Downloaded viaINST OF METAL RESEARCH on November 4, 2019 at 13:15:39 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

& Cite This: ACS Nano 2017, 11, 12519-12525

Atomic-Scale Origin of the Quasi-One-
Dimensional Metallic Conductivity in
Strontium Niobates with Perovskite-Related

Layered Structures

Chunlin Chen,*"* Degiang Yin,”* Kazutoshi Inoue,” Frank Lichtenberg,|| Xiuliang Ma,* "

Yuichi Tkuhara,***" and Johannes Georg Bednorz"”

TShenyang National Laboratory for Materials Science, Institute of Metal Research, Chinese Academy of Sciences, Shenyang 110016,

China

*Advanced Institute for Materials Research, Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai 980-8577, Japan
§College of Aerospace Engineering, Chongqing University, Chongging 400044, China

”Department of Materials, ETH Ziirich, Ziirich CH-8093, Switzerland

Institute of Engineering Innovation, The University of Tokyo, 2-11-16 Yayoi, Bunkyo-ku, Tokyo 113-8656, Japan

#Nanostructures Research Laboratory, Japan Fine Ceramics Center, 2-4-1 Mutsuno, Atsuta, Nagoya 456-8587, Japan
VIBM Research Division, Ziirich Research Laboratory, Riischlikon CH-8803, Switzerland

Supporting Information

The quasi-one-dimensional (1D) metallic conduc- EEEEETITITN
tivity of the perovskite-related Sr,Nb,O;,,, compounds is of
continuing fundamental physical interest as well as being EFEIESCE
important for developing advanced electronic devices. The
Sr,Nb,O;,., compounds can be derived by introducing additional
oxygen into the SrNbO; perovskite. However, the physical origin TEETETEEEEEES
for the transition of electrical properties from the three- ERENENEES
dimensional (3D) isotropic conductivity in SrNbO; to the
quasi-1D metallic conductivity in Sr,Nb,O;,,, requires more in-
depth clarification. Here we combine advanced transmission
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electron microscopy with atomistic first-principles calculations to

unambiguously determine the atomic and electronic structures of the Sr,Nb,O;,,, compounds and reveal the underlying
mechanism for their quasi-1D metallic conductivity. We demonstrate that the local electrical conductivity in the
Sr,Nb,O;, ., compounds directly depends on the configuration of the NbOg octahedra in local regions. These findings will
shed light on the realization of two-dimensional (2D) electrical conductivity from a bulk material, namely by segmenting a

3D conductor into a stack of 2D conducting thin layers.

quasi-one-dimensional metallic conductivity, layered material, ceramics, transmission electron microscopy,

first-principles calculations

wo-dimensional (2D) electrical conductivity in oxides

has attracted great attention in recent years because it

is of not only fundamental physical interest for
studying electronic reconstruction and transport in confined
regions but also of technological significance for developing
advanced electronic devices."”” As the most prominent example,
a 2D electron gas was first discovered at the heterointerface
between two perovskite insulators SrTiO; and LaAlO;, and its
formation origin was attributed mainly to the electronic
reconstruction due to the interfacial polarity discontinuity.””>
Encouraged by this fascinating discovery, fabricating oxide

-4 ACS Publications  © 2017 American Chemical Society

heterostructures with 2D electrical conductivity becomes the
subject of intensive research. In general, a common scientific
thought among the various approaches to realize 2D electrical
conductivity is creating a 2D conducting layer through
fabricating a metallic heterointerface between two insulators
via interfacial engineering technique or chemically doping a

thin layer of a conducting phase inside an insulator.®”
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Figure 1. HAADF images showing the atomic structures of the Sr,Nb,O;,,, compounds viewing from the [010] zone axis. All of the
compounds have a layered structure comprising the distinct chain-like and zigzag slabs alternately stacked along the [001] direction. (a) The
2—2—2-2 type structure, corresponding to Sr,Nb,O;,,, with n = 4, has uniform chain-like slabs with thickness of two atomic layers. (b) The
3—3—3-3 type structure, corresponding to Sr,Nb,0;,,, with n = S, has uniform three-layer thick chain-like slabs. (c) The 2—3—2—3 type
structure, corresponding to Sr,Nb,O;,.,, with n = 4.5, has alternately arranged two-layer and three-layer thick chain-like slabs. (d) The 2—4—
4—2 type structure, corresponding to Sr,Nb,O3,,, with n = 4, 6, 6, 4, has two-layer and four-layer thick chain-like slabs. The atomic models of
the Sr,Nb,O;,,, compounds are overlaid on to the HAADF images. The Sr, Nb, and O atoms are represented by the green, yellow, and red

colors, respectively.

On the contrary, a reverse thinking to realize the 2D
electrical conductivity, which is very enlightening but has never
been proposed as a guiding thought and confirmed, is
segmenting a 3D conductor into a stack of 2D conducting
thin layers by inserting insulating layers in between them (see
Supplementary Figure S1). This idea appears to be feasible if
we carefully compare the electrical properties and crystal
structures between the perovskite ABO; and the perovskite-
related A,B,O5,,» compounds.8’9 Here we take the family of
strontium niobate compounds as an example to clarify this
point. As we know, SrNbO; has a perovskite structure
comprising a 3D network of corner-sharing NbOg octahedra
and exhibits a 3D isotropic electrical conductivity.'”'" The
compounds of the series Sr,Nb,Oj,,,, have a perovskite-related
layered crystal structure which can be derived by intercalating
additional oxygen atoms in between the NbOg octahedra in
SrNbO; along {110} planes.g’9 The main building blocks of the
orthorhombic Sr,Nb,O;,., = SINbO, structures are the NbOg
octahedral slabs stacked along the c axis, and their thickness can
be tuned by the oxygen content x. The slabs are n NbOq
octahedra thick along the ¢ axis. Therefore, structurally the
series Sr,Nb,O;,,, can be considered as the result of
segmenting SrNbO; by creating layers via an insertion of
additional oxygen.

The electrical properties of the Sr,Nb,Oj,,, compounds
exhibit a significant change when the thickness of the NbOq
octahedral slabs is reduced from five (n = S) to four (n = 4)
layers. The n = S type compound SrsNb;O;;, = SrNbO;,
(Nb*#*/4d"?) is a highly anisotropic conductor and a quasi-1D
metal with metallic behavior along the a axis,>”**'” whose dc
resistivity versus temperature along the three crystal axes was
shown in Figure 19 of ref 8 and Figure 1 of ref 12. The
predominant contribution to its metallic character and density
of states at the Fermi level comes from 4d electrons of those
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Nb ions which are located in the NbOg octahedra at the center
of the five NbOg octahedra thick layers.”'*™"* The n = 4 type
compound Sr,Nb,O;, = StNbO;; (Nb**/4d°) exhibits an
insulating nature because its niobium valence S+ implies zero
4d electrons per Nb ion.*”'®'? (On the contrary, the niobium
valence 4+ implies one 4d electron per Nb ion, rendering the
StNbO; compound conducting.)®'" Another compound of the
series Sr,Nb,O3,,, = SINDO, is the n = 4.5 type SINbOj; 4
(Nb**/4d"") which comprises an alternating sequence of five
and four NbOyg octahedra thick layers along the ¢ axis.>”"*'**°
StNbO;,s is a highly anisotropic conductor and a quasi-1D
metal with metallic behavior along the a axis.””"*'**

To reveal the atomic-scale origin of the quasi-1D metallic
conductivity in the Sr,Nb,O3,,, compounds and investigate the
feasibility of segmenting a 3D conductor for the fabrication of
2D conducting materials, we systematically investigated the
atomic and electronic structures of the Sr,Nb,O;,,.,, compounds
by combining advanced transmission electron microscopy
(TEM) with first-principles calculations. We demonstrate that
the electrical properties of the strontium niobates depend
directly on the configuration of their NbOg octahedra, giving
rise to a transition from 3D conductivity to 2D conductivity.

