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Electronic properties of structural twin and antiphase boundaries in materials with strong
electron-lattice couplings
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Using a symmetry-based atomic scale theory of lattice distortions, we demonstrate that elastic textures, such
as twin and antiphase boundaries, can generate intricate electronic heterogeneities in materials with strong
electron-lattice coupling, as observed in perovskite manganites and other functional electronic materials.
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Recent advances in imaging techniques have revealed tlggound states can be written in a simpler way in these vari-
presence of rich elastic textures in functional materials suclbles than in usual displacement variables. Moreover, since
as colossal magnetoresistiM€MR) manganites;? ferro-  the lattice distortions are decomposed into the modes at
electrics® ferroelasticg, and shape memory alloysin par- =(0,0) (long-wavelength or intercell modeand K= (7, )

ticular, exéperlments on certain perovskite mangan'.te(short-wavelength or intracell modeshe approach using
compounds have .shown the correlation between eleqtronlc hese modes reveals the differences between long and short
transport properties and the presence of meandering aﬁ-

tiphase boundarie®APBs) within insulating charge ordered Wa\\//\(/alength_(ljattﬁgglstortl%ns mha naturz;l way. Fia. 2 wh
domains, interpreted as the existence of metallic regions YV€ consider APBs, such as the one shown in Fig. 2 where

forming around APBs. It is also reported that strains neaPPEn circles represent the distorted atomic positionss,for
grain boundaries in thin film can significantly modify elec- Sy mode_zs‘? The simplest energy expression yielding a ground
tronic properties in manganitéhe interplay between elas- State with either purs, or s, mode lattice distortion is
tic texture and electronic heterogeneity is thus central to un- D . R G R R
derstan_ding multiphase coexistenpe and resultant elecyronic Esxsfz - —[s«(i)2+sy(i)2] + —1[s5<(i)4+sy(i)4]
properties in CMR and other functional electronic materials. ; 2 4

In this work we illustrate the importance of elastic hetero- G c
geneities in modifying electronic properties in materials with Gy 2o A2 Cn n2
strong electron-lattice coupling. In particular, we study the * 2 )77+ 2 €n()° (@)
electronic properties of APBs and twin boundar(&8s) on
a two-dimensional2D) lattice. We first show how our re- \yhere the coefficientd, G;, G, (with G;<G,) can be ob-

cently developed symmetry-based atomic-scale theory of latyined from interatomic forces ari), are the associated elas-
tice distortions can be used to find atomic configurations of; o quii.

twin and antiphase boundaries. Within our framework, we Since the ground state has=(,) component lattice
illustrate the differences and similarities between TBs anddistortions we define variables with tilde by multiplying
APBS from the point of view of localization of longshor) (—=1)ix*ly with all intercellintracell/dis Iacemeynt varia)tl)les
wavelength modes inside APB3Bs), evolution upon en- . - RS 2 Pie
ergy relaxation and roughnégsmoothnegsof APBs (TBs).  [€.9.,5(1) =) (=1)x", dy(i)=d,(i)(=1)"v]. In wave vec-
We subsequently perform a tight binding calculation with ator space, this corresponds to interchanging (9®) and
Su-Schrieffer-HeegetSSH type model of electron-lattice (7, ) points. Therefores ands, are the modes neaj
coupling to predict the distribution of electronic density of =(0,0), and&;, &, and®&; are the modes neaj=(m,),
states, which can be related to the results of scanning tunnelvhere g represents the wave vector for the variables with
ing microscopegSTM) measurements. Our work thus forms tilde. The constraint equations in the continuum limit are
the basis for predicting electronic properties from prede®; 5(r)=(V,5£V,5)/(2V2) and &(r)=(V,5+V,5,))/(212).
signed materials microstructures. These relations show that spatial variations iofracell
Twin boundaries separate domains related by the rotation
of crystalline axes, whereas APBs represent boundaries at
which the sequence of alternating distortions, such as alter-

in=1,23

nating rotational directions of oxygen octahedra in perov- ’el'\ 4 e; A 63/ o Is !
skite oxides, change their phasee., broken translational ) ) g
symmetry. Although our method can be applied to 2D or 3D intercell modes intracell modes

lattices with monatomic or multiatomic bases, we illustrate FIG. 1. Distortion modes for a 2D square lattice with a mon-
our ideas with a square lattice in 2D spa@banarP4mm)  atomic basis, for examples,(i)={d*(i)-d"{i+(10)]+d¥i+(11)]

with a monatomic basis, for which the appropriate atomic-d{i+(01)]}/2, whered (i) andd¥(i) represent the displacement of
scale distortion variables are the modes shown in Fig. lie atom at sité alongx (horizonta) andy (vertica) directions,
These modes have important advantages over displacgespectively. Intercell modes;, e,, and e, correspond to dilata-
ment variables—they reflect the symmetries of the latticaion, shear, and deviatoric long wavelength modes. Intracell modes
and can serve as order paramet@®s9 in structural phase s, ands, correspond to the normal coordinates of the zone boundary
transitions® Therefore, energy expressions with desiredmode.
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to a long-range interaction. For an APB, the sign change in
the OP signifies translation of the configuration by one
atomic spacing, implying the presence of an intrinsic atomic
length scale that is responsible for the fast decay of the in-
teraction between OPs. These considerations apply to any
_ . 2D/3D lattice with monoatomic or multiatomic bases. We
FIG. 2. (Color onling An example of the atomic displacement can also expect it to be valid for the rough and fluctuating

pattern on either side of an APB. Solid and open circles represergt - P .
. - ) ) ) >~ Stripes suggested in high cuprates, which are examples of
atomic positions for undistorted square lattice and distorted lattice P 99 g cup P

respectively. Red and bludifferent gray scalgsepresent the posi- Mmagnetic APBS. Arguments similar to those in Ref. 14, re-

. N . lated to the range of the interactions, explain the character-
t d t f t fi f h pl tte. .. !
ive and negative signs of the mode defined for each plaquette istic smoothness and roughness of TBs and APBs.

The full expression of the kernel(q) in ERig \op iS

modes(5,,5,) always generaténtercell modes (&;,€,,€;),

: . ; R . given by
which provides a microscopic origin to the phenomenologl—g = ) )
cal gradient energy term in continuum elasticity theory. U(g) = [(Cy + C3)/2]Ty(G)" + (C/2)T(G)
Therefore, intercell modes are present inside an APB at (Cl+C2—C3)2TX(d)2Ty(d)2

which an intracell mode with tilde changes its sign. Similar - —> 5 (4
arguments apply to a TB—the spatial variations of intercell B 4D" +2(Cy + C3)1—><(_q) +2C,Ty(0)

modes always generate intracell modes inside a TB througfnere T(d)=tan(q,/2) and T(g)=tan(q,/2). We choose
their constraints—and lead to a similar solitary profile for TB Similar parameter values for both APB and TB cases and use

and APB41° However, there exists a fundamental differencethe Euler methoth!2%to relax the total energy associated
between intercell and intracell modes: In thke-0 limit, ~ With the lattice starting from random initial conditions. The

e,, &, ande; are given as a first derivative af, andd,,  Simulation corresponds to a rapid quench to temperafure

Whereas in thel— 0 limit. % and%. are 2k and i TherZ:-- =0 and it shows differences in the formations of TBs and
@ S 3 x oy . APBs in the course of the evolution. The resulgfor TB

fore, e, e, and e; are related by constraint equations, ~ : . o

whereas, ands, are not constrained by each other. ands, for APB, on a 64x 64 lattice with periodic boundary

We consider the APB between the two ground states Witﬁ:ondlthns are shