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It has been known that ferroelectric charged domain walls (CDWs), which break the polarization
continuity, may be electrically active with an elevated conductivity. However, the bound charge at
CDWs may render them energetically unstable, and thus, forming CDWs naturally and
manipulating them electrically is still challenging. Here, we theoretically utilize phase-field simula-
tions to design spontaneously generated CDWs with center-type quad-domains in a single square-
shaped BiFeO;5 nanoisland. It is shown that the stability of the spontaneously emerging head-to-
head domain walls with center-convergent quad-domains is mainly determined by three contribu-
tions, namely, the geometrical constraint from approximately 45°-tilted bottom edges, the electric
boundary condition, and the necessary screening free charges to compensate head-to-head domain
walls. It is demonstrated that the center-convergent quad-domains with head-to-head CDWs can be
electrically switched to the center-divergent one with tail-to-tail CDWs, providing guidance for
achieving ferroelectric domain-wall-based nanodevices with low-power dissipation. Published by

AIP Publishing. https://doi.org/10.1063/1.5050802

Topological structures with ferroic orders at the nano-
scale have recently received substantial attention due to not
only their exotic fundamental phenomena but also potential
technological applications in nanoelectronics.'™ Topological
defects are typically regarded as singular regions with low
dimensionality at which the order parameters vary discontinu-
ously, >~ such as one-dimensional defects of vortices and
skyrmions and two-dimensional (2D) defects of domain walls
(DWs). For example, novel polar structures have recently
been discovered or predicted, such as flux-closure quadrants
in PbTiO5/SrTiO5 multilayers® and polar vortices in superlatti-
ces.” Contrary to well-studied ferromagnetic DWs in the past
century, the research on ferroelectric DWs has not gained
momentum until lately due to the recent advances in micros-
copy techniques'* and mesoscale computational methods.'®'!

The experimental observation of enhanced electronic
conductivity of DWs in insulating ferroelectrics sparked
wide interest in exploring such quasi-2D conductive paths
for potential ferroelectric nanodevice applications.'* "
Among the typical ferroelectric materials, BiFeO; (BFO)
films are promising for the above applications because of
both exciting multiferroic nature and local conduction in
their 180°, 109°, and 71° DWs. 21617 For example, a pio-
neering work has demonstrated a stable current of ~pA in
the 180° and 109° DWs,'? owing to the distortions of polari-
zation and electronic structure of DWs.'® Recently, local
conduction enhanced by several orders of magnitude has
been observed in head-to-head (H-H) 71° charged domain
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walls (CDWs) of BFO films.'® Moreover, it was shown that
the local conductance of DWs could be manipulated by an
electric field.>'®! Lately, a prototype ferroelectric domain-
wall memoryn’23 has been demonstrated by temporarily
forming conductive DWs during read-out operations via an
in-plane electric field. However, planar-type devices result in
limited scalability and the accumulation of bound charge in
the walls renders CDWs energetically costly and thermody-
namically unstable.”®> Conductive DWs protected by topolog-
ical defects (i.e., vortices) were observed in hexagonal
HoMnO;."* Such DWs are highly stable but difficult to
manipulate. Very recently, local conduction of ferroelectric
radial-quadrant domain structures protected by strain gra-
dients was observed in the BFO nanoplate with ~400-nm
lateral sizes and 60-nm thickness embedded in the CoFe,O,4
film.?* Therefore, it is highly desirable to generate thermody-
namically stable and electrically switchable conductive DWs
that may be suitable for nanoelectronic devices.

Here, we theoretically employ phase-field simulations to
design geometrical constraint CDWs in a square-shaped
(001)-rhombohedral-BFO (R-BFO) island where the substrate
constraint could be partially released due to free surfaces of
the island,” producing more diversities of domain states.
Interestingly, center-type topological quad-domains (i.e.,
vertex-like domains® with polarization vectors pointing
towards or away from the center) form spontaneously due to
the geometrical and electric boundary conditions of a BFO
island. The vertex-like quad-domains are a topological struc-
ture with the winding number of +1, and their robust topolog-
ical nature is hardly destroyed by random noise or
fluctuation,”"? which could be harnessed to protect CDWs.

Published by AIP Publishing.
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Moreover, the center-convergent domains with H-H CDWs
can be switched to center-divergent domains with tail-to-tail
(T-T) CDWs by applying out-of-plane voltage on BFO nano-
island, making such design a potential building block for fer-
roelectric DW-based nanodevices with low-power dissipation.
In the phase-field model for ferroelectrics, the local
polarization vector P = (Py,P,,P3) is the primary order
parameter, the spatial distribution of which denotes ferro-
electric domain structures. The temporal evolution of the
polarization vector in an (001)-oriented BFO island is
obtained by numerically solving the time-dependent Landau-
Ginzburg equation®

8P1(I‘,l‘) _ L 5Ft0t (1)

ot T oPi(r,0)

where L is a kinetic coefficient and F, is the total free
energy of the island, written as

Ftot - JJJ (fbulk +f;:lect +fgrad +ﬁ?lastic)dva (2)

Vero

where fouik, feleets ferads and felasiic denote the local densities of
bulk, electrostatic, gradient, and elastic energies, respec-
tively, within the BFO island with volume Vggo. The mathe-
matical expressions for the fieer, forad» and felasiic 0f the BFO
island are given in the literature.>* f, i is given as

fouk = o1 (P} + P35+ P3) + o1 (P} + P3 + P3)
+ a12(P3P} 4 P3P3 + P3PY), (3)

where the Landau coefficients are oy =4.9 x (7-1103) x 10°
(C?m’N), a1 =6.5 x 10° (C"* m® N), and o, = 1.0 x 10°
(Cf4 m® N).26 The other material parameters are available
from the literature.”® The spatial distribution of electrostatic
energy density, f.ec, 1S Obtained under a short-circuit bound-
ary condition.?’

Three-dimensional ~discrete grids of 220Ax x 220Ay
x 42Az with a real grid space of Ax=Ay=1nm and
Az=1.33nm are employed to describe a three-phase system
consisting of a BFO island (=30Az = 40 nm), substrate (=8Az),
and vacuum layer (including the top 4Az layers and those sur-
rounding the island). The simulated (001)-BFO island has the
dimension of 200nm x 200 nm x 40 nm with 45°-tilted bottom
edges (like a reversed trapezoid-shaped region) as shown in Fig.
1. The thickness of DWs was taken as about 2 nm in phase-field
simulations. The biaxial compressive strain from the substrate
(001)-LaAlO; (LAO) is &y = &yy = (3.94 A-3.965 A)/3.965 A
=—0.6% due to lattice relaxation from periodic dislocations®
in the R-BFO island.

A BFO island model proposed for the simulations is
shown in Figs. 1(a)-1(c), and R-phase and Tetragonal-phase
(T-phase) BFO coexist in the form of a R-BFO island
embedded in T-BFO films.?® Here, we focus on the R-BFO
island to simplify the model and treat the T-BFO film,
(La,Sr)MnO; (LSMO) bottom electrode, and LAO sub-
strate®® as the substrate layer. The dimension of the R-BFO
island is about 200nm (side length) x 40nm (thickness),
surrounded by an approximately 20-nm-thickness T-BFO

Appl. Phys. Lett. 113, 222902 (2018)
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FIG. 1. Schematic of the three-dimensional view (a) and side view (b) and
(c) of the R-BFO island embedded in the T-BFO film and grown on the
(001)-LAO substrate. The boundary between the R-BFO island and the
T-BFO film has a tilted angle of ~45°. (Red color represents the R-BFO
island, green color denotes the vacuum layer, and blue color represents the
T-BFO film or substrate layer.).

film. The boundary between the island and the T-BFO film
possesses a tilted angle of 45° from experimental observa-
tions®® in the proposed model, which creates a geometrical
boundary condition that prefers the polarization parallel to
the tilted edges (discussed later). The intermediate thickness
of BFO films favors the appearance of a mixed R/T phase,
and the partially relaxed heterogeneous strain state of the
interface (through formation of dislocations) and surface
energy of the island contribute to the formation of the R-
island/T-film structure.”®

In the phase-field simulations, domain structures of the
BFO island evolve from a random initial state without a pri-
ori assumption of the polarization distribution. At first,
domains nucleate and distribute randomly in Figs. 2(a) and
2(b); then, a center-type domain with four sections gradually
forms and enlarges in Figs. 2(c) and 2(d), and eventually an
equilibrium center-convergent quad-domain structure (i.e.,
vertex-like domain) with the H-H DWs forms at 2400 steps
in Fig. 2(e), which is thermodynamically stable due to the
partial compensation of the bound charge. The in-plane pie-
zoelectric force microscopy (PFM) image in Fig. 2(f) also
indicates that center-type quad-domains were created in the
BFO island, where local polar vectors in each quad-domain
point to the island center, forming CDWs between the quad-
domains as simulated.

