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ABSTRACT: Local and fast structural probes using synchrotron radiation have shown
nanoscale striped puddles and nanoscale phase separation in doped perovskites. It is
known that the striped phases in doped perovskites are due to competing interactions
involving charge, spin, and lattice degrees of freedom. In this work, we show that two
different stripes can be represented as a superposition of a pair of stripes, U(6,) or
D(,), characterized by perovskite tilts where one of the pair is rotated in relation to the
other partner by an angle A, = 7/2. The spatial distribution of the U and D stripes is
reduced to all possible maps in the well-known mathematical four-color theorem. Both
the periodic striped puddles and random structures can be represented by using planar
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graphs with a chromatic number y < 4. To observe the colors in mapping experiments,

it is necessary to recover variously oriented tilting effects from the replica. It is established that there is an interplay between the
annihilation/creation of new stripes and ordering/disordering tilts in relation to the @, angle in the CuO, plane, where the
characteristic shape of the stripes coincides with the tilting-ordered regions.

characteristic feature of perovskite structures ABO;,
known as Glazer’s systems, is a variety of tilting effects."”
The latter can be caused by external factors, for example, by
pressure,’ by temperature,® by a discrepancy between the
lattice parameters of a substrate and the material,” or by the
misfit strain between different layers in complex materials
made of stacks of atomic layers.””” The unique functionality of
several quantum complex materials with perovskite structure,
like cuprates,lo_15 manganites,lé’17 and bismuthates,'® can be
tuned by atomic substitutions, tolerance factor, misfit strain
and pressure which control local structural tilts, bond
disproportionation, and nanoscale phase separation. A similar
complex lattice fluctuations have been identified by extended
X-ray absorption fine structure (EXAFS) in BaPb,_,Bi O,
perovskite superconductors showing bond disproportionation
and correlated tilts.'”*°
While the competition between disorder and super-
conductivity has been a topic of intense interest for decades,
there are several exemplary systems can be found in the
literature that demonstrate how correlated disorder,* ™%
manifested through doping”® vacancies and strain’” in both
two and three dimensions,”*” plays an important role in the
pairing mechanism®>*>*" and can favor the enhancement of
critical temperature‘?’z_‘j’4 toward room temperature.35’36
It is known that cuprates show a universal dome of T'. versus
doping, little is known about the mechanism beyond the
variation of the maximum critical temperature of the dome,
T._maw Which has been found to be controlled by pressure or
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strain. Using advanced scanning micro X-ray diffraction, the
space distribution of inhomogeneity in the nanoscale has been
well understood in cuprates. It has been found that a correlated
disorder induced by doping and strain leads to charge puddles
creating an inhomogeneous lattice, and superconductivity is
the result of percolation in a hyperbolic space through
filamentary pathways defined by the puddles®”*® which has
been confirmed in iron based superconductors,”
sulfide® and it is expected also in oxyselenide** perovskite
superconductors.

Since high-T. superconductors are superlattices of metallic
CuO, layers, an appropriate physical variable describing elastic
effects is not a tolerance factor for three-dimensional ABO,
systems, but the superlattice misfit strain between different
layers."""** Using resonant Cu K-edge X-ray diffraction,” Cu
K-edge X-ray absorption near edge structure (XANES), and
Cu K-edge EXAFS,"* it was shown that the local structure of
the CuO, plane of doped Bi,Sr,CaCu,Os,, (called BSCCO or
Bi2212)*7* and of doped La, ,Sr,CuO,,, (called LSCO or
La124)*"7° perovskite families show a periodic anharmonic
incommensurate lattice modulation described as a particular
nanoscale phase separation due to the formation of alternate
stripes of undistorted U stripes and distorted D stripes with
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different tilts (see Figure 1) and disproportionated Cu—O
bonds in cuprates.*” For the superlattice of CuO, atomic layers
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Figure 1. View of the distorted octahedra of the D (a) and U (b)
stripes with different tilting effects in LSCO."” The planar projections
in the lower part of the figure corresponds to the positions of oxygen
atoms in the CuO, planar complex. Insets show the tilting effects in
accordance with Glazer’s notations.

