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Iridates have attracted much interest in the last decade for their novel magnetism emerging in the
limit of strong spin-orbit coupling and possible unconventional superconductivity. A standard for
growing iridate single crystals has been the flux method using platinum crucibles. Here, we show that
this widely used method compromises the sample quality by inclusion of platinum impurities. We
find that Sr2IrO4 single crystals grown in iridium crucibles show remarkable differences from those
grown in platinum crucibles in their sample characterizations using Raman spectroscopy, resistivity,
magnetization, optical third harmonic generation, resonant X-ray diffraction, and resonant inelastic
X-ray scattering measurements. In particular, we show that several peaks of sizable intensities
disappear in the Raman spectra of samples free of platinum impurities, and a significantly larger
activation energy is extracted from the resistivity data compared to previously reported values.
Furthermore, we find no evidence of the previously reported glide symmetry breaking structural
distortions and confirm the I4;/acd space group of the lattice symmetry. Although the platinum
impurities are not apparent in the magnetic properties and thus went unnoticed in the stoichiometric
insulating phase for a long time, their effects can be much more detrimental to transport properties
in chemically doped compounds. Therefore, our result suggests using growth methods that avoid
platinum impurities for an investigation of intrinsic physical properties of iridates, and possible

superconducting phases.

I. INTRODUCTION

Over the last decades, iridates have been a central play-
ground for the study of Mott physics in the limit of strong
spin-orbit coupling (SOC), owing to their novel electronic
and magnetic properties arising from spin-orbit entan-
gled Jog=1/2 pseudospins@—lﬂ]. In particular, SrolrQOy,
a single-layer member of the Ruddlesden-Popper (RP)
series iridatesﬂa, ﬁ], has attracted wide interest as a pro-
totypical spin-orbit Mott insulator, in which the pseu-
dospins, despite the strong SOC, realize a Heisenberg an-
tiferromagnet on a quasi-two-dimensional square lattice,
in striking similarity with parent insulators of cuprate
high temperature superconductors]. Indeed, theo-
retical studies using Monte Carlo[L1], functional renor-
malization grouﬁpﬁ, and dynamical mean field the-
ory simulations have indicated possible unconven-
tional superconductivity upon carrier doping, while ex-
perimental studies using surface in situ doping com-
bined with angle-resolved photoemission spectroscopy
(ARPES)[14, ﬁ] and scanning tunneling spectroscopy
(STS)|16] have found tantalizing evidence of unconven-
tional superconductivity: the Fermi surface breaks up
into disconnected arcs with pseudogap opening, which
at low temperatures evolve to a gap structure consistent
with d-wave superconductivity.

However, superconductivity in the square-lattice iri-
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dates remains elusive to date. A prerequisite for the
search for superconductivity is to grow bulk-doped sam-
ples with reasonably high quality, which at high enough
doping concentration should exhibit a metallic phase
with a well-defined Fermi surface. Although ARPES
studies on La-doped SroIrO4 have partially reproduced
the results from the in situ doping study|17], a coherent
quasiparticle has, to the best of our knowledge, never
been observed in chemically doped samplesﬂﬁ]. Even
for the stoichiometric parent insulator, STM topograph
images taken on the surface of singlem] and bilayerm
iridates show a large density of unidentified impurities.
Furthermore, glide-symmetry-breaking structural distor-
tions found from neutron diﬂractionﬂ%]—lﬁ] and optical
third harmonic generation (THG measurementsﬂﬂ] are
reported to be sample dependent[25]. These results raise
quality issues in currently prevailing samples and call for
a critical reexamination of the growth methodm, @] to
obtain high-quality single crystals and reveal the intrinsic
physical properties of iridates.