The driving force for stabilizing such center-convergent
quad-domains with H-H CDWs nucleating from the random
state can be divided into the following three contributions.
First, there exists a bias voltage of about —0.5 V between the
LSMO bottom electrode and the BFO island/film, arising
from the difference of their work functions® or interfacial
charge distribution of the termination plane.*® Such a built-
in potential contributes to the nucleation of downward
domains and determines the out-of-plane polarization direc-
tion. Second, the 45°-tilted bottom edges between the
R-BFO island and the T-BFO film (see Fig. 1) provide a geo-
metrical constraint, energetically facilitating polarization
parallel to the tilted edges (see Table I). Third, the positively
charged H-H DWs can be partially compensated by free car-
riers in the island [see Fig. 2(g)], arising from the majority
carriers (i.e., free electrons delivered from oxygen vacancies)
in n-type BFO. Thus, the depolarization electric field (Eqep)
is decreased and H-H CDWs become less energetically
costly. In our model, the compensated free charges are artifi-
cially introduced at domain walls and the electron density
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required for stabilizing the H-H walls is ~3.54 x 10" cm ™,

in agreement with the analytical estimation of 10%°cm.'3

In this work, the center-convergent quad-domains with H-H
CDWs in the BFO island are stabilized by the geometrical
and electric boundary conditions.

Different energy components and thermodynamic stabil-
ity for the center-type quad-domains were also investigated.
For the R-BFO island, the polarization has eight equivalent
orientations along the (111) directions of its pseudo-cubic
structure. Hence, there exist two possible domain configura-
tions evolving from the random state under the —0.5-V bias
on the bottom electrode as shown in Figs. 3(a) and 3(b),
where the polarization (P) is parallel or perpendicular to the
tilted edges, respectively. Moreover, the 45°-tilted bound-
aries between the R-BFO island and the T-BFO film gener-
ates a geometrical constraint and electrical boundary
condition, favoring the domain nucleation with P parallel to
45°-tilted boundaries. This is mainly because the divergence
of P (ie., V-P = —p,, p, is the volume density of the
bound charge) results in the accumulated bound charge at
the boundaries/walls. The case for P perpendicular to 45°-
tilted boundaries causes the maximal bound charge at the
boundaries, meaning a high electrostatic energy, while the
case for P parallel to tilted boundaries induces the minimal

TABLE 1. Energy density for polarization (P) parallel and perpendicular to
45°-tilted edges.

Energy denSitY ( X 106 J/m3) fbulk fgrad felast f;:lect ﬁot
P perpendicular to tilted edges  —82.8 1.79 6.19 213  —-96.2
P parallel to tilted edges —-107.0 235 572 —133.0 -232.0

bound charge, hence decreasing significantly the electrostatic
energy. Another reason lies in that the positively charged H-
H DWs can be compensated by the electrons released from
n-type BFO while the negatively charged T-T DWs would
be repelled by the electron, which increases extra electro-
static energy of T-T DWs. Although some bound charge is
possibly relived by the surrounding T-BFO via acquiring the
favored head-to-tail polarization orientation, it may be not
dominant contribution and remain to be studied.
Furthermore, different energy densities for two domain
configurations of Figs. 3(c) and 3(d) are numerically calcu-
lated (see Table I). The driving force for domain evolutions
from the random state to stable center-convergent domains is
the minimization of the total free energy of the BFO island,
and electrostatic energy plays an important role in their

T-BFO film ¢

& or S:bound charge z

(© @ .
SN NN

FIG. 3. Schematic of the domain structure with the polarization direction (a)
parallel and (b) perpendicular to 45°-tilted bottom edges. 2D yz-plane pro-
jection of polarization vectors of (c) the stable H-H domain and (d) the
assumed T-T domain corresponding to (a) and (b), respectively.
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FIG. 4. (a) Effect of tilted angles 0 (=15°, 30°, 45°, 60°, 75°, and 90°) of
BFO islands on domain structures. Effect of 6 on (b) fior, felect, and fouic and
(©) fetast and fyraq. (d) Schematic of ferroelastic variant formation in R-BFO
island with tilted angles 0 = 45°. There exists the compressive strain from
the LAO substrate applied on the R-BFO island.

formation. f.., for center-convergent domains with P to par-
allel to tilted edges is about one order of magnitude smaller
than that for center-divergent domains with P perpendicular
to the edges, which indicates that center-convergent domains
with P parallel to tilted edges are thermodynamically more
stable than the latter.

