one around 200 K and
another at 150 K. Similarly x = 0.1 has two anomalies,
located at 125 and 160 K. The magnetization measurements in
Fig. 2 indicate long-ranged magnetic order up to x = 0.2.
At least qualitatively the results are similar to those on
powder samples presented in Ref. [15] and therefore allow
comparisons between our current investigation and the results
previously obtained.

C. Magnetic structure of the series SrIr;_yRu,Oy4

To probe the magnetic structure we combine neutron
and RMXS measurements. Results for RMXS measurements
at the iridium L3 edge are shown in Figs. 3(a) and 3(b)
for SrpIr;_,Ru,O4 single crystals with concentrations of
x =0.05, 0.1, and 0.2. Magnetic scattering is observed at
both (1,0,2n) and (1,0,2n + 1) reflections for x = 0.05.
Substituting in x = 0.1 produces the same magnetic reflections
at (1,0,2n) and (1,0,2n + 1), however the intensity of the
L = even reflections are much reduced compared to the
L = odd reflections. Moving to x = 0.2 only the (1,0,2n + 1)
magnetic reflections are present.
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FIG. 3. (Color online) (a) RMXS measurements on single crys-
tals of SrpIr;_,Ru,O4 with x = 0.05, 0.1, and 0.2. (b) Comparison
of the intensity of (1,0,2n 4 1) and (1,0,2n) magnetic reflections
in Srplrg9Rug ;04 measured with both neutrons and RMXS. The
neutron and x-ray measurements involved different crystals from the
same batch. The intensities have been normalized to their respective
backgrounds intensities and scaled so all reflections are in a single
plot. (c)—(I) Neutron-scattering rocking scan measurements on a
single crystal of SrpIrg9Rug ;04 for several reflections. Scattering
is observed at (1,0, L) for both L = odd and L = even.
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This behavior diverges from the few previous cases where
the magnetic structure has been probed in doped SrpIrOy.
Undoped Sr,IrO4 has magnetic (1,0,2n) reflections with spins
in the ab plane [4,18,19]. For Mn doping [20], Rh doping
[17], or the application of an applied field [4] to Sr;IrOy,
only (1,0,2n + 1) reflections are present, indicating an altered
magnetic structure to the undoped case.

1. Magnetic structure of Sr;Iry9Rug 104

Focusing on the SrpIr;_,Ru,04 composition with x =
0.1 that has both (1,0,2n) and (1,0,2n + 1) reflections we
measured several Bragg peaks with neutrons and RMXS; see
Fig. 3. Following specific reflections we find the magnetic
order parameters reveal two distinct magnetic ordering temper-
atures; see Fig. 3(b). This is confirmed using both RMXS and
neutrons on different samples. The (1,0,2n + 1) reflections
develop at 120 K, whereas (1,0,2n) reflections appear at 160 K.
The ordering of the (1,0,2n + 1) reflections appear to not be
reflected by any associated anomaly in the (1,0,2n) order
parameter, suggesting a possible decoupling or coexistence
of two magnetic phases within the sample. Susceptibility
measurements confirm a change in magnetization at these
temperatures for SryIrg9Rug O4 on a crystal from the same
batch (Fig. 2), supporting the magnetic origin.