RESULTS AND DISCUSSION

The Sr,Nb,Os,,,, compounds SINbO; , (1 = 5), SINbO; 45 (n =
4.5), and StNbO; (n = 4) in crystalline form were grown by
the floating zone melting method.*”*° The atomic-scale
structure of these compounds is shown in Figure 1 by the
high-angle annular-dark-field (HAADF) STEM images along
the [010] zone axis. As one can see, all of the Sr,Nb,O;,,,
compounds have a layered structure which comprises two
distinct slabs alternately stacked along the [001] direction: One
has several atomic layers linked in a straight chain-like manner,
and the other appears zigzag-like. The obvious distinction
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Figure 2. EELS spectra showing the O—K edges taken from the chain-like and the zigzag-like slabs of the Sr,Nb,O,,,, compounds. (a) 2—2—
2-2, (b) 3—3-3-3, (c) 2—3—2-3, and (d) 2—4—4—2. The O—K edges are characterized mainly by two edge onsets (denoted a and b peaks).
The height ratio b/a reflects the valence state of Nb and the electrical properties of corresponding local structures. The EELS results reveal a
2D conducting nature in the 2—3—2-3, 3—3—3—3, and 2—4—4-2 type structures and a 3D insulting nature in the 2—2—2-2 type structure.

The measurement error of the b/a ratios is

0.08.
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Figure 3. Optimized structural models, TDOS, and layer-resolved projected Nb-4d density of states of the Sr,Nb,0;,,, compounds. (a) 2—2—
2-2, (b) 3-3—-3-3, (c) 2—3—2-3, and (d) 2—4—4—2. The DOS results reveal that the 3—3—3—3, 2—3—2—3, and 2—4—4—2 type structures
are 2D conductors, and the 2—2—2—2 structure is a 3D insulator. The Eg is set to zero and represented by dashed lines.
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Figure 4. Charge density isosurface integrated in the energy window (Ez—0.5 eV, E;) viewed along the b projection and band structure
calculated along high-symmetry lines: (a, b) 2—3—2—3 and (c, d) 2—4—4—2. The charges are dominantly localized at the Nb cations in the
chain-like slabs with a small degree of leakage to the zigzag-like slabs. The band structures of both structures reveal a quasi-1D dispersion for
the degenerate conduction bands near Eg, which comprises a strong dispersion along the I'-X, a relatively weak dispersion along I'-Y, and no

discernible dispersion along the I'=Z. The E is set to zero.

among the HAADF STEM images is the thickness of the chain-
like slabs which have uniform two atomic layers in Figure la
(corresponding to Sr,Nb,O,,, with n = 4), uniform three
atomic layers in Figure 1b (n = 5), and alternately arranged two
and three atomic layers in Figure 1c (n = 4 and S), respectively.
Figure 1d shows a structure comprising chain-like slabs with
two and four atomic layers (n = 4 and 6), which has so far been
fabricated only by the electron irradiation of the SrNbO;, (n =
5) structure with a proper dose rate.”" The transport data of the
2—4—4-2 structure are now still unavailable from direct
electrical measurements. In light of these structural character-
istics of the chain-like slabs, these four compounds are named
as 2—2—2-2, 3—3-3-3, 2—3-2-3, and 2—4—4-2, respec-
tively.