separated by rocksalt LaO spacer layers in the hole-doped
layered perovskite family La,CuO, (LCO), the relevant
physical quantity is the misfit strain between the active
[CuO,] and the spacer rocksalt [La202+y] layers. For the
BSCCO superlattice of perovskite bilayers [CaCu,0,]
separated by spacer layers [Sr,0,] and [Bi,O,], the relevant
physical quantity is the misfit strain between the active CuO,
and the spacer [Bi,O,] layers.

Recent experimental studies using scanning tunneling
conductivity (STM) over a wide range of temperatures and
doping”' evidence that there is a clear connection between the
stripe structure and electronic structure of Cu oxides
supported by the fact that the pseudogap state and the stripe
structure detected by EXAFS***°° and scanning micro X-ray
diffraction®” have a similar temperature region of existence.

This research was inspired by the study presented in the
work,”” where hidden symmetries were investigated in the
stripe structure of high-temperature superconductors. Here, we
focus on the tilting effects as a required attribute of observed
stripes.”” Based on the large isotope effect in high-T,
superconductors with the stripe nanostructure,”>> we tried
to study the phonon nature of the stripe structure in high-T,
cuprates, and to identify the stripes according to the type of
their tilting effects. For example, the U and D stripes in Figure
1 show the (aa"a’) and (a~a%a°) tilts in Glazer’s notations.”
Unfortunately, in these notations, it is impossible to classify the
stripes rotated about the axis z by different angles 0,.
Therefore, we introduce new notations in which an orientation
of the tilting angle a can vary within a single Glazer’s notation.
To do this, we replace a by the angle +a, and omit the top
indices + and — as they do not change under the action of
rotation about the axis z. Then, all the possible U and D stripes
D(O): (0)%0)) U(450) = (a,a,O), D(9OO) = (0!,0,0), U(1350)
= (a)_a)o)l D(1800) = (Of_a)o); U(ZZSO) = (—(Z,—(Z,O),
D(270°) = (—,0,0), and U(315°) = (—a,a,0) form a group of
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a complex root of unity Y ¢ where g = 8. This is the
symmetry group of an isolated CuOg octahedron with respect
to its rotation by an angle 8, = n(x/4). In the LCO and LSCO
layered materials, this group reduces to the two U(0,) and
D(8,) groups because of different orientation of the CuO,
planar complex relative to the rocksalt spacer layers.

In accordance with the study,‘% the undoped LCO has the
orthorhombic Ay, (D3}) structure at a temperature below 500
K, where the tilts of the perovskite octahedra are ordered into a
(a"a"a") sequence. The latter can formally be presented here
as a superposition (a7a"a’) = (a”a%") + (a%aa"), and we
further consider the mono U stripe structure of the undoped
LCO as the confinement of a pair of tetragonal structures
rotated relative to each other by an angle A8, = 7/2 (Figure
2). As a consequence, the number of stripes, in the doped

D(90°)

Figure 2. U type structure in the undoped orthorhombic LCO
presented as a superposition of two D tetragonal structures rotated
one relative to the other by an angle 7/2.

LSCO, is reduced to one species (U stripes) with extensive
overlapping areas (D stripes) between them. To study the
nature of the spatial stripe distribution, we take into account
that the U(6,) and D(,) structures have a common origin and
differ only by orientation (i.e., 6,) of the tilting angle . Let us
collect the U(H,) and D(H,) stripes into a new group G(a)
built from the stripes rotated relative to each other by an angle

0, = n(x/4)
U(45°) = D(0) x D(90°) = (0, a, 0) + (a, 0,0)
D(180°) = D(0)* = (0, @, 0) + (0, a, 0)

