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Metal-insulator transition (MIT) in perovskite iridium oxides Sr,,1Ir,O3,1 represents one of the most attractive
phenomena exemplifying the cooperation of Coulomb interaction and spin—orbit coupling (SOC). MIT takes place when
St+11r,03,41 (n =1, 2) is doped with carriers. While electron-doped Sr,4+1r,03,+1 (n = 1, 2) systems have been
extensively investigated, hole-doped samples are still limited. Here, we report the first growth of Fe-doped (hole-doped)
Sr3lr,O7 single crystals [Srz(Ir;_,Fe,),07] with the doping level 0.1 < x < 0.28. An MIT behavior is observed at the
doping level of x ~ 0.16 from resistivity measurements. Electronic structures of Fe-doped Sr3Ir,O; have been revealed
by angle-resolved photoemission spectroscopy (ARPES) measurements. The evident energy shift of the band structure
indicates higher hole-doping level as compared with Rh-doped Sr3Ir;O7. Our results demonstrate that Fe doping serves
as an effective approach for heavily hole doping in Sr3Ir,O7, thereby offering a powerful strategy to modulate MIT in this

material system.

Keywords: spin—orbit-coupled Mott insulators, hole-doping, single crystal growth, metal—insulator transition,
angle-resolved photoemission spectroscopy (ARPES)

PACS: 71.10.Hf, 71.20.-b, 71.30.+h, 71.27.4a
DOI: 10.1088/1674-1056/adda0b

1. Introduction

Metal-insulator transition (MIT) is one of the central phe-
nomena in strongly correlated materials.!!) Electrons exhibit
both localized and itinerant properties near the MIT regime.
Multiple interactions among different degrees of freedom co-
exist in this complex regime, leading to rich exotic phenom-
ena, such as unconventional superconductivity>3! and density
wave orders. [+

Ruddlesden—Popper strontium iridates Sty 11,03,
(n = 1, 2) have attracted significant attention as an analog
of cuprate high-temperature superconductors.!”~") These ma-
terials are spin—orbit coupled Mott insulators, and the MIT
can take place when carriers are doped into the system.!1%!1]
The double-layer compound Sr3Ir,O7 exhibits a smaller gap
and a larger bandwidth compared to its single-layer coun-
terpart SrpIrOy4, providing an ideal platform for investigating
the doping-induced MIT.®!21 On the electron-doped side, La
substitution of Sr has been applied.!'3>-'>! On the hole-doped
side, Ru and Rh have been used to substitute Ir.['6-2!1 The
doping level x of Ru [Sr3(Ir;_,Ru,)>,07] required to exhibit
MIT is around 0.35-0.4, 13291 which has prompted debates on

whether the intrinsic nature of iridates has been changed. Rh
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substitution is more efficient in doping holes into Sr3Ir,07.2%!
However, the highest doping level of Rh achieved so far is
limited to x ~ 0.1 [Sr3 (Ir1,thx)207].[22] In the single-layer
compound SrpIrOy, it has been shown that Fe substitution of
Ir provides additional holes.>3! However, Fe-doped Sr3Ir,0
has not been reported so far.

In this article, we report the first successful growth of
Sr3(Ir;_ Fe,),07 (0.1 < x < 0.28) single crystals. The x-
ray diffraction (XRD) measurements reveal high quality of
the crystals. The chemical composition is confirmed by en-
ergy dispersive x-ray spectroscopy (EDS), showing uniform
Fe doping. Resistivity measurements observed an MIT at the
doping level of x ~ 0.16. The electronic structure is unveiled
by ARPES measurements. Sr3(Irj_,Fe,),O7 provides a new
platform to investigate the exotic phenomena in hole-doped
spin—orbit coupled Mott insulators.

2. Experimental results

High quality single crystals of Sr3(Ir;_Fe,),07 (0.1 <
x < 0.28) were synthesized from IrO; (99.99%, Alfa Aesar),
Fe>03 (99.99%, Alfa Aesar), StCOj3 (99.99%, Alfa Aesar) and
SrCl (99.5%, Alfa Aesar) using flux method. All the chemi-
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cals were heated around 1.6 hours at 100 °C before weighing
to get rid of any possible moisture. Then the powders were
weighed and ground in an agate mortar for 1.5 hours. The
mixture was then loaded into a platinum crucible with a plat-
inum lid, and subsequently positioned within an alumina cru-
cible. The mixture was heated in a muffle furnace from room
temperature to 1270 °C within 13 hours and soaked for 24
hours, then cooled down to 800 °C at a rate of 7 °C/h and
further cooled down to 400 °C at a rate of 97 °C/h. Finally,
after being cooled down to room temperature by turning off
the furnace, the mixture was washed by water to get single
crystals and remove the flux. Following the above method,
we have successfully grown Fe-doped Sr31r,O7 single crystals
with the doping level between x ~ 0.1 and x ~ 0.28. The sam-
ples exhibit a tetragonal shape with a flat surface and a typical
dimension of 1 mmx 1 mmx0.5 mm.