To probe the valence states of the Nb cations in the
Sr,Nb,O;,,, compounds, we have conducted electron energy-
loss spectroscopy (EELS) measurements of the O—K edges
(Figure 2) taken from the chain-like and the zigzag-like slabs.
From the results it is possible to obtain the valence state of Nb
and evaluate the electrical properties of corresponding local
structures.”””> As shown in Figure 2, the O—K edges are
characterized mainly by two edge onsets (denoted a and b
peaks). Since the Nb atoms in the Sr,Nb,O,,,, compounds are
octahedrally surrounded by O atoms, the Nb 4d orbitals will
split into the upper e, and lower t,, orbitals. The a and b peaks
can be approximately identified as the t,; and e, components of
the Nb 4d-O 2p orbital overlapping, respectively. The t,, and e,
orbitals can accept six and four electrons, respectively. The ratio
of empty orbits e,/t,, for Nb** is 4/6, while that for Nb** is 4/
S. In a very simplified explanation, the peak intensity ratio b/a
should qualitatively reflect the Nb valence state: The intensity
ratio b/a for Nb*" will be obviously larger than that for Nb**.
The two peaks from the zigzag-like slabs in all the Sr,Nb,O3,,,,
compounds (labeled by B, C, F, and I) have a similar height
with height ratios b/a smaller than 1.2. This suggests that the
Nb cations in the zigzag-like slabs have a valence state of +5,
inducing an insulating nature in these regions. The b peaks
from the three-layer and four-layer thick chain-like slabs
(labeled by D, G, and J) are significantly higher than the a
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peaks. The height ratios b/a are near 1.5. This result suggests
that the Nb cations in these slabs have a valence state of +4,
resulting in a metallic conductivity in these regions.
Interestingly, the O—K edges from the two-layer thick chain-
like slabs in the 2—3—2—3 and 2—4—4—2 structures (labeled by
E and H, respectively) are completely different from those in
the 2—2—2—2 structure (labeled by A). As can be seen, the b
peaks from the E and H slabs are much higher than the a peaks
(b/a larger than 1.35, close to the three-layer thick slabs), while
the a and b peaks from the A slab have a b/a ratio of 1.22,
similar as the ratios in the zigzag slabs. This suggests that the
two-layer thick chain-like slab changes from insulating in the
2—2—2-2 structure to conducting in the 2—3—2—3 and 2—4—
4—2 structures. Obviously, the EELS results reveal a 3D
insulting nature in the 2—2—2—2 structure and a highly
anisotropic electrical conductivity in the 3—3—3-3, 2—3-2-3,
and 2—4—4-2 structures which exhibit the highest conductivity
within the chain-like slabs, showing a quasi-2D characteristics.

To gain more insight into the physical mechanism underlying
the valence states variations and into the quantum nature of
confined charges, we carried out density functional theory
(DFT) calculations using a generalized gradient approximation
(GGA) on the fully relaxed structures. Figure 3 gives the
optimized structural models, the total density of states (TDOS)
and the layer-resolved Nb-4d projected density of states
(PDOS) of the Sr,Nb,Os,,, compounds. The simulated
HAADF images (Supplementary Figure S2) using the
optimized structure models are consistent with the exper-
imental ones, suggesting a correct model construction and
structural relaxation in the DFT calculations. The TDOS of the
2—2—2-2 type structure in Figure 3a uncovers its intrinsic
insulating nature. On the contrary, the 3—3—3—3 type structure
is conducting due to the emergence of states at Fermi-level
(Eg) which mainly comes from Nb-d electrons (Figure 3b).
The corresponding PDOS further reveals that the states at Eg
originate mainly from the Nb-d electrons from the chain-like
slabs rather than the zigzag-like slabs, suggesting a strong
anisotropy in the electrical nature of the 3—3—3-3 type
structure. For example, the Nb4 cation in the chain-like slab
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Figure 5. Representative NbOg octahedra extracted from the chain-like and zigzag-like slabs and the bond length of the three pairs of Nb—O
bonds. (a) 2—2—2-2, (b) 3—3—-3-3, (c) 2—3—2-3, and (d) 2—4—4—2. The chain-like slabs are highlighted by yellow shading. All NbO,
octahedra (i.e., II, ITI, VI, and IX) from the zigzag-like slabs have larger Nb—O bond length ratios compared to those from the chain-like slabs,
indicating a larger displacement of Nb cations from the octahedral centers.