0 = D(0) x D(180°) = (0, a, 0) + (0, —a, 0) (1)
and so on. Following the superposition for the U(f,) and
D(6,) stripes, we derive the rules of group multiplication for
the stripes: U(45°), U(135°), U(225°), U(315°) and D(0),
D(90°), D(180°), D(270°) (see Table 1, where the group unit
O refers to the untilted prototype in which there are no tilts at
all). The group G(a) of the stripe pairs presented in Table 1
appears if we assume the replacement (2a) < —a in the
squared group element D(0)* = (0,a,0) + (0,0,0) = (0,2a,0) =
D(180°), i.e., there can be only one specific angle a ~ const in
the material. In this case, we obtain an abelian group G(a) of
the ninth order, which is a direct product of any two cyclic
subgroups

G=D,xXD,=U XU =D, XU =D, XU,

=D, x U, =D, XU (2)
of the four possible:
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Table 1. Multiplication Table for the Ninth Order Abelian Group G(¢@), Where the Group Unit Is an Untilted Prototype O

group elements D(0) D(90°) D(180°) D(270°) U(45°) U(135°) U(225°) U(315°) (0]
D(0) D(180°) U(45°) 0] U(315°) U(135°) D(90°) D(270°) U(225°) D(0)
D(90°) U(45°) D(270°) U(135°) 0 U(315°) U(225°) D(180°) D(0) D(90°)
D(180°) 0 U(135°) D(0) U(225°) D(90°) U(45°) U(315°) D(270°) D(180°)
D(270°) U(315°) 0 U(225°) D(90°) D(0) D(180°) U(135°) U(45°) D(270°)
U(45°) U(135°) U(315°) D(90°) D(0) U(225°) D(270°) 0 D(180°) U(45°)
U(135°) D(90°) U(225°) U(45°) D(180°) D(270°) U(315°) D(0) 0 U(135°)
U(225°) D(270°) D(180°) U(315°) U(135°) 0 D(0) U(45°) D(90°) U(225°)
U(315°) U(225°) D(0) D(270°) U(45°) D(180°) 0o D(90°) U(135°) U(315°)
0 D(0) D(90°) D(180°) D(270°) U(45°) U(135°) U(225°) U(315°) o}

D, = D(0), D(180°), O; U, = U(45°), U(225°), O; a b

D, = D(90°), D(270°), O; U, = U(135°), U(315°), O

3)

In contrast to the observed orthorhombic symmetry with the
(a7a7,a%) tilting effects in the undoped LCO cuprates,”
described only by the subgroup U, (or U,) while in the doped
cuprates LSCO, the effects (a"a"a’) and (a7aa%), (aa~a®) c d
from the direct product U; X U, might be observed."’

The irreducible representations of the group G(a) are slslelslzls] & slalel lalal &
homomorphisms from this group into a group of three M =S 3|8 =t M S ENEIRS
elements:rp 1, &¥7/3, and /3, gthatpis, a thirdgdeglr)ee root of 517° 517 o1 217
unity. The homomorphism is completely defined by how it

acts on the generators of a group. In our case, these are two
elements which do not belong to the same subgroup, for
example, D(0) and U(45°). If D(0) is mapped to ¥ and
U(45°) is mapped to ¢*/3, then U(135°) = D(0)U(45°) is
mapped to 1 and similarly for all other elements of the group.
The three variants of the homomorphism for each of the pair
of generators of the group result in the nine different
representations, and the latter are numbered by pairs of
indices {i}, where i(j) = 1,2,3.

Since the active CuO, plane does not contain any untilted
prototypes, there is no neighborhood of U stripes rotated by
180° relative to each other. All of them are separated by the
U(6,) stripes with Af, = 90° (or A8, = 270°), which have an
overlapping region (D(8,) stripes). For example, U(45°)/
D(270°)/U(135°)/D(0)/U(225°)/D(90°)/U(315°)/
D(180°)/U(45°), or U(45°)/D(270°)/U(135°)/D(270°)/
U(45°)/D(270°)/U(135°) with a period of the stripe
structure less than the order of the group G(a).