The crystal structure of Sr3(Ir;_,Fe,)>O7 is shown in
Fig. 1(a). The three-dimensional (3D) Brillouin zone (BZ) and
projected two-dimensional (2D) BZ are plotted in Fig. 1(b),
where high-symmetry points are highlighted. Given the quasi-
2D nature of the system, subsequent discussion in this article
is established using the projected 2D BZ. Surface morphology

(2) Sr

and chemical composition of Sr3(Ir;_,Fe,),O7 crystals are
examined by scanning electron microscope (SEM) equipped
with energy dispersive x-ray spectroscopy (EDS). Figure 1(d)
is the SEM image of a sample with the doping level of x ~ 0.16
confirmed by the EDS results shown in Table 1. The average
atomic ratio of Sr:Ir agrees with 3:2 within the experimen-
tal error bar. The highest doping level we have achieved is
x ~ 0.28, and the corresponding SEM image and EDS results
are shown in Fig. 1(e) and Table 2, respectively.

Table 1. SEM/EDS results on the x ~ 0.16 Fe-doped sample.

Element Weight (%) Atomic (%)
Sr 32.51 18.5
Ir 43.11 11.2
Fe 2.44 22

Table 2. SEM/EDS results on the x ~ 0.28 Fe-doped sample.

Element Weight (%) Atomic (%)
Sr 33.69 19.1
Ir 40.26 10.4
Fe 4.67 42

(d)

—
250 ym

Fig. 1. (a) Crystal structure of Sr3(Ir;_Fe,)>,07; (b) the 3D Brillouin zone (black lines) and projected 2D BZ (blue solid lines) of Srz(Ir;_,Fe,)>07,
as well as the distorted BZ (pink dashed lines); (c) image of the as-grown Sr3(Irj_.Fe,),O7 single crystals; (d) the surface morphology of an
Sr3(Irg.g4Feq 16)207 single crystal; (e) the same as panel (d) but for the highest doping sample Sr3(Irg 72Fe( 28)207.

The XRD measurements were carried out using Cu Ko
radiation (A = 1.5406 A) to study the crystal structure of
Sr3(Ir;_Fe,)»O7. Data were collected over a 268 range of
10° to 60° with a step size of 0.02° and continuous scan-
ning at room temperature. The results are shown in Fig. 2.
One of the biggest challenges in synthesizing high-quality
Sr3(Ir;_Fe,),O7 single crystals is to avoid the contamination
from Sr,IrO4 phase during the growth. It is evident that no

impurity peaks are observed above the noise level and no peak
in the grown samples belongs to SrpIrO4. The peaks plotted in
Fig. 2 can be well attributed to the (0, O, n) reflections of the
Sr3Irp, O7 lattice structure, indicating that the substitution of Ir
by Fe does not significantly change the overall crystal struc-
ture of the Sr3Ir,O7 lattice. Note that the positions of (0, 0,
10) and (0, 0, 12) peaks shift to higher angles with increasing
Fe doping. This might indicate a decrease of the c-axis lat-
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tice parameter in the doped samples. A similar phenomenon is
also observed in Fe-doped SroIrO4.1?*! The successful growth
of Fe-doped Sr3Ir,O7 single crystals provides an opportunity
to investigate their physical properties.

After the characterization of the Srz(Ir;_,Fey)2O7 single
crystals, we examine their electrical-transport properties. Fig-
ure 3 shows a comparison of the resistivity—temperature (R—7")
curves of Sr3(Ir;_,Fe,)>,07 samples with different doping lev-
els. The R—T curve of the parent compound (x = 0) is similar
to that observed in previous studies. 42!

However, the R-T curves of the Fe-doped samples exhibit
different behaviors. First, the overall magnitude of the resis-
tivity is decreased by several orders of magnitude in the doped
samples, indicating a less insulating state. Second, the sample
with a doping level of x ~ 0.16 exhibits a metallic-like behav-
ior at high temperature and shows an MIT at around 130 K.
Third, further increasing of the doping level (e.g., x ~ 0.28)
induces a more insulating behavior. We note that a similar
behavior is observed in Fe-doped single-layer system SryIrO4
and attributed to weak localization formed by the scattering
from randomly distributed Fe ions.!>3! In SryIr_,Fe, Oy, the
metallic state exists only in the doping region where long-
range antiferromagnetic (AFM) order exists. When the dop-
ing level reaches x ~ 0.31, the metallic state and the AFM
order both vanish. It is believed as a hint of unconven-
tional correlation between magnetic and electronic states in
SroIr;_Fe,04.123] The recovered insulating behavior in Fe-
doped Sr3Ir,O7 at the doping level of x ~ 0.28 may share a
common mechanism with its single-layer counterpart.