The effects of the tilted angles (0, a tilted angle between
the tilted boundary of the R-BFO island and the horizontal
bottom edge of the island) on domain structures and energy
densities of the BFO island are shown in Fig. 4. As seen
from the xy-plane and yz-plane projections of domain struc-
tures of Fig. 4(a), the center-convergent quad-domain is the
stable domain state for 6 =45° while complex domain states
arise for the cases of other tilted angles deviating from 45°;
for example, the case for 6 = 15° has multidomain states and
the quad-domain is not yet stable (or metastable for other
angles). The effect of tilted angles on domain structures is
investigated from the free energy point of view in Figs.
4(b)—4(c). fio; first decreases and then increases with increas-
ing 0 from 15° to 90° and reaches a minimum at 0 = 45°.
feleer has a similar trend to fi,, and a minimal energy also
exists at 6 = 45°, which arises from the minimal bound
charge at tilted boundaries. The yz-plane or xz-plane projec-
tion of polarization directions ({(111)) of the R-BFO island
with other tilted angles has the normal component with
respect to the tilted edges, inducing the formation of bound
charge and hence increasing fejee- Both foux and fraq almost
keep constant with 6. Also, f,j., exhibits a lowest energy at

Appl. Phys. Lett. 113, 222902 (2018)

0 = 45°, which is attributed to the direction of lattice distor-
tions associated with (111)-polarization orientations in
R-BFO parallel to 45°-tilted boundaries, reducing the extra
elastic energy penalty due to polarization distortions for
other angles shown in Fig. 4(d).

The polarization of the R-BFO island can be switched
from the initial H-H vectors to the T-T vectors with the
center-divergent quad-domain pattern by applying a 3-V bias
as shown in Figs. 5(a)-5(e). The nucleation of the center-
divergent domains occurs in the DWs as seen from Figs. 5(b)
and 5(c). Compared with the stable original H-H domain
configuration with a downward polarization in Fig. 2, an
upward polarization with the T-T configuration in Fig. 5(f) is
stably formed after polarization switching. Another differ-
ence lies in that a large number of screening holes
(3.15 x 10*' cm?) are required for compensating the nega-
tively charged T-T DWs. These holes are possibly liberated
from the bottom p-type LSMO electrode and injected into
BFO island during switching to stabilize the T-T charged
walls. When switched from the H-H domain pattern to the
T-T pattern under the applied voltage, the potential barrier
during polarization switching is higher than that of forming
the H-H pattern from the random state, and thus, extra elec-
trostatic energy is required to overcome the barrier to stabi-
lize the T-T configuration. Further research for the dynamics
of polarization switching is on-going and will be reported in
the future.

In summary, a phase-field model for designing sponta-
neously generated center-type quad-domains with CDWs in
a single square-shaped R-BFO nanoisland is proposed. The
stabilization for spontaneously emerging H-H DWs in
center-convergent quad-domains is related to three condi-
tions, namely, the geometrical constraint from approximately
45°-tilted bottom edges, electric boundary condition, and the
necessary screening free charges to compensate the bound
charges. Energy analyses reveal that the electrostatic energy
and elastic energy dominate in the formation of such CDWs.
The fourfold vertex-like domains are topologically protected,
and furthermore, the H-H CDWs with the center-convergent
domain configuration can be switched to stable T-T CDWs

(b)

R

BRI RF -+ R ——H IR} (+-+)
B RI-—- MM R; +--) R (++-) Ry (=+-)

FIG. 5. (a)—(e) Snapshots of domain structures of the BFO island during
polarization switching from center-convergent to center-divergent domain at
0, 100, 1000, 8000, and 16000 steps, respectively. (f) Three-dimensional
image of polarization vectors for the center-divergent domains.
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with the center-divergent one by applying the electric field,
providing a viable root for novel ferroelectric DW-based
nanodevice design with low-power consumption.

This work at Tsinghua University was supported by the
Basic Science Center Program of NSFC (Grant No. 51788104),
the NSF of China (Grant Nos. 51332001, 51472140, and
11504020), and the National Basic Research Program of China
(Grant No. 2016YFA0300103) and the effort at Penn State was
supported by the U.S. Department of Energy, Office of Basic
Energy Sciences, Division of Materials Sciences and
Engineering under Award No. FG02-07ER46417.

