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Layered transition metal oxides of the form A2BO4 consist of 
2D layers (BO2) in the ab-plane that are stacked along the c-axis. 
Such materials are considered 2D, since each consecutive plane 
is well separated by an electronically inert rock salt layer (AO) 
and offset by a half unit cell. Compounds with this so-termed 
K2NiF4-type structure can be epitaxially grown such that the 2D 
layers are oriented parallel to the surface normal direction, i.e., 
a-axis orientation.[13–15] The crux of our idea is that the dimen-
sionality of the 2D layered materials in this a-axis orientation 
can be tuned by restricting the number of monolayers m grown 
along the in-plane direction (Figure 1a). For instance, if only 
a single monolayer is grown, i.e., m = 1, then the 2D planes 
become 1D stripes. To achieve a volume suitable for experi-
mental characterizations, superlattice structures can be grown 
consisting of alternating layers of m monolayers of BO2 and n 
monolayers of an inert, wide bandgap material also containing 
the K2NiF4 symmetry (A'2B'O4). In this manner, the 2D planes 
can be incrementally tuned to 1D quantum stripes.

We have implemented this idea in synthesizing 1D IrO2 
stripes using in-plane oriented superlattices of Sr2IrO4 and the 
wide-bandgap insulator LaSrGaO4 (Eg = 3.8 eV) (Figure 1b and 
Figure S1 in the Supporting Information). The 2D layered iri-
date Sr2IrO4 exhibits a unique spin-orbit coupled Jeff = 1/2 Mott 
insulating state, which is not present in its 3D metallic coun-
terpart SrIrO3.[16–19] Recent studies on 2D Sr2IrO4 also have 
revealed interesting phenomena such as the presence of exci-
tonic quasiparticles and indications of new superconducting 
ground states for doped samples.[20–23] Although expected to 
form intriguing electronic and magnetic ground states in one 
dimension, there are no previously studied or discovered 1D 
iridate systems to date. To synthesize the 1D superlattice struc-
tures, we have used a customized pulsed laser deposition system 
in order to optimize monolayer-controlled deposition of Sr2IrO4 
and LaSrGaO4 (see the Supporting Information and ref. [24] for 
detailed growth methods and conditions). Using structural and 
electronic characterizations of X-ray diffraction, high-resolution 
scanning transmission electron microscopy (STEM), optical 
spectroscopy, and resonant inelastic X-ray scattering, we have 
confirmed that both 1D structural and electronic confinement is 
achieved for this system. Our experimental observations are also 
consistent with the calculations of density functional theory. 
These results imply that this method can be extended to any 2D 
layered material and thereby allow for tunability to 1D quantum 
structures previously disregarded in experimental 1D science.

The 1D stripe-structures of our superlattice samples have 
been confirmed by X-ray diffraction and high-resolution STEM. 
Figure 2a shows clear periodic superlattice peaks in the 2θ–ω 

An ideal 1D quantum-stripe consists of an infinite linear chain 
of bonded atoms, wherein the interactions between each atom’s 
electrons are restricted to the single dimension of the chain.[1] 
1D order spontaneously emerges at the onset of quantum 
phase transitions in the form of charge/spin density waves 
in multiferroics, superconductors, and as edge and surface 
states in topologically nontrivial systems.[2–8] An experimental 
approach for investigating such phenomena is to dimension-
ally tune these systems to 1D until a critical phase transition is 
reached, as conducted similarly in Ruddlesden–Popper series 
compounds from three to two dimensions.[9] While many 
successful strategies have been demonstrated for chemically 
synthesizing 1D nanostructures, direct atomic-layer control 
between two and one dimension(s) is generally considered 
unavailable.[10] Additionally, the quantum confinement of con-
ventionally 2D materials to 1D can reveal hidden electronic and 
magnetic properties. For example, SrCuO2, i.e., 1D chain com-
pound, shows novel spin-charge separation, which is absent 
in its 2D counterpart, Sr2CuO2Cl2 (Kim et al.[11]). Despite the 
promising outlook for 1D materials, experimental progress 
remains in its infancy, hampered by its reliance on the few 
materials with intrinsic 1D structures.[12]

Here, we present a new approach of synthesizing 1D 
quantum systems by constructing dimensionally confined 
stripe-superlattices from in-plane oriented 2D layered crystals. 