In order to gain further understanding of the long-range
magnetic order in Sr,Irg 9Rug ;O4 we consider the polarization
dependence of the scattering cross section, first with x rays
and then with neutrons. A standard configuration to measure
RMXS in is a vertical geometry, however by measuring in
a horizontal geometry we can utilize the polarization depen-
dence of the incoming beam and analyzed beam to determine
the spin direction of the ordered moments within the sample;
see Figs. 4(a) and 4(b). With the incoming beam 7 polarized
we find intensity for w-m polarized analysis at the (0,3,1),
equivalent to (1,0,2n + 1) reflection, and no intensity for -0
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FIG. 4. (Color online) By performing polarization analysis of (a)
and (b) x-ray energy scans and (c) and (d) neutron rocking scans
on Sr,Irp9Rug Oy single crystals, the spin direction associated with
the magnetic reflections is determined. Both measurements were
performed at 5 K.
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polarization. This is consistent with spins oriented along the
c axis in the sample. Conversely for the (1,0,2n) reflection,
measured at (0,3,2), we observe the opposite behavior with
intensity only at m-o polarization that indicates the spins
contributing to this reflection are confined to the ab plane.
This behavior was confirmed with polarized neutron-scattering
measurements on a single-crystal sample of SryIry9Rug Oy
at the (101) and (102) reflections. For the (101) reflections
intensity is observed in all the four channels measured from
the combinations of horizontal field (HF), vertical field (VF),
and flip on and flip off; see Fig. 4(c). This is consistent with
both magnetic and nuclear contributions to the scattering, as
expected given the observation of nuclear scattering at the
(1 0 odd) reflections in the parent compound. Moreover with
the crystal aligned in the (HOL) plane it indicates c-axis
oriented spins since the purely magnetic intensity (HF flip
on) is similar to the magnetic intensity from the magnetic
component perpendicular to the [101] direction in the (HOL)
scattering plane (VF flip on), which is almost along the ¢ axis.
Conversely the behavior of the (102) reflection is distinctly
different, as shown in Fig. 4(d). The purely magnetic intensity
(HF flip on), though reduced, is roughly similar to the magnetic
intensity mostly from the magnetic component along the b axis
(VF, flip off), in line with the conclusions from the RMXS
results.

Following a representational analysis approach, there is no
single magnetic structure consistent with a combination of both
(1,0,2n + 1) and (1,0,2n) reflections. We therefore considered
the possibility of structural phase separation as an explanation
for the apparent result of two coexisting sets of magnetic
reflections. We carefully measured the 26 dependence with
both neutrons and x rays of several reflections and within
the resolution found only one reflection; see Figs. 5(a) and
5(b) for representative plots. This is consistent with a single
structural domain in the single-crystal samples studied here.
This is based on the assumption that the two structural phases
are epitaxial and would be accessible in the specific orientation
of the aligned crystal. While this is a reasonable assumption
given that the magnetic reflections are commensurate with
the lattice we considered the phase separation scenario with
further dedicated measurements.

To investigate the chemical homogeneity of the doped
crystals at the nanoscale we employed aberration-corrected
scanning transmission electron microscopy (STEM) and
electron energy-loss spectroscopy (EELS). We imaged both
doped and undoped samples using the high angle annual
dark-field detector (HAADF), which yield images with an
intensity (brightness) roughly proportional to Z> where Z is
the element atomic number. In these images brighter (dimmer)
spots represent heavier (lighter) columns, and oxygen columns
are invisible due to their low Z. This technique also known
as Z-contrast STEM or Z-STEM also yields a clear mass
contrast: thicker sample regions appear brighter than thinner
sample regions. This is evident in Figs. 5(c) and 5(e), in
which the decreasing brightness from left to right is due to the
decreasing thickness as the sample edge is approached (the
vacuum appears black). Figures 5(c) and 5(d) and Figs. 5(e)
and 5(f) are HAADF images of Sr;IrO4 and SryIrg9Rug Oy
samples, respectively, taken with the electron beam parallel to
the [201] crystal axis. In this projection each spot represents
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FIG. 5. (Color online) (a) Single-crystal synchrotron x-ray-
diffraction measurements of SrpIrg9Rug;O, indicated no split-
ting of diffraction peaks, consistent with a homogeneous sample.
(b) Neutron diffraction additionally found no evidence for struc-
tural phase separation. (c)—(j) High-resolution Z-STEM analysis
of SrIr;_,Ru,O4 samples. (c),(d) Z-contrast images of Sr,IrO, at
different magnifications with the beam parallel to [201]. Inset in
(d) is a schematic model of the crystal with the Ir columns in green,
the Sr columns in yellow, and the O columns (not imaged) in cyan.
(e),(f) Z-contrast images of Sr,Irg9Ruy ;04 with the same zone axis
and the same magnification as in (c) and (d). (g) Line profile along
the cyan segments in (c) and (e), showing the intensity (proportional
to Z?) of the Ir columns in Sr,IrO, and SryIrgoRug ;0,4 samples.
(h) Uniform thickness map and (i) Ir map of the region indicated with
a green rectangle in (f). (j) Electron energy-loss spectrum from the
region within the green rectangle in (f) showing the Ir edges used to
generate the Ir map by plotting their combined integrated intensity.
The red curve is a power-law background fitting function and the
green curve shows the background-removed Ir edges.