7. Seidel, R. K. Vasudevan, and V. Nagarajan, Adv. Electron. Mater. 2,
1500292 (2016).

>N. D. Mermin, Rev. Mod. Phys. 51, 591 (1979).

3G. Catalan, J. Seidel, R. Ramesh, and J. F. Scott, Rev. Mod. Phys. 84, 119
(2012).

“F.T. Hang and S. W. Cheong, Nat. Rev. Mater. 2, 17004 (2017).

R. K. Vasudevan, Y.-C. Chen, H.-H. Tai, N. Balke, P.-P. Wu, S.
Bhattacharya, L.-Q. Chen, Y.-H. Chu, I.-N. Lin, S. V. Kalinin, and V.
Nagarajan, ACS Nano 5, 879 (2011).

7. Li, Y. Wang, G. Tian, P. Li, L. Zhao, F. Zhang, J. Yao, H. Fan, X.
Song, D. Chen, Z. Fan, M. Qin, M. Zeng, Z. Zhang, X. Lu, S. Hu, C. Lei,
Q. Zhu, J. Li, X. Gao, and J.-M. Liu, Sci. Adv. 3, 1700919 (2017).

K. E. Kim, S. Jeong, K. Chu, J. H. Lee, G.-Y. Kim, F. Xue, T. Y. Koo, L.-Q.
Chen, S.-Y. Choi, R. Ramesh, and C.-H. Yang, Nat. Commun. 9, 403 (2018).

8Y. L. Tang, Y. L. Zhu, X. L. Ma, A. Y. Borisevich, A. N. Morozovska, E.
A. Eliseev, W. Y. Wang, Y. J. Wang, Y. B. Xu, Z. D. Zhang, and S. J.
Pennycook, Science 348, 547 (2015).

°A. K. Yadav, C. T. Nelson, S. L. Hsu, Z. Hong, J. D. Clarkson, C. M.
Schlepiitz, A. R. Damodaran, P. Shafer, E. Arenholz, L. R. Dedon, D.
Chen, A. Vishwanath, A. M. Minor, L. Q. Chen, J. F. Scott, L. W. Martin,
and R. Ramesh, Nature 530, 198 (2016).

10y, Britson, P. Gao, X. Pan, and L.-Q. Chen, Acta Mater. 112, 285 (2016).

"'F. Xue, Y. Ji, and L.-Q. Chen, Acta Mater. 133, 147 (2017).

2. Seidel, L. W. Martin, Q. He, Q. Zhan, Y.-H. Chu, A. Rother, M. E.
Hawkridge, P. Maksymovych, P. Yu, M. Gajek, N. Balke, S. V. Kalinin,
S. Gemming, F. Wang, G. Catalan, J. F. Scott, N. A. Spaldin, J. Orenstein,
and R. Ramesh, Nat. Mater. 8, 229 (2009).

Appl. Phys. Lett. 113, 222902 (2018)

3w, Wu, Y. Horibe, N. Lee, S.-W. Cheong, and J. R. Guest, Phys. Rev.
Lett. 108, 077203 (2012).

4p. Meier, J. Seidel, A. Cano, K. Delaney, Y. Kumagai, M. Mostovoy, N.
A. Spaldin, R. Ramesh, and M. Fiebig, Nat. Mater. 11, 284 (2012).

A, Crassous, T. Sluka, A. K. Tagantsev, and N. Setter, Nat. Nanotechnol.
10, 614 (2015).

1Y -P. Chiu, Y.-T. Chen, B.-C. Huang, M.-C. Shih, J.-C. Yang, Q. He, C.-
W. Liang, J. Seidel, Y.-C. Chen, R. Ramesh, and Y.-H. Chu, Adv. Mater.
23, 1530 (2011).

'7S. Farokhipoor and B. Noheda, Phys. Rev. Lett. 107, 127601 (2011).

18, Li, J. Britson, J. R. Jokisaari, Y. Zhang, C. Adamo, A. Melville, D. G.
Schlom, L.-Q. Chen, and X. Pan, Adv. Mater. 28, 6574 (2016).

19, Seidel, P. Maksymovych, Y. Batra, A. Katan, S.-Y. Yang, Q. He, A. P.
Baddorf, S. V. Kalinin, C.-H. Yang, J.-C. Yang, Y.-H. Chu, E. K. H. Salje,
H. Wormeester, M. Salmeron, and R. Ramesh, Phys. Rev. Lett. 105,
197603 (2010).