donates significantly more electrons compared to the Nb3
cation in the zigzag slab. The decomposed PDOS in
Supplementary Figure S3 suggests that the Nb4-d states
originate mainly from the d,, and d,, orbitals. The TDOS
results also indicate that the 2—3—2-3 type structure is
conducting (Figure 3c). As expected, the PDOS from the
zigzag-like slab (i.e., Nb6-d) and that from the three-layer thick
chain-like slab (ie, Nb7-d) are extremely similar to their
counterparts in the 3—3—3—3 type structure (i.e, Nb3-d and
Nb4-d). The Nb7-d orbital which is mainly composed of the
d,, and d,, orbitals (Supplementary Figure S4), accumulates
more electrons at Ep than the Nb6-d orbital. Interestingly, in
contrast to the intrinsic insulating nature of the 2—2—2-2 type
structure, the two-layer thick chain-like slab in the 2—3-2-3
type structure becomes conducting due to the slight but visible
emergence of d,, states at Ep, as clearly represented by the
PDOS and decomposed PDOS of Nb5-d in Figure 3d and
Supplementary Figure S4. Similarly, the DOS results in Figure
3d and Supplementary Figure SS reveal that the 2—4—4—2 type
structure comprises conducting two-layer and four-layer thick
chain-like slabs (i.e, Nb8-d and Nbl0-d) and in between
insulating zigzag slabs (i.e, Nb9-d), exhibiting a quasi-1D
metallic conducting feature. The 4—4—4—4 type structure, if
fabricated successfully, should also be a quasi-1D metallic
conductor (Supplementary Figure S6). To further check the
effects of the localization of Nb-4d electrons, we performed
GGA+U calculations in Dudarev’s approach, and the results

(i.e, Supplementary Figure S7) validate the standard DFT-
GGA calculations. Therefore, the DOS results unambiguously
indicate that the 3—3—3-3, 2—3—-2-3, and 2—4—4-2 type
structures are quasi-1D metallic conductors and the 2—2—2-2
type structure is a 3D insulator, which is consistent with the
EELS measurements.

To shed more light on the quantum confinement and the 2D
conductivity inside the compounds, we further computed the
partial charge density close to Ep and band structures of the 2—
3—2—3 and 2—4—4-2 type structures. Figure 4a shows an
electron density isosurface for the electronic states near Ep of
the 2—3—2—3 type structure. The electrons are dominantly
localized at the Nb cations in the three-layer and two-layer
thick chain-like slabs with a small degree of leakage to the
zigzag-like regions, indicating an anisotropic electrical con-
ductivity. The band structure in Figure 4b reveals a quasi-1D
dispersion for the degenerate conduction bands near Eg, which
comprises a strong dispersion along the I'=X (i.e., the a axis in
real space), a relatively weak dispersion along I'-Y (i.e., the b
axis in real space), and no discernible dispersion along the '—Z
(i.e., the ¢ axis in real space). This means the 2—3—2—3 type
structure is a quasi-1D conductor with the highest conductivity
along the a axis. The charge distribution (Figure 4c) and the
band structure (Figure 4d) of the 2—4—4—2 structure share
many similarities with those of the 2—3—2—3 type structure,
indicating a quasi-1D conducting nature in this compound. The
results are consistent with the PDOS analysis.
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Since electrons at Ep, surround mainly the Nb and O ions, the
local atomic structure of the NbOg4 octahedra should be a major
factor determining the electrical properties of the Sr,Nb,O3,,,
compounds. Thus, we systematically examine the configuration
of the NbOy octahedra to reveal the underlying mechanism for
the quasi-1D electrical properties of the Sr,Nb,Oj,.,
compounds. Figure 5 presents the representative NbOjq
octahedra (named I-X) extracted from the chain-like slabs
(highlighted by yellow shading) and the zigzag-like slabs and
the bond length of the three pairs of Nb—O bonds. The bond
length ratios of each pair in opposite directions were calculated,
and the largest ratio among the three pairs was presented to
define the displacement of Nb from the octahedral center.
Interestingly, all NbOg octahedra (i.e., II, III, VI, and IX) from
the zigzag-like slabs have the largest Nb—O bond length ratio
exceeding 1.2, indicating a severe displacement of Nb from the
octahedral centers. However, all NbOg octahedra (i.e., IV, VII
and X) from the three-layer thick chain-like slabs of the 2—3—
2—3 and 3—3-3-3 type structures and the four-layer thick
chain-like slabs in the 2—4—4-2 type structure have bond
length ratios near 1.0, indicating a nearly undistorted shape of
these octahedra with almost no displacement of Nb cations
from the octahedral centers. It is worth noting that the NbOg
octahedra V and VIII from the two-layer thick chain-like slabs
in the 2—3—2—3 and 2—4—4-2 type structures have the
highest bond length ratios, namely about 1.17, which is
obviously smaller than that of the 2—2—2—2 structure, namely
1.216, rendering their electrical properties completely different.
To further confirm the direct correlation between the electrical
properties and the shape of the NbOy octahedra, we conducted
a crude test by using the insulating 2—2—2-2 structure. As
shown in Supplementary Figure S8, states emerge at Eg if the
two octahedra (i.e, Nb1’-O4 and Nb2'-Oy) in the chain-like
slab are deliberately modified through moving the displaced Nb
cations toward the centers of the NbOy octahedra, thereby
inducing a conducting nature in this structure.