an atomic column containing only one type of element, either
Sr or Ir, with a fraction of a Ru atom depending on the actual
sample thickness. The uniformity of the images contrast within
terraces of the same thickness and the similarity between the
images for the undoped and doped samples suggest a uniform
distribution of Ru dopants. In fact, given the large difference
in the atomic masses of Ru and Ir, clustering of Ru dopants
would likely give rise to lower intensity spots within a brighter
matrix. If we probe the intensity of the Ir columns (the brighter
spots) by taking a line profile in a small region of uniform
thickness, as indicated by the cyan segment in Figs. 5(e) and
5(f), we find [see Fig. 5(g)] that the variation of this intensity
is comparable in the parent and the doped samples, further
indication that the Ru dopants are uniformly distributed [21].
In addition, we acquired an EELS spectrum image in the region
indicated by the green rectangle in Fig. 5(f). Figure 5(h) shows
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the thickness map of this region calculated using the EELS
log-ratio method [22], and Fig. 5(i) shows the Ir elemental
map obtained by plotting the integrated intensity of the Ir-O; 3
and Ir-Ng 7 edges indicated in the EELS spectrum of Fig. 5(j)
after background subtraction. We find that both the thickness
distribution of the Ir columns and the distribution of the Ir
columns’ intensities in the Ir map show a standard deviation
of only 1%, indicating very good doping homogeneity even
down to the atomic scale.

Using a representational analysis approach to find the long-
ranged-ordered magnetic structure from our neutron results for
SrpIrg 9Rug 1Oy [Figs. 3(c)-3(1)], we analyze the L = odd and
L = even reflections separately. The experimental (1 0 even)
reflections intensity for L = 2,4,6,8 is shown in Fig. 6(a),
normalized to the (1,0,2) intensity. The results are qualitatively
the same as the SrIrO4 undoped case presented by both
Refs. [18,19]. To confirm this we modeled the magnetic
structure, taking into account the Lorentz factor correction
using ResLib [23], absorption of the sample, and magnetic
form factor for Ir*+ using the information in Ref. [24]. The
experimental and calculated results are shown in Fig. 6(a),
along with the corresponding magnetic spin structure in
Fig. 6(b). Close agreement is found between the experimental
and calculated magnetic intensities indicating that this indeed
corresponds to the magnetic ordering that results in the
(1 0 even) reflections. In terms of representational analysis
this corresponds to I'j, with a propagation vector k = (111),
for the Ir ion at the (0.5,0.25,0.125) position. Turning now
to the (1 0 odd) reflections and following the polarization
dependence that indicates c-axis aligned spins we model the
magnetic structure. The experimental and calculated results
are shown in Fig. 6(a) for L = 1,3,5,7,9. This corresponds
to the I'; irreducible representation, with a propagation vector
k = (000), for the Ir ion at the (0.5,0.25,0.125) position, as
found for the case of Mn-doped Sr,IrO,4 [20]. Again close
agreement is found between the intensity of the experimental
and calculated magnetic reflections.

Both magnetic structures, see Fig. 6(b), are related by a
spin flop from the ab plane to the c axis. Given the apparent
occurrence of these two competing magnetic structures and no
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FIG. 6. (Color online) (a) Experimental neutron-scattering inten-
sities for the magnetic reflections in Sr,Irp9Rug O, are compared
with calculated magnetic structures for the case of spins in the
ab plane and c axis. (b) Corresponding magnetic structures within
the nuclear unit cell.
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evidence for structural phase separation we assign the behavior
as being due to electronic phase separation. This conclusion
is in line with that arrived at from the Raman investigation of
SrpIr;_,Ru, Oy [16] and also the Ru doping behavior in the
related iridate Sr3Ir,O7 [25]. We note, however, the intriguing
similarity of the magnetic structure to the ortho-G-AF phase
presented in Ref. [26] that emerges from the Kugel-Khomskii
model. For such a magnetic phase to exist would require
weak nearest-neighbor interactions and appreciable second-
and third-neighbor interactions and it remains unclear if such
a phase would exist in this SOC dominated system [12].