The spatial distribution of the stripes in Figures 3 and 4
directly follows from the well-known four color theorem on the
map.”” In four colors, U(45°), U(225°), red (R); U(135°),
U(315°), blue (B) and also D(0), D(180°), green (G);
D(90°), D(270°), yellow (Y), we can always color an arbitrary
map on the plane.”” The four colors R, G, B, Y are just four
subgroups: D;, D, and U, U, from which the untilted
prototypes O have been removed.

For example, the unidirectional charge stripe order and a
chessboard electronic crystal’®*” can correspond to one of the
color maps: R/Y/B/Y/R, R/Y/B/G/R/Y/B in Figures 3 and 4,
respectively. Any stripe structures, including a random
structure, are more convenient for representation using planar
graphs with a chromatic number y < 4.°” In accordance with
the group G(a), all the maps are symmetric with respect to the
replacement of U by D and vice versa. Recently, the four color
theorem has been used to interpret the domain topology of the
magnetic material FexTaSZ.‘s0
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Figure 3. Color maps with the chromatic number y = 2 for the
unidirectional charge-stripe order.

U@5) | D(270)|U(135)| D(0) |U(225)

D(270){ U(135) D(0) |U(225)| D(90)

u(135)| D(0) |U(225)| D(90)|u315)

D(0) |U(225)| D(90) | U(315)D(180)

U(225)| D(90) |U(315)|D(180)| L(45)

Figure 4. Color maps with the chromatic number y = 3 for the
chessboard electronic crystal. The maps (ac) and (b,d) are
topologically equivalent.

The periodic stripe maps in Figures 3b,d and 4a,c with U
and D stripes equivalent in shape are invariant with respect to
the simultaneous rotation of all CuOg octahedra by angle 6, =
45° around the z axis. The maps in Figure 4b,d with different
U and D stripes are invariant only with respect to rotation by
the angle 6, = 90°. Any random and monochrome stripe maps

DOI: 10.1021/acs.jpclett.9b00513
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with y = 4 and y = 1 does not have a rotational symmetry for
0, angle.

In conclusion, in this paper, we have demonstrated that the
overlapping between the stripes may be an alternative for
Bloch and Neel type of domain walls in oxides®' at the
subatomic scale. The overlapping looks like the D stripes,
whose properties follow from the group multiplication in Table
1. In this group, the overlapping areas of the D and U stripes
are equal, and the untilted prototype O with a = 0 is the group
unit. In the undoped LCO cuprate, the structure of one large U
stripe is observed, and the material is at the state with (a”a"a°)
tilting effects. Under doping, the disappearance of the long-
range stripe order is accompanied by the generation of the D
stripes in the region of the immediate boundary between the
U(,) stripes oriented at different angles (A6, = 7/2) relative
to each other. The spatial distribution of the D(6,) and U(0,)
stripes is reduced to possible maps in the four color problem
for the CuO, plane, where the color represents the D(6,) or
U(6,) stripes combined into four subgroups of the group
G(a). Any observed spatial distributions, namely, the unidirec-
tional charge-stripe order, chessboard electronic crystal or
totally random structures can be represented by planar graphs
with different chromatic numbers, where 2 < y <3 and y = 4,
respectively. At the long-range stripe ordering, y = 1 in the
undoped material LCO. By their origin, the boundaries
between the U and D stripes should atomically be sharp.
Moreover, in layered materials the reduced symmetry of the
CuO, square in the D stripes agrees well with the symmetry of
the local b, vibrations that are active in the (*a, + *b;) ® (b,
+ alg) JT effect.”>** However, unlike the usual local by, mode,
there no contribution to the multimode JT effect from the
tilting mode in the CuO4 octahedron in the isotropic
environment. In the U stripes, the local symmetry of all four
plane oxygens is identical even in layered materials. We expect
the inhomogeneous distribution of electron density over the U
and D stripes since the JT energy depends on the electron
concentration only in the D stripes. To observe the colors
using STM spectroscopy, it is necessary to recover variously
oriented tilting effects from the STM charge replica of the
CuO, plane. Note, compatible types of cooperative JT and
tilting effects within a single structure were investigated in the
work,”* and an interplay between the tilting and JT distortions
was studied previously in LaMnOs, YVO,, and YTiO3.%

What is the physical meaning of the group G(a)? It is not a
symmetry group of the lattice Hamiltonian since the group
elements U(0,) and D(6,) do not reproduce any initial stripe
distribution. The group G(«) is just the symmetry of a pair of
interacting stripes. By analogy with the Woodward—
Hoffmann’s rules for orbital symmetry conservation in
chemical reactions,’® we can associate the initial and final
reagents in a reaction with the stripes U(6,) and D(6,)
respectively. In this reversible “reaction” the orbital symmetry
changes, but the tilting angle o remains a constant. Due to the
group, we have established the relationship between the
annihilation/creation of new stripes and ordering/disordering
process of the tilts in the CuO, plane, where the characteristic
shape of the stripes coincides with the regions ordered by the
0, angle.

The whole variety of tilting domains in the three-
dimensional ABO; perovskites®’ cannot be derived in the
simplified approach. Indeed, we used the four-color theorem
for the planar stripe maps to reflect a nature of the
superconducting layered perovskites, and the group G(a)
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most likely exists due to a certain ratio between the tilting
effects and JT effect.

B AUTHOR INFORMATION

Corresponding Authors
*E-mail: gav@iphkrasn.ru.
*E-mail: antonio.bianconi@ricmass.eu.

ORCID
Vladimir A. Gavrichkov: 0000-0002-5340-7803
Antonio Bianconi: 0000-0001-9795-3913

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

One of the authors (V.A.G.) is grateful to RFBR, the
Government of the Krasnoyarsk Region and Krasnoyarsk
Regional Fund of Science for the research Grant No. 18-42-
240017

B REFERENCES

(1) Glazer, A. Acta Crystallogr, Sect. B: Struct. Crystallogr. Cryst.
Chem. 1972, 28, 3384—3392.

(2) Glazer, A. M. Phase Transitions 2011, 84, 405—420.

(3) Xiang, H,; Guennou, M.; Iniguez, J.; Kreisel, J.; Bellaiche, L.
Phys. Rev. B: Condens. Matter Mater. Phys. 2017, 96, 054102.

(4) Zhou, Q.; Kennedy, B. J. Solid State Commun. 2004, 132, 389—
392.

(5) Vailionis, A. In Epitaxial Growth of Complex Metal Oxides;
Koster, G., Huijben, M., Rijnders, G., Eds.; Woodhead Publishing
Series in Electronic and Optical Materials: N.76; Elsevier, 2015;
Chapter 7, pp 175—207.

(6) Bianconi, A.; Saini, N.; Agrestini, S.; Castro, D. D.; Bianconi, G.
Int. . Mod. Phys. B 2000, 14, 3342—3355.

(7) Agrestini, S.; Saini, N. L.; Bianconi, G.; Bianconi, A. J. Phys. A:
Math. Gen. 2003, 36, 9133—9142.

(8) Poccia, N.; Ricci, A.; Bianconi, A. Adv. Condens. Matter Phys.
2010, 2010 (1-7), 271849.

(9) Harris, D.; Cambell, N; Di, C.; Park, J.-M.; Luo, L.; Zhou, H.;
Kim, G.-Y.; Song, K; Wang, J.; Rzchowski, M. arXiv:1812.08589,
2018, pp 118.

(10) High-TC Copper Oxide Superconductors and Related Novel
Materials; Bussmann-Holder, A., Keller, H., Bianconi, A. Eds;
Springer Series in Materials Science; Springer International Publishing
AG, 2017; Vol. 258.