In this paper, we show that growing SroIrO, single
crystals in a platinum (Pt) crucible introduces Pt impu-
rities in the sample, which lead to many observable differ-
ences from those grown from an iridium (Ir) crucible. We
assess the crystal quality using Raman spectroscopy, res-
onant X-ray diffraction (RXD), resonant inelastic X-ray
scattering (RIXS), magnetization, resistivity, and opti-
cal THG-rotational anisotropy (RA) measurements. Re-
markably, in Pt impurity-free samples, we find strong
suppression of several peaks previously observed in the
Raman spectraM], and a large activation energy in
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FIG. 1. (a) Raman spectra of Sra2IrO4 crystals grown in Ir (sample #1, blue) and Pt (sample #2, red) crucibles, taken at T' =
70 K in four different polarization configurations. (b)-(e) Detailed views that highlight the 705 cm™" Bag, and 728 cm™" Ay,
peaks [(b) and (c)], and 110 em ™" Aq4 peak [(d) and (e)], which are suppressed in sample #1. Black curves are Raman spectra
of Pt-doped Sr2IrOy4 crystals grown in an Ir crucible (sample #3), taken at T = 90 K.

good agreement with the theoretically calculated indirect
band gap. Furthermore, we find no indication of the pre-
viously reported structural distortions. Our result indi-
cates that a small number of platinum impurities, below
detection level of energy dispersive X-ray analysis (EDX),
lead to manifest difference in the excitation spectra and
the structure of SrylrO4, and possibly mask emergent
phenomena that arise with carrier doping.

II. METHODS

SrolrOy4 single crystals were grown using a self-
flux method.  Ir05(99.99%), SrC03(99.994%), and
SrCly-6H20(99.9965%) powders were mixed and ground
thoroughly in an agate mortar, and placed in an iridium
crucible enclosed by an outer alumina crucible. We used
the same heating sequence as previously reportedm],
but the powders were mixed with a different molar ra-
tio of reagents because the iridium crucible provides an
iridium-rich environmentﬂ&_ﬂ]. Thin and shiny square-
shaped single crystals with typical dimensions of 300 x
300 x 100 pm were extracted from the crucible after rins-
ing out with distilled water.

Raman spectroscopy was performed with a home-built
setup equipped with a 633-nm He-Ne laser and a liquid-
nitrogen-cooled CCD (Princeton Instruments). The elas-
tic signal was removed by grating-based notch filters
(Optigrate, BragGrate™ Notch Filters). SraIrOy crys-
tals were mounted in an open cycle optical cryostat (Ox-
ford Instruments) and cleaved to reveal fresh (001) sur-
face. During the measurements, the nominal sample tem-

perature was kept at 70 K. The laser power and spot size
were 1.8 mW and 2 pm, respectively, and the resulting
laser heating was about 50 K as determined from the
Stokes to Anti-Stokes intensity ratio. All spectra were
Bose-corrected.

THG-RA measurements were carried out by adopting
the setup outlined in Ref. @] The phase mask was re-
placed by a pair of wedge prisms rotating at the speed of
1 Hz. The incident 1200 nm pulses were generated by an
optical parametric amplifier (Light Conversion, Orpheus-
F) powered by a femtosecond laser of 100 kHz repetition
rate (Light Conversion, Pharos). The laser fluence was
0.6 mJ/cm?, and the reflected third harmonic 400 nm sig-
nals were mapped onto a 2D electron multiplying CCD
(Princeton Instruments). The crystal was cleaved at lig-
uid nitrogen temperature and then immediately pumped
down to pressure below 107% torr. All THG-RA mea-
surements were performed at room temperature.

The in-plane resistivity was measured with a commer-
cial physical property measurement system (Quantum
Design). The standard six-probe method was used and
the electrical current was applied to the a-axis on ion
beam patterned SrolrO4 samples. The in-plane magneti-
zation was measured with a commercial superconducting
quantum interference device magnetometer (MPMS3-
VSM, Quantum Design).

RXD measurements were performed at the 1C beam-
line of Pohang Light Source with the incident photon en-
ergy 11.215 keV and the focused beam spot size of 25(H)
x 4(V) pm. We achieved an extremely low background
in our RXD setup by using Si (844) crystal analyzer in
back scattering geometry. This reduced the background
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FIG. 2. An Arrhenius plot of the resistivity p, measured along
the a-axis for sample #1(blue circles), #2(black circles), and
that adopted from Ref.|33](red circles). The energy gap A is
extracted from the fitting (red dashed line) to the resistivity
curve in the high temperature region.

intensity as low as one count per second (cps). RIXS
spectra were obtained at the sector 27 RIXS beamline
of Advanced Photon Source. X-rays were monochroma-
tized to a bandwidth of 15 meV and focused to have a
beam spot size of 40(H) x 10(V) pm. A Si (844) diced
spherical analyzer with 2 inch radius was used and the
achieved energy resolution at the iridium L3 edge was 30
meV.