2. Magnetic structure of Sr,Iry sRuy 04

Substituting in more Ru leads to the occurrence of only one
magnetic transition for StIrg gRup,04 at Ty = 76.3(6) K; see
Fig. 7(a). We measured the (101), (103), (105), and (107)
reflections and obtained the intensities shown in Fig. 7(b).
We again note that an additional weak nuclear contribution is
present at (1 0 odd) reflections. Following the same method
as for the (1 0 odd) case for the 10% Ru substitution we
modeled the magnetic structure with spins along the ¢ axis;
this structure is shown in Fig. 7(c). The experimental and
calculated intensities are compared in Fig. 7(b) and show
close agreement. The ordered magnetic moment on the Ir
ion is determined by scaling the magnetic intensities with
measured nuclear reflections intensities. The ordered magnetic
moment is 0.13(2)up/Ir. Going to higher concentrations of
Sr,1Irg 7Rug 304 no long-ranged magnetic order is observed.

D. Insulating state in Sr,Ir;_,Ru, Oy

We now turn to consider the nature of the insulating
state within the magnetically ordered regime. One of the
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FIG. 7. (Color online) (a) Intensity dependence of the (1 0 odd)
magnetic reflection measured with neutrons at (101) and RMXS
at (1,0,21) for SryIrggRup,04. The RMXS results are fit to a
power law and give a transition temperature at Ty = 76.3(6).
(b) Experimental intensities for magnetic reflections compared to
the calculated intensities for c-axis aligned spins. (c) The magnetic
structure for Sr,Irg gRug,0O4 with spins aligned along the ¢ axis.
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principle experimental proofs of the SOC driven Jeg = 1/2
Mott insulating state in Sr,IrO4 was proposed on the basis of
RMXS measurements [4]. It was argued that the observation
of the large intensity at the L3 and vanishing intensity at the
L, edge was due to the alteration of the electronic ground
state from a § = 1/2 to a Jei = 1/2 scenario on the basis of
the different 2p-5d transitions that are involved in the two
different L edges probed with RMXS. Subsequently several
investigations have proceeded along the same route and used
the L2 : L3 branching ratio as evidence for a Je = 1/2 state.
However, it has been argued that for the case of spins in the
ab plane in the SrpIrO4 structure vanishing intensity is
expected at the L, regardless of whether the insulating state
emerges froma S = 1/2or Jo = 1/2 ground state [27]. While
this adds further debate as to whether the Jeg = 1/2 state
exists in SryIrO4, we have shown that here the spins are, at
least in certain Ru concentrations and temperature regions,
aligned along the ¢ axis. In this case the magnetic structure
does not contribute to the suppression of intensity of the L
edges; instead any suppression of intensity at the L, edge can
be considered to be due to an alteration towards a Jegr = 1/2
ground state.

We therefore focus on the (1,0,2n + 1) reflections in
SroIr_Ru,O4 for x = 0.1 and 0.2. The results at the (1
0 21) magnetic Bragg reflection at 5 K are shown in
Figs. 8(a) and 8(b). At the L3 edge we observe a large
enhancement for both SryIrg9Rug ;O4 and Srplrg gRup,04 in
the o-7 measurements, as expected for magnetic scattering.
The maximum, as required, occurs at the inflection point of the
absorption edge at 11.215 keV. In contrast, the behavior at the
L, edge shows weak intensity in the o -7 measurements, with
only weak scattering positioned at the absorption edge. The
fluorescence measurement presented indicates the energy of
the resonant edge only. This result therefore indicates that the
SOC driven Jor = 1/2 Mott insulating state exists within all
of the magnetically ordered regimes of SrIr;_,Ru,O4. This
indicates that in general the J.;r = 1/2 state can host a variety
of structures and interactions.

To provide further evidence that the L-edge branching ratio
is indeed a valid measurement of the existence of a Jegr = 1/2
state we performed XMCD and XAS measurements on powder
samples of x = 0.05 (both ab-plane and c-axis ordering) and
x = 0.2 (only c-axis aligned spins) concentrations; see Figs.
8(c) and 8(d). These measurements do not rely on measuring
at a magnetic Bragg reflection so in the x = 0.05 it will probe
a mixture of magnetic ordering whereas in x = 0.2 it will
probe only the c-axis ordering. The XMCD results show a
reduced measured intensity with decreasing Ir concentrations,
as would be expected, and a suppression of the intensity at
the L, edge. For a system with negligible SOC the statistical
branching ratio of the L, : L3 edges from XAS is 2. Here we
find for both the x = 0.05 and x = 0.2 a branching ratio of
~4, similar to previous measurements on undoped Sr;IrOy,
indicating a Jo = 1/2 ground state [28].