(11) Egami, T. In High-Tc Copper Oxide Superconductors and Related
Novel Materials; Bussmann-Holder, A., Keller, H., Bianconi, A., Eds,;
2017; Chapter Alex and the Origin of High-Temperature Super-
conductivity, pp 35—46.

(12) Benedek, G.; Muller, K. Phase Separation in Cuprate
Superconductors; World Scientific, 1993.

(13) Sigmund, E; Miiller, K. A. Phase Separation in Cuprate
Superconductors. Proceedings of the second international workshop
on Phase Separation in Cuprate Superconductors September 4—10,
1993; Springer Science & Business Media, Cottbus, Germany, 2012.

(14) Keller, H.; Bussmann-Holder, A. Adv. Condens. Matter Phys.
2010, 2010 (1-10), 393526.

(15) Bianconi, A.; Agrestini, S.; Bianconi, G.; Di Castro, D.; Saini, N.
J. Alloys Compd. 2001, 317, 537—541.

(16) Dagotto, E.; Hotta, T.; Moreo, A. Phys. Rep. 2001, 344, 1—153.

(17) Burgy, J.; Moreo, A.; Dagotto, E. Phys. Rev. Lett. 2004, 92 (1—
4), 097202.

(18) Giraldo-Gallo, P.; Lee, H.; Beasley, M.; Geballe, T.; Fisher, L J.
Supercond. Novel Magn. 2013, 26, 2675—2678.

(19) Menushenkov, A.; Kuznetsov, A.; Chernikov, R.; Ivanov, A.;
Sidorov, V.; Klementiev, K. J. Surf. Invest.: X-Ray, Synchrotron Neutron
Tech. 2013, 7, 407—421.

DOI: 10.1021/acs.jpclett.9b00513
J. Phys. Chem. Lett. 2019, 10, 1840—1844


mailto:gav@iph.krasn.ru
mailto:antonio.bianconi@ricmass.eu
http://orcid.org/0000-0002-5340-7803
http://orcid.org/0000-0001-9795-3913
http://dx.doi.org/10.1021/acs.jpclett.9b00513

The Journal of Physical Chemistry Letters

(20) Menushenkov, A.; Kuznetsov, A.; Klementiev, K.; Kagan, M. Y.
J. Supercond. Novel Magn. 2016, 29, 701-70S.

(21) Imry, Y.; Ma, S.-K. Phys. Rev. Lett. 1975, 35, 1399—1401.

(22) Kresin, V. Z.; Ovchinnikov, Y. N.; Wolf, S. A. Phys. Rep. 2006,
431, 231-259.

(23) Zaanen, J. Nature 2010, 466, 825—827.

(24) Littlewood, P. Nat. Mater. 2011, 10, 726—727.

(25) Carlson, E. W. Nature 2015, 525, 329—330.

(26) Fratini, M.; Poccia, N.; Ricci, A.,; Campi, G.; Burghammer, M.;
Aeppli, G.; Bianconi, A. Nature 2010, 466, 841—844.

(27) Ricci, A.; Poccia, N,; Campi, G.; Coneri, F.; Caporale, A. S.;
Innocenti, D.; Burghammer, M.; Zimmermann, M.; Bianconi, A. Sci.
Rep. 2013, 3 (1-6), 2383.

(28) Giraldo-Gallo, P.; Zhang, Y.; Parra, C.; Manoharan, H.; Beasley,
M.; Geballe, T.; Kramer, M.; Fisher, 1. Nat. Commun. 2015, 6 (1-9),
8231.

(29) Duan, C; Yang, J.; Ren, Y.; Thomas, S. M.; Louca, D. Phys. Rev.
B: Condens. Matter Mater. Phys. 2018, 97 (1—6), 184502.

(30) Bianconi, A; Di Castro, D.; Bianconi, G.; Pifferi, A.; Saini, N.;
Chou, F.; Johnston, D.; Colapietro, M. Phys. C (Amsterdam, Neth.)
2000, 341, 1719—1722.