20p, Maksymovych, J. Seidel, Y. H. Chu, L.-Q. Chen, S. V. Kalinin, R.
Ramesh, P. Wu, and A. P. Baddorf, Nano Lett. 11, 1906 (2011).

21g. Yang, R.-C. Peng, Q. He, Y.-L. Huang, Y. Huang, J.-C. Yang, T. Chen,
J. Guo, L.-Q. Chen, Y.-H. Chu, C.-W. Nan, and P. Yu, Ann. Phys. 7,
1800130 (2018).

22p, Sharma, Q. Zhang, D. Sando, C. H. Lei, Y. Liu, J. Li, V. Nagarajan, and
J. Seidel, Sci. Adv. 3, 1700512 (2017).

2], Jiang, Z. L. Bai, Z. H. Chen, L. He, D. W. Zhang, Q. H. Zhang, J. A.
Shi, M. H. Park, J. F. Scott, C. S. Hwang, and A. Q. Jiang, Nat. Mater. 17,
49 (2018).

2K .-E. Kim, Y.-J. Kim, Y. Zhang, F. Xue, G.-Y. Kim, K. Song, S.-Y. Choi,
J.-M. Liu, L.-Q. Chen, and C.-H. Yang, Phys. Rev. Mater. 2, 084412
(2018).

2], X. Zhang, R. Wu, S. Choudhury, Y. L. Li, S. Y. Hu, and L. Q. Chen,
Appl. Phys. Lett. 92, 122906 (2008).

26). X. Zhang, Y. L. Li, Y. Wang, Z. K. Liu, L. Q. Chen, Y. H. Chu, F.
Zavaliche, and R. Ramesh, J. Appl. Phys. 101, 114105 (2007).

?L. Y. Li, S. Y. Hu, Z. K. Liu, and L.-Q. Chen, Appl. Phys. Lett. 81, 427
(2002).

28]. Ma, J. Ma, Q. Zhang, R.-C. Peng, J. Wang, C. Liu, M. Wang, N. Li, M.
Chen, X. Cheng, P. Gao, L. Gu, L.-Q. Chen, P. Yu, J. Zhang, and C.-W.
Nan, Nat. Nanotechnol. 13, 947 (2018).

2%Y. Zhou, X. Zou, L. You, R. Guo, Z. S. Lim, L. Chen, G. Yuan, and J.
Wang, Appl. Phys. Lett. 104, 012903 (2014).

3P Yu, W. Luo, D. Yi, J. X. Zhang, M. D. Rossell, C.-H. Yang, L. You, G.
Singh-Bhall, S. Y. Yang, Q. He, Q. M. Ramasse, R. Erni, L. W. Martin, Y.
H. Chu, S. T. Pantelides, S. J. Pennycook, and R. Ramesh, PNAS 109,
9710 (2012).


https://doi.org/10.1002/aelm.201500292
https://doi.org/10.1103/RevModPhys.51.591
https://doi.org/10.1103/RevModPhys.84.119
https://doi.org/10.1038/natrevmats.2017.4
https://doi.org/10.1021/nn102099z
https://doi.org/10.1126/sciadv.1700919
https://doi.org/10.1038/s41467-017-02813-5
https://doi.org/10.1126/science.1259869
https://doi.org/10.1038/nature16463
https://doi.org/10.1016/j.actamat.2016.04.026
https://doi.org/10.1016/j.actamat.2017.05.028
https://doi.org/10.1038/nmat2373
https://doi.org/10.1103/PhysRevLett.108.077203
https://doi.org/10.1103/PhysRevLett.108.077203
https://doi.org/10.1038/nmat3249
https://doi.org/10.1038/nnano.2015.114
https://doi.org/10.1002/adma.201004143
https://doi.org/10.1103/PhysRevLett.107.127601
https://doi.org/10.1002/adma.201600160
https://doi.org/10.1103/PhysRevLett.105.197603
https://doi.org/10.1021/nl104363x
https://doi.org/10.1002/andp.201800130
https://doi.org/10.1126/sciadv.1700512
https://doi.org/10.1038/nmat5028
https://doi.org/10.1103/PhysRevMaterials.2.084412
https://doi.org/10.1063/1.2903107
https://doi.org/10.1063/1.2743733
https://doi.org/10.1063/1.1492025
https://doi.org/10.1038/s41565-018-0204-1
https://doi.org/10.1063/1.4861231
https://doi.org/10.1073/pnas.1117990109

	l
	cor1
	d1
	d2
	d3
	f1
	f2
	t1
	f3
	f4
	f5
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30