www.advmat.de

Adv. Mater. 2017, 29, 1603798

www.advancedsciencenews.com

http://doi.wiley.com/10.1002/adma.201603798


C
o

m
m

u
n

iC
a
ti

o
n

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwileyonlinelibrary.com1603798 (2 of 6)

www.advmat.de

Adv. Mater. 2017, 29, 1603798

www.advancedsciencenews.com

Figure 1. Conceptual diagram of turning a 2D layered material into a 1D quantum stripe superlattice. a) The leftmost panel shows the in-plane 
structures of two transition-metal oxides, A2BO4 (above) and A'2B'O4 (below), with the K2NiF4 symmetry. Each dark gray (light gray) square contains 
transition-metal ions B (B') at its center and an oxygen atom at each of its four vertices. The number of BO2 monolayers m corresponds to the hori-
zontal rows of dark gray squares, i.e., the stripes. Low-dimensional stripe phases approaching 1D (e.g., m = 3, 2, 1) can be created by alternating the 
layers between m monolayers of BO2 and a constant number of B'O2 monolayers (such as 5 in the schematic). The 1D quantum stripes are achieved 
in the m = 1 case depicted in the rightmost panel. b) Schematic diagrams of a-axis-oriented (Sr2IrO4)m/(LaSrGaO4)5 superlattices for m = 3, m = 2, and 
m = 1 for realizing the low-dimensional quantum stripes of IrO2 (dark gray squares) on LaSrGaO4 (100) substrates. The 1D IrO2 stripes run parallel to 
the b-axis and are dimensionally confined by the wide-bandgap LaSrGaO4 layers (light grey octahedra).
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Figure 2. X-ray diffraction scans and Z-contrast STEM data of (Sr2IrO4)m/(LaSrGaO4)5 superlattices. a) 2θ–ω X-ray diffraction scans of (Sr2IrO4)m/
(LaSrGaO4)5 superlattices (labeled accordingly to the right). The LaSrGaO4 (400)-diffraction peaks are indicated by an asterisk (*). The central super-
lattice peak is the zeroth-order Bragg diffraction peak (indexed as 0), and the superlattice satellite peaks are indexed relative to this peak. b,c) Two 
X-ray reciprocal space maps are taken for each superlattice sample about the (310) reflection (b) and the (303) reflection (c) of LaSrGaO4 (*) to obtain 
complete in-plane strain information. d) Z-contrast STEM images of m = 3 (left pair) and m = 1 (right pair) superlattices. Two cross-sections are shown 
for each sample: the ac-plane (left scan of each pair) and the ab-plane (right scan of each pair). The brightest dots are Ir ions and the inset schematics 
employ the same color scheme as in Figure 1b. Note that the IrO2 stripes run along the b-axis ([010]-direction), that is the out-of-page direction in the 
left image and the horizontal direction in the right image of each sample. All the images have the same scale bar (leftmost image) of 5 nm.
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X-ray diffraction scans. Since each superlattice unit cell consists 
of m monolayers of Sr2IrO4 and five monolayers of LaSrGaO4, i.e.,  
(Sr2IrO4)m/(LaSrGaO4)5 (m = 1–5), the superlattice diffraction 
peak periodicity Δh shows excellent agreement to 1/(m + 5). 
For strain information, X-ray reciprocal space maps have been 
taken near the (310) and (303) reflections of LaSrGaO4 for the 
ab- (Figure 2b) and ac-planes (Figure 2c), respectively. The 
vertical alignment of the superlattice peaks with the substrate 
reflections indicates all superlattices are coherently strained 
along both directions, i.e., b- and c-axes. STEM further confirms 
that the 1D superlattice structures are successfully formed 
(Figure 2d). The expected half-unit cell offset (zig-zag shape) 
and Sr–O rock salt separation between neighboring IrO2 stripes 
along the c-axis is readily apparent in the ac-plane scans of the 
m = 3 and m = 1 samples. Along the b-axis, the IrO2 stripes are 
coherent; however, the stripe boundaries in this planar view are 
rather indeterminate due to the interstripe half-unit-cell offset 
between each planar layer. These observations provide con-
vincing evidence for the successful creation of 1D IrO2 stripe-
structures from the 2D Sr2IrO4.

Linearly polarized optical spectroscopy shows clear aniso-
tropic characteristics and 1D electronic confinement of the 
stripe-structures. The directional-dependent absorption spectra 
are obtained by linearly polarizing the incident photons such 
that the electric field E is perpendicular (parallel) to the 1D IrO2 
stripe direction along the b-axis, as shown by the graphic in 
Figure 3a (Figure 3b). The optical conductivity spectra (σ1(ω)) 
are obtained by taking a Kramers–Kronig transformation of 
the absorption spectra α(ω) (Figure S4 in the Supporting Infor-
mation) and are normalized by the number of Ir monolayers 
per superlattice unit cell, i.e., m/(m + 5) for the (Sr2IrO4)m/
(LaSrGaO4)5 superlattices. When the polarization is parallel to 
the 1D IrO2 stripe direction, i.e., E//b (Figure 3b), there are 
broad peaks in the optical spectra. The finite peaks appear 
due to the Ir–Ir intersite optical transitions in the Jeff = 1/2  
band.[21,25,26] Note that the peaks are significantly reduced 
(Figure 3a) when the polarization is perpendicular to the IrO2 
stripe direction, i.e., E ⊥ b. If the IrO2 stripes are truly 1D, this 
can be understood intuitively since no Ir–Ir intersite optical 
transitions are possible perpendicular to the b-axis. Hence, the 
observation of optical anisotropy confirms that the 1D IrO2 
stripes are also confined electronically. As m decreases, i.e., the 
samples approach one dimension, the spectral weight in the 
absorption is reduced (Figure S4 in the Supporting Informa-
tion) and the indirect gap observed in 2D Sr2IrO4 (Figure 3c)  
becomes a direct gap for the 1D superlattices (Figure 3d). 
New sharp features also appear in the spectra (marked as 
∇ in Figure 3b). The sharp features present in the optical 
spectra are attributed to van Hove singularities, the appear-
ance of which is contingent upon the low dimensionality of 
the crystal.[27] The low dimensionality also contributes to an 
enhanced effective electron correlation Ueff, which is respon-
sible for the blueshift of the optical transitions (Figure S4 in 
the Supporting Information).

In order to reveal the elementary excitation dynamics of 
spin/orbital degrees of freedom exhibited by the 1D IrO2 stripe-
structures, we have taken resonant inelastic X-ray scattering 
(RIXS) spectra (For measurement geometry, see Figure S6 
in the Supporting Information). In the case of 2D Sr2IrO4, 

RIXS spectra reveal a magnon produced by antiferromagnetic 
Heisenberg spin below 0.2 eV as well as dispersive excitonic 
quasiparticles of Jeff orbitals (spin-orbit excitons) above 0.4 eV 
(Figure 4a and Kim et al.[20]). For the 1D superlattice, the m = 1 
RIXS spectra reveal many unique features not present in its 2D 
Sr2IrO4 counterpart (Figure 4b and Figure 4c). The spin excita-
tion energy of the 1D IrO2 stripes (≈0.2 eV) is higher than that 
of 2D Sr2IrO4 (≈0.06 eV), which implies that the 1D IrO2 stripes 
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Figure 3. a,b) Optical spectra of (Sr2IrO4)m/(LaSrGaO4)5 superlattices. 
Above each plot, an experimental depiction of the two sets of incident 
photons with linear polarization (E) perpendicular (a) and parallel (b) to 
the IrO2 stripe-direction (b-axis) for m = 1 (light gray), 2 (gray), 3 (dark 
gray), and 4 (black) superlattices. All the optical conductivity spectra 1σ  
are normalized by the number of Ir monolayers per superlattice unit cell 
for comparison, and m = 2, 3, and 4 spectra are vertically shifted for 
clarity. The strong optical anisotropy, i.e., the absence of the low-energy 
absorption peaks when E is perpendicular to the 1D IrO2 stripes, confirms 
the low-dimensional electronic confinement. In the m = 4 superlattice 
spectra, the two peaks indicated by * and  closely match the peak posi-
tions of 2D Sr2IrO4 crystals.[15] c,d) As the dimensionality decreases, sev-
eral notable features include: the change in electronic band and optical 
gap nature from an indirect gap (c) (band edge linear with 1/2α ) to a direct 
gap (d) (band edge linear with 2α ), the appearance of van Hove singulari-
ties, the distinct emergence of a higher energy peak marked by ∇, and a 
blue-shift of the  peak.
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have higher exchange interactions due to the localized character 
of the 1D spin structure. In the region of orbital excitations, a 
resolution-limited spin-orbit exciton at 0.6 eV is discovered. 
This is interpreted as arising from the same Jeff orbital transi-
tions of the spin-orbit exciton in bulk Sr2IrO4—with a notable 
exception of broad dispersive excitations within the vicinity 

of the 1D spin-orbit exciton. These broad excitations disperse 
toward higher energy as the momentum transfer approaches 
π (Figure 4b). Note that broad excitations in bulk Sr2IrO4 origi-
nate from the electron–hole continuum and damped orbital 
excitons. Thus, the broad dispersive excitations in the 1D IrO2 
stripe RIXS spectra are consistent with the optical spectroscopy 
data (Figure 3b), which reveal the existence of a largely reduced 
electron–hole continuum. Hence, the observed broad orbital 
excitations reflect the deconfined character of orbitals in the 1D 
structure.

To supplement the understanding of the experimental data, 
we have performed density functional theory calculations for 
the 1D (Sr2IrO4)1/(LaSrGaO4)5 stripe-structure. As compared 
to its 2D Sr2IrO4 counterpart (Figure S5a in the Supporting 
Information), the spin-orbit split Jeff = 1/2 band appears quite 
flattened in the 1D energy dispersion (Figure S5b in the 
Supporting Information), indicating the presence of a very 
localized Jeff = 1/2 state. As a consequence, the indirect gap 
between the Jeff = 1/2 state in 2D Sr2IrO4 becomes a direct 
gap in its 1D counterpart, which is in excellent agreement 
with the indirect-to-direct gap phase transition observed in 
the optical spectra (Figures 3c,d, respectively). The localiza-
tion of the Jeff = 1/2 state should also induce additional sharp 
optical transitions, since optical spectroscopy measures the 
joint density of states between occupied and unoccupied 
bands. This result is consistent with the emergence of the 
van Hove singularity, i.e., sharp peak ∇, in the optical con-
ductivity spectra of the superlattices (Figure 3b). The excel-
lent agreement of these 1D characters with the experimen-
tally obtained optical conductivity spectra verifies the suc-
cessful electronic confinement of our (Sr2IrO4)m/(LaSrGaO4)5 
stripe-structures.

This approach of creating 1D quantum-stripe systems 
provides an avenue for exploring emergent phenomena of 
low-dimensional physics. For instance, superconducting 1D 
nanostripes can be created by using an a-axis oriented super-
lattice of the layered cuprates such as (La,Sr)2CuO4. Although 
metallic ground states in true 1D materials are hard to stabi-
lize due to structural instabilities such as the Peierls transi-
tion, the striped structures can be used to discover new phase 
transitions by tuning the system’s dimensionality from two to 
one dimension(s).[28] Another intriguing feature of low dimen-
sional systems is fractionalization of spin and charge degrees 
of freedom (e.g., spinons and excitons). Such excitonic effects 
are expected to be enhanced due to their spatial decoupling in 
1D systems.

In summary, we have shown a generalizable superlattice 
approach of a continuous dimensional control between two 
dimensional (2D) layered oxides and 1D quantum stripes. 
We demonstrated its successful application on the highly cor-
related, 2D Sr2IrO4. In our superlattice structures, we have 
observed the optical transitions of electrons between neigh-
boring Ir atoms to be confined to the 1D IrO2 stripe direction, 
which emulates ideal 1D behavior. Spin and orbital excitations 
observed in resonant inelastic X-ray scattering also suggest 
enhanced spin exchange interactions and confined orbital exci-
tations in the 1D IrO2 stripes as compared to 2D Sr2IrO4. This 
1D superlattice method can be readily adopted for unveiling 1D 
phenomena in a variety of 2D materials.

Figure 4. a,b) Intensity contour plots of RIXS spectra for 2D Sr2IrO4 
crystal along the (0,0) to (0,2π) direction of its 2D Brillouin zone (a) 
and 1D (Sr2IrO4)1/(LaSrGaO4)5 superlattice along the 0 to 2π direction 
(i.e., parallel to the b-axis) of its 1D Brillouin zone (b). Note that the 
low-energy magnon branch and the dispersion of spin-orbit excitons are 
shown below 0.2 eV and above 0.4 eV, respectively, and dashed lines act 
as visual guides for qualitatively contrasting the dimensionality effect on 
these dispersive features. c) RIXS spectra of 1D (Sr2IrO4)1/(LaSrGaO4)5 
superlattice (red) and 2D Sr2IrO4 crystal (blue) at comparable momentum 
transfers, i. e., π/2 and (π/2, π/2), respectively. Distinct excitations of the 
1D superlattice include the following: broad spin-excitations of the 1D 
superlattice below 0.4 eV are in sharp contrast from the resolution-limited 
magnon peak of 2D Sr2IrO4 (indiated by * in (c)); the 1D superlattice 
shows a quasiparticle spin-orbit exciton at ≈0.6 eV, of which energy is 
100 meV higher than that of 2D Sr2IrO4; and broad orbital excitations 
also show different dispersive behaviors from 2D counterpart. The strong 
intensity around zero energy loss in the 1D superlattice spectra is mostly 
from elastic scattering by LaSrGaO4 layers.
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