(31) Sakakibara, H.; Suzuki, K; Usui, H,; Kuroki, K; Arita, R;
Scalapino, D. J.; Aoki, H. Phys. Rev. B: Condens. Matter Mater. Phys.
2012, 86 (1—6), 134520.

(32) Bianconi, G. Europhys. Lett. 2013, 101 (p1—p6), 26003.

(33) Bianconi, G. Phys. Rev. E 2012, 85 (1-5), 061113.

(34) Bianconi, G. J. Stat. Mech.: Theory Exp. 2012, 2012 (1—14),
P07021.

(35) Bianconi, A.; Jarlborg, T. Novel Superconducting Mater. 2015, 1,
37—49.

(36) Bianconi, A.; Jarlborg, T. Europhys. Lett. 2015, 112 (pl—p7),
37001.

(37) Campi, G.; Bianconi, A.; Poccia, N.; Bianconi, G.; Barba, L.;
Arrighetti, G.; Innocenti, D.; Karpinski, J.; Zhigadlo, N. D.; Kazakov,
S. M.; Burghammer, M.; Zimmermann, M. v.; Sprung, M.,; Ricci, A.
Nature 2015, 525, 359—362.

(38) Ricci, A; Poccia, N.; Joseph, B,; Innocenti, D.; Campi, G.;
Zozulya, A.; Westermeier, F.; Schavkan, A.; Coneri, F.; Bianconi, A,;
Takeya, H.; Mizuguchi, Y,; Takano, Y.; Mizokawa, R.; Sprung, M,;
Saini, N. L. Phys. Rev. B: Condens. Matter Mater. Phys. 2015, 91 (1—6),
020503.

(39) Athauda, A.; Louca, D. J. Phys. Soc. Jpn. 2019, 88 (1-10),
041004.

(40) Krzton-Maziopa, A.; Guguchia, Z.; Pomjakushina, E.;
Pomjakushin, V.; Khasanov, R.; Luetkens, H.; Biswas, P.; Amato,
A; Keller, H,; Conder, K. J. Phys.: Condens. Matter 2014, 26 (1-5),
215702.

(41) Forgacs, G.; Lipowsky, R,; Nieuwenhuizen, T. M. In Phase
Transitions and Critical Phenomena; Domb, C., Lebowitz, J. L., Eds.;
Academic Press, London, UK, 1991; Chapter 2, pp 135—-367.

(42) Bak, P. Rep. Prog. Phys. 1982, 45, 587—629.

(43) Bianconi, A; Saini, N.; Rossetti, T.; Lanzara, A,; Perali, A.;
Missori, M.; Oyanagi, H.; Yamaguchi, H.; Nishihara, Y.; Ha, D. Phys.
Rev. B: Condens. Matter Mater. Phys. 1996, 54, 12018—12021.

(44) Bianconi, A. Phys. C (Amsterdam, Neth.) 1994, 235, 269—272.

(45) Missori, M.; Bianconi, A.; Oyanagi, H.; Yamaguchi, H. Phys. C
(Amsterdam, Neth.) 1994, 235, 1245—1246.

(46) Saini, N.; Lanzara, A.; Bianconi, A,; Opyanagi, H. Phys. Rev. B:
Condens. Matter Mater. Phys. 1998, 58, 11768—11773.

(47) Bianconi, A.; Saini, N. L.; Lanzara, A.; Missori, M.; Rossetti, T.;
Opyanagi, H.; Yamaguchi, H.; Oka, K,; Ito, T. Phys. Rev. Lett. 1996, 76,
3412—-3415S.

(48) Lanzara, A; Saini, N.; Rossetti, T.; Bianconi, A.; Oyanagi, H.;
Yamaguchi, H.,; Maeno, Y. Solid State Commun. 1996, 97, 93—96.

(49) Saini, N.; Oyanagi, H.; Scagnoli, V.; Ito, T.; Oka, K.; Bianconi,
A. Europhys. Lett. 2003, 63, 125—129.