IIT. RESULTS AND DISCUSSION

Figure [Il shows the comparison of the Raman spectra
measured on single crystals grown in Ir (sample #1) and
Pt crucibles (sample #2) at the liquid nitrogen tempera-
ture. Whereas most of the phonon modes of the samples
#1 and #2 are in good agreement with each other and
those in reported in earlier studies@@, @], the peaks
at 110 ecm™! and 728 em™! in the Aj, channel and at
705 cm~! in the Bs, channel are strongly suppressed in
sample #1, as shown in Figs.[T(b)-(e). This result was re-
produced in more than 10 crystals from other batches @]
To confirm the platinum impurity origin of these Raman
peaks, we grew SrolrOy4 crystals in an Ir crucible with
extra PtOs powders(99.95%) deliberately added (sam-
ple #3). Black curves in Figs. [[b)-(e) show that all
three peaks (110 cm~!, 705 cm™!, 728 cm~1!) appear in
sample #3 as observed in sample #2. Slight differences
in the exact location of peaks and their intensity ratio
are due to the different Pt impurity concentration and
measurement temperature (70 K for #2 and 90 K for
#3). Indeed, the 728 cm™! Ai4 peak shows the same
peak location for sample #2 and #3 when measured at
the same temperature[31]. Thus, we conclude that these
three peaks originate from the platinum impurities and

[ o data@) — 4/mmmiit |

FIG. 3. THG-RA patterns of sample #1 taken under (a)
PP, (b) PS, (c) SP, (d) SS at room temperature. All THG
signals are normalized by the PP trace. Red curves are the
best fits using bulk electric dipole induced THG tensor of
4/mmm point group.

are not intrinsic to pure SralrOy.

From a representation analysis, it can be easily checked
that three extra peaks become Raman active in the A,
channel as the lattice symmetry is lowered from I4;/acd
to I41/a. As we shall see below, sample #1 is confirmed
to have I4;/acd symmetry. If the two A;, peaks (110
em~! and 728 cm™!) are phonon modes, their absence
in sample #1 can be interpreted as due to the lattice
structural differences between sample #1 and #2. We
note, however, the intensity of the peak at 728 cm™! in
sample #2 seem rather too large for a structural change
induced by a small amount of Pt impurities below the
detection level of EDX[31].

Alternatively, the peak may arise from in-gap elec-
tronic states created by the Pt impurities. As Pt has
one more electron than Ir, Pt impurities can affect the
transport properties. Figure 2] shows the in-plane re-
sistivity measured along the crystalline a-axis for sam-
ple #1(blue circles) and #2(black circles). The resistiv-
ity p. at high temperatures follows the activation law
pa ~ exp(A/2kpT), where A is the energy gap and
kp is Boltzmann constant. The extracted A was about
360 meV, close to the theoretically calculated indirect
band gap of about 300 meV based on the first-principles
calculations@7 ] This A is significantly higher than
previously reported values ranging from 80 meV to 110
me\/ﬂﬂ7 @, , obtained in bulk crystals grown in a
Pt crucible plotted as black and red circles in Fig. 233).
These observations suggest that some of the extra peaks
in the Raman spectra found in crystals from Pt crucibles
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FIG. 4. RXD results for sample #1, iridium crucible crystals.
(a) Representative H cut at (0 0 20). (b) Representative H
cut at (1 019). Black curve represents estimated theta rocking
curve from structure factor calculation (see text). Error bar
represents statistical error. (c), (d) Two dimensional HK
mapping for (0 0 20) and (1 0 19) reflections.

may be due to in-gap states from platinum impurities.