E. Structural dependence of Sr;Ir;_,Ru, O,

In the magnetically ordered region of the phase diagram
(x < 0.3) there is no structural symmetry change. However
by performing single-crystal neutron diffraction in the mag-
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FIG. 8. (Color online) (a),(b) Energy scans through the iridium
L, and L5 edges using RMXS on Sr,Irp9Rug ;O4 and Sr,Irg gRuj,04
single crystals within the magnetically ordered phase (T' =5 K).
The red solid lines correspond to RMXS with polarization of
o-m. The grey line, a fluorescence measurement, is performed to
indicate the energy of the resonant L edges only and has been scaled
to fit on the plot. (c),(d) XMCD and x-ray-absorption energy scans
in a £3 T field at 1.8 K for Srzlr()‘gsRuO'()SOz‘ and Srzh‘o'gRuO4204.
The variation of the XMCD signal above 12.84 keV (dotted line) is
an artifact of the optics rather than from any XMCD signal from the
sample.

netically ordered regime we are able to follow the octahedral
alterations, that are believed to be intimately entwined with the
nature of the magnetic insulating state [12]. The change in the
rotation in the ab plane, «, and the tetragonal distortion, Ay,
here defined as the c¢/a ratio of the two octahedral Ir-O bonds,
are shown in Fig. 9. As expected the octahedral rotation angle
decreases along the series as we approach the 74/mmm phase
where o = 0. Inthe Jor = 1/2 limit it has been argued that the
magnetic spins directly follow the canting within the ab plane.
This has been verified in SryIrO4 [29]. From neutron scattering
the occurrence of the (0,0,0dd) reflection indicates a canting of
the spin in the ab plane. The presence of the (0,0,5) reflection
in 10% Ru doping shows that this persists upon doping and the
orientation of the spin is consistent with following the rotation
of the octahedra. As well as the octahedral rotation change
the tetragonal distortion due to an elongation along the ¢ axis
of the octahedra increases. The significance in this has been
shown theoretically in Refs. [12,30] to be a route to a spin flop
from a magnetic structure with spins in the ab plane to a c-axis
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FIG. 9. Single-crystal neutron diffraction on Sr,Ir;_,Ru,O, for
x =0,0.05, 0.1, and 0.2 at 50 K. (a) The octahedral rotation in the
ab plane («). (b) Tetragonal distortion of the octahedra due to the
difference between Ir-O bonds in the ab plane and along the ¢ axis

(Arr0).

aligned AFM structure without an alteration of the Je = 1/2
state. The evolution of the octahedra is at least qualitatively in
line with this behavior. However, the value of c¢/a predicted in
Ref. [30] was 1.09 and therefore appreciably higher than the
Ao value for even 20% doping. Therefore a structural route
cannot be the sole reason for the observed spin flop.

F. Phase diagram of Sr,Ir;_,Ru, Oy

Combining our neutron, x-ray, and magnetization results
allows us to construct a phase diagram for the series
SrpIr;_,Ru, Oy before the structural phase transition at x >
0.5; see Fig. 10. Starting from the undoped x = 0 insulator
that undergoes magnetic order at 240 K the substitution of Ir**
for Ru** leads to both a suppression of the metal-insulator
transition and an evolution of the magnetic structure. The
x = 0 magnetic structure (M1) is maintained up to x = 0.1,
a larger value than previous dopings with Mn or Rh [17,20].
However, a coexistence at low temperature between the x = 0
basal plane ordering (M1) and the c-axis aligned magnetic
structure (M2) exists for x = 0.05 and x = 0.1. Finally for
x = 0.2 only the M2 ordering is present, before the final
removal of long-range magnetic order at x < 0.3.