(50) Saini, N; Oyanagi, H; Ito, T.; Scagnoli, V.; Filippi, M,;
Agrestini, S.; Campi, G.; Oka, K.; Bianconi, A. Eur. Phys. ]. B 2003, 36,
75—80.

1844

(51) Zhao, H.; Ren, Z.; Rachmilowitz, B.; Schneeloch, J.; Zhong, R.;
Gu, G,; Wang, Z.; Zeljkovic, 1. Nat. Mater. 2019, 18, 103—107.

(52) Zhang, Y.; Mesaros, A.; Fujita, K.; Edkins, S. D.; Hamidian, M.
H; Ch'ng, K; Eisaki, H,; Uchida, S.; Davis, J.; Khatami, E.
arXiv:1808.00479v1, 2018; pp 12S.

(53) Lanzara, A.; Zhao, G.-M.; Saini, N. L.; Bianconi, A.; Conder, K;
Keller, H.; Muller, K. A. J. Phys.: Condens. Matter 1999, 11, L541—
L546.

(54) Rubio, D.; Mesot, J.; Conder, K.; Janssen, S.; Mutka, H.; Furrer,
A. J. Supercond. 2000, 13, 727—730.

(55) Suryadijaya; Sasagawa, T.; Takagi, H. Phys. C (Amsterdam,
Neth.) 2005, 426—431, 402—406.

(56) Pickett, W. E. Rev. Mod. Phys. 1989, 61, 433—512.

(57) Biggs, N. L.; Lloyd, E. K.; Wilson, R. J. Graph Theory; Oxford,
1986.

(58) Okamoto, S.; Furukawa, N. Phys. Rev. B: Condens. Matter Mater.
Phys. 2012, 86 (1-S5), 094522.

(59) Seibold, G.; Lorenzana, J.; Grilli M. Phys. Rev. B: Condens.
Matter Mater. Phys. 2007, 75 (1-=S5), 10050S.

(60) Horibe, Y.; Yang, J.; Cho, Y.-H.; Luo, X.; Kim, S. B.; Oh, Y. S,;
Huang, F.-T.; Asada, T.; Tanimura, M.; Jeong, D.; Cheong, S.-W. J.
Am. Chem. Soc. 2014, 136, 8368—8373.

(61) Cherifi-Hertel, S.; Bulou, H.; Hertel, R; Taupier, G.;
Dorkenoo, K. D. H.; Andreas, C.; Guyonnet, J.; Gaponenko, L;
Gallo, K.; Paruch, P. Nat. Commun. 2017, 8 (1-9), 15768.

(62) Bersuker, G. L; Gorinchoy, N. N.; Polinger, V. Z.; Solonenko,
A. O. Supercond.: Phys,, Chem., Eng. 1992, S, 1003—1013.

(63) Bersuker, I. B.; Polinger, V. Z. The Jahn-Teller Effect and
Vibronic Interactions in Molecules and Crystals; Springer, 1989 and
2012.

(64) Carpenter, M. A,; Howard, C. J. Acta Crystallogr., Sect. B: Struct.
Sci. 2009, B6S, 134—146.

(65) Mizokawa, T.; Khomskii, D. L; Sawatzky, G. A. Phys. Rev. B:
Condens. Matter Mater. Phys. 1999, 60, 7309—7313.

(66) Woodward, R. B.; Hoffmann, R. The Conservation of Orbital
Symmetry; Verlag Chemie GmbH, Academic Press Inc,, 1971.

(67) Abakumov, A. M.; Erni, R.; Tsirlin, A. A.; Rossell, M. D.; Batuk,
D.; Nenert, G.; Van Tendeloo, G. Chem. Mater. 2013, 25, 2670—
2683.

DOI: 10.1021/acs.jpclett.9b00513
J. Phys. Chem. Lett. 2019, 10, 1840—1844


http://dx.doi.org/10.1021/acs.jpclett.9b00513