Next, we look into the issue of structural distortions re-
cently reported for SroIrO4. The space group symmetry
of SraIrOy4 had long been believed to be 14, /acd|d, 41,
but recent works have instead suggested I4;/a, based
on the broken mirror symmetries observed in the THG-
RA measurement[24], and forbidden (1 0 L) peaks ob-
served in the neutron diffraction experiment @] We
performed THG-RA measurements on our sample #1 in
four different polarization channels as shown in Fig.
The crystallographic axes were determined by the light
polarization dependence of the phonon modes in our Ra-
man spectra. We confirm that all four THG-RA patterns
are well aligned with the crystallographic axes, and are
perfectly fitted to the third harmonic generation suscep-
tibility tensor in the electric dipole channel for 4/mmm,
the point group of T4, /acd space group.

In the 4/mmm point group, the intensities for P.S and
SP geometries are proportional to |sin(4¥)|, yielding a
pattern with eight-fold rotation symmetry, as shown in
Figs.Bl(b) and (c), respectively. In the previous work, the
lobes were tilted away from the principal axes and had
different intensities, thus manifestly breaking the mirror

symmetries a — —a and b — —b, implying the absence
of ¢ and d glides from I4; /acd[24, 31].

We have also searched for the previously reported for-
bidden reflections in our sample using RXD. We calculate
the intensity expected for (1 0 19) in absolute units from
the ratio of (1 0 19) to (0 0 20) based on their structure
factors from the earlier structure refinement in I4; /a[23),
and the intensity of (0 0 20) measured in our setup, as
shown in Fig. @a). As only few cps is expected for (1 0
19), we used a Si (844) energy analyzer to suppress the
background below one cps as shown in Fig. Flb). Our
error bar of the order of ~0.1 cps, an order of magnitude
smaller than the expected intensity, allows us to con-
firm the absence of (1 0 19) reflection. To rule out the
possibility of missing the peak due to a trivial sample
misalignment, we performed a two-dimensional scan in
(HK) plane as shown in Figs. Hl(c) and (d). Our results
from THG-RA and RXD comprehensively show that lat-
tice structure of SralrOy is consistent with the T4, /acd
space group.

The high quality of sample #1 is further supported by
RIXS. Figure Bl compares the magnon spectra of sample
#1 and sample #2 at the two high symmetry points at
(m,0) and (7/2, w/2). Tt is clear that the magnon peaks
in sample #1 have significantly narrower peak widths.
Indeed, the full widths at half maximum of the magnon
peaks are 35.8 meV for sample #1 and 44.2 meV for sam-
ple #2 at (7/2, 7/2), and 84.4 meV for sample #1 and
99.5 meV for sample #2 at (7, 0). Although our mag-
netometry measurements did not show any significant
difference in the static magnetic response between the
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FIG. 5. High-resolution low energy RIXS spectra at two high
symmetry points of (7, 0) and (7/2, 7/2) grown in Ir (sample
#1, blue) and Pt (sample #2, red) crucibles. The scattering
angle was kept nearly 90° to suppress the elastic signal. The
low energy features at 200 and 100 meV of (m, 0) and (7/2,
7/2) correspond to single-magnon fitted with Gaussian curves
(dashed line), respectively.



sample #1 and #2 ﬂ3_1|], the impurity effects are clearly
visible in the dynamical spin structure factor.

IV. CONCLUSION

In summary, we have shown that single crystal growth
of SrolrO4 in Pt crucibles introduces Pt impurities,
whose effects can be quite dramatic in the structural
and physical properties of iridates. The impurities re-
sult in extra peaks in Raman spectra, in-gap states in-
dicative of localized electrons bound to Pt impurities,
and structural distortions breaking the glide symmetries.
Given that magnon peaks become readily broadened with
small amount of Pt impurities, novel quantum phases
of matter such as the Kitaev spin liquid and topolog-
ical Weyl semi-metal sought for in other iridates may
require re-investigation using samples without Pt impu-

rities. More importantly, absence of well-defined quasi-
particles in metallic phases of electron and hole-doped
SrolrO4 may be due to the impurities, as in situ doping
studies show prominent quasiparticle peaks indicative of
coherent charge transport. Our studies suggest that rein-
vestigations of metallic phases of doped Sr3lrO4 in Pt
impurity-free samples are necessary.
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