IV. DISCUSSION

The evolution and coexistence of long-ranged magnetically
ordered structures in the series SroIr;_,Ru, Oy is not observed
in the limited previous studies of doped Sr;IrO,. This indicates
the sensitivity and potential tuneabilty of Sr,IrO4 to a variety
of perturbations. For Mn-doped Sr,IrO,4 the magnetic structure
is the same as the M2 phase discussed here with no region of
the M1 structure [20]. For Rh-doped Sr;IrO4 the magnetic
structure consists of spins in the ab plane [17], as found for
Sr,IrO4 in a small applied field [4]. For the case of Rh-doped
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FIG. 10. (Color online) Phase diagram for Sr,Ir;_,Ru,O,4. The
data points correspond to transition temperatures from single-crystal
neutron diffraction and RMXS. M1 denotes ab-plane magnetic
ordering and M2 indicates c-axis ordering. The insulating regions
are based on results presented in Ref. [15].

Sr,IrO4 there is no spin flop and there exists a small region
of short-range correlations before the long-range basal plane
magnetic ordering sets in. We find no such regions in our
investigations of SrpIr;_,Ru,Oy.

To explain the coexistence of magnetic structures in
SrpIr;_,Ru,O4 we considered and ruled out chemical phase
separation, both in terms of structural phase separation and
mixed valence. Moreover while the similarities to the ortho-G-
AF phase from Kugel-Khomskii orbital ordering in Ref. [26] is
intriguing it remains unclear as to the validity of this model in
SrpIr;_,Ru, Q4. Instead we find electronic phase separation
to be the most consistent scenario for the coexistence of
M1 and M2 based on our results and in analogy to separate
investigations [16,17,25]. One potential cause of this phase
separation, that manifests in coexisting magnetic structures, is
a competing and delicate balance of magnetic interactions in
the SrpIr;_Ru,O4 system due to altered exchange pathways.
For example some bonds contain Ir-O-Ru-O-Ir bonds and
others will contain Ir-O-Ir-O-Ir bonds that have different
exchange interactions, extended to three dimensions. Since
the correlation lengths of the two phases are not distinct then
the phase separation is not limited to isolated small regions
in the vicinity of the Ru dopant, but extends throughout the
lattice. While the specific microscopic route to the spin-flop
transition is puzzling, the alteration of the octahedra along
with an introduction of anisotropy due to the dopant likely
play arole. Despite the evolution and coexistence of magnetic
structures the mechanism of the insulating state appears to
remain unchanged and driven by the Mott mechanism splitting
of the SOC enhanced Jei = 1/2 ground state.

Our results show that the Ir moments remain long-range
ordered up until Ru = 0.3. The alternative doping of Rh in
the series Sr,Ir;_,Rh, Oy instead found a removal of magnetic
order at around half the concentration of Rh = 0.17 [17]. They
considered a percolation driven suppression of magnetic order,
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in analogy to the cuprates, to most adequately describe the
behavior. The large discrepancy between the concentration
that magnetic order is suppressed between Rh and Ru doping at
first glance appears to imply a divergence of behavior. However
since the Rh introduced into Sr,1rO4 adopted the Rh3* valance
it did not simply replace the Ir*' ions, but created two
nonmagnetic dopants (Rh*" and Ir>*). Therefore that created
an effective percolation value of 2x = 0.34, that is close to
the value we find for SrpIr;_,Ru,O4. Standard percolation
theory predicts a value of x = 0.4 as the concentration for
the removal of magnetic order. So while the behavior for both
Ru- and Rh-doped Sr;IrO4 is consistent with a percolation
scenario, it appears to fall short of a full description. A full
understanding incorporating further interactions such as SOC,
4d-5d magnetic interactions, and band hybridization appears
necessary to reproduce the observed behavior, with Ru doping
potentially more favorable due to the direct replacement of
Ir** with Ru** ions.

V. CONCLUSION

We have investigated the series SrpIr;_Ru,O4 using both
neutrons and resonant x-ray scattering to find the magnetic
structure in the ordered regime of the phase diagram and
assign the nature of the insulating state. Our results indicate
a coexistence of two doping induced magnetic structures up
to 10% Ru substitution, compatible with an electronic phase
separated system. At higher Ru concentration of 20% the
magnetic structure consists solely of c-axis aligned spins,
indicating a spin-flop transition from the undoped Sr;IrO4

PHYSICAL REVIEW B 92, 165128 (2015)

basal plane magnetic structure. Substituting 30% Ru removes
long-range magnetic order. We are able to use the resonant
x-ray L edges to assign the insulating behavior within the full
magnetically ordered region of the phase diagram as consisting
of a Jeir = 1/2 SOC enhanced insulating state.
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