In order to investigate the electronic structure of
Sr3(Irg.34Feq.16)207, photoemission measurements have been
performed using our lab-based ARPES system with 21.2-

eV photons. The Fermi level is determined by measuring

(f) Fe z~0.16 (g) Rh z~0.1

a polycrystalline gold piece in electrical contact with the
samples. The single crystals are cleaved in sifu and mea-
sured with a base pressure of better than 6 x 10~ Torr

(1 Torr=1.33322x10% Pa) at 9 K.
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Fig. 2. The XRD patterns of the Sr3(Ir;_,Fe,),07 single crystals with
different doping levels on a logarithmic scale. All peaks are indexed by
(0, 0, n) of the Sr3Ir,O7 lattice structure.
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Fig. 3. The temperature dependence of the ab-plane resistivity of
Srz(Ir;_yFe,)207. The inset shows the data of x ~ 0.16 in an extended
scale.
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Fig. 4. Panels (a) and (c) are Fermi surface map for (a) Srz(Irp.9oRho 10)207 and (c) Sr3(Irp gaFep 16)207. Panels (b) and (d) are constant energy map at
E =—100 meV for (b) Sr3(Irg.90Rho.10)207 and (d) Srz(Irg s4Fep.16)207. The blue dashed lines in panels (a)—(d) highlight the projected 2D BZ. Panels (e)—(h)
are band structures of [(e) and (g)] Sr3(Irg.9oRhg.10)207 and [(f) and (h)] Sr3(Irg g4Feq.16)207 measured along high-symmetry directions. The yellow dashed
lines in panels (c), (e), (f) are guides for the eye. (i) and (j) Raw MDCs in the energy region from —0.15 eV to Fermi level in panels (e) and (f) respectively.
The red triangles indicate the dispersions which are highlighted in panels (e) and (f).
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In Fig. 4, electronic structures of both Fe-doped and Rh-
doped Sr3Ir,O7 samples are shown for comparisons. With Rh
doping, the valence bands shift upwards, similar to the previ-
ous study.??! The Fermi surface map of the Rh-doped sample
(x ~ 0.1) exhibits rectangle-shaped spectral weight at (0, )
[Fig. 4(a)]. With Fe doping, the valence bands also shift up-
wards, being consistent with hole doping. For the Fe-doped
sample with x ~ 0.16, the Fermi surface shows a pocket sur-
rounding (0, ) point, highlighted by the yellow dashed line in
Fig. 4(c). The band structure along high symmetry directions
are shown in Figs. 4(e)—4(h). The binding energy values for
pristine Sr3Ir,O7, approximately 90 meV, 3! are highlighted in
red in Figs. 4(e) and 4(f) and are indicated with an arrow. It
is clear that the valence band top at (0, ) is at the vicinity
of Fermi level in the Rh-doped sample (x ~ 0.1) [Fig. 4(e)].
In the Fe-doped sample (x ~ 0.16), the valence bands dis-
perse towards the Fermi level, with the band top above the
Fermi level [Fig. 4(f)].
doped (x ~ 0.16) sample is more hole-doped comparing to the
Rh-doped (x ~ 0.1) sample. We note that x ~ 0.1 is the high-
est doping level reported in Rh-doped Sr3Ir,O7 samples.??! In

These results indicate that the Fe-

this context, the Fe-doped samples provide a new platform to
investigate the heavily hole-doped Sr3Ir; O5.

3. Conclusion

In conclusion, we have successfully synthesized high-
quality single crystals of Sr3(Ir;_,Fe,)>,07 (0.1 < x < 0.28)
for the first time. The chemical composition has been de-
termined by EDS measurements and the crystal structure has
been confirmed by XRD measurements. Electrical-transport
measurements reveal metal-insulator transition in the sample
with doping level x ~ 0.16. ARPES measurements resolve the
electronic structure of the Fe-doped Sr3Ir,O7 sample. The en-
ergy shift of the band structure is consistent with hole doping.
This study identifies Fe substitution as an effective method for
achieving higher hole doping in bilayer iridates as compared
with Rh substitution, thereby expanding the available phase
space and presenting new opportunities to explore correlated
metallic states within these systems.
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