CONCLUSIONS

In summary, we have demonstrated that the perovskite-related
Sr,Nb,O3,,, compounds with 2—3-2-3, 3-3—-3-3, and 2—
4—4-2 type structures are quasi-1D metallic conductors, while
the 2—2—2-2 type structure exhibits an insulating nature. The
zigzag-like slabs in all these structures as well as the chain-like
slabs in the 2—2—2-2 type structure are electrically insulating
because the NbOg octahedra in these slabs are significantly
distorted with a large displacement of Nb from the octahedral
centers and the Nb valence is Nb**. The chain-like slabs in the
2—3—-2-3, 3—3-3-3, and 2—4—4-2 type structures are
conducting since their Nb valence/electron configuration is
NbG)*/4d” with w > 0. The nearly undistorted NbOj
octahedra lead to a metallic conductivity along the g-axis.
The Sr,Nb,O;,,, quasi-1D conductors are composed of
alternately stacked chain-like conducting slabs and zigzag-like
insulating slabs, which can be derived by intercalating the
insulating zigzag-like slabs into the 3D conducting SrNbO;
perovskite along {110} planes. Such a concept of segmenting a
3D conductor into a stack of quasi-2D conducting thin layers
by inserting insulating layers in between them should be
applicable not only to StNbO;/StNbO;,, = Sr,Nb,O;,,, but
also to other materials. This may find applications in the
development of 2D electrical conducting materials and devices.

METHODS

Sample Preparation and Microscopic Observation. The
Sr,Nb,05,,,, compounds SINbO;, (n = 5), SINbO5,s (n = 4.5),
and StNbO; (n = 4) in crystalline form were grown by floating zone
melting under an argon, argon plus hydrogen, and air atmosphere,
respectively.®”*° The oxygen content of the crystalline samples was
determined by thermogravimetric analysis.>*° Thin-foil specimens for
STEM imaging were prepared by cutting and grinding the crystal slices
down to 20 pm. An Ar ion-beam thinning process using an
accelerating gun voltage of 1—4 kV and an incident beam angle of
4—5° was subsequently applied. HAADF STEM observations were
performed using a 200 kV STEM (ARM200FC, JEOL) equipped with
a probe corrector (CEOS GmbH) which offers an unprecedented
opportunity to probe structures with sub-angstrom resolution. For the
HAADF STEM imaging a probe size of <1 A, a probe convergence
angle of ~25 mrad and a collection semiangle of 68—280 mrad were
used. The STEM is equipped with a Gatan Enfina system which was
used to record EELS spectra with an energy resolution (full-width half-
maximum) of ~0.5 eV.

DFT Calculations. DFT calculations were performed using the
projector augmented wave (PAW) method”* as implemented within
Vienna ab Initio Simulation Package (VASP).** The generalized
gradient approximation (GGA) within the Perdew and Wang (PW91)
scheme® was employed to describe the exchange—correlation
functional. The valence-electron wave functions were expanded in a
plane wave basis with energies up to 400 eV, and an 8 X 6 X 2
Monkhorst—Pack k-point grid was employed in the supercell
calculations. The tetrahedron method with Blochl correction was
used for the self-consistent calculation. All of the atoms in the system
were fully relaxed with the conjugate gradient (CG) algorithm until
the magnitude of the Hellmann—Feynman force on each atom
converged to <0.05 eV/A. We adopted the rotationally invariant DFT
+U formulation of Dudarev’® and the effective Hubbard parameter
(Ug=U=]) (U=88¢V, ] =10 eV)* to consider the effect of the
localization of Nb-4d electrons. The reproduced band gap of Sr,Nb,O,
is 3.758 eV, which agrees well with the experimental value (3.9 eV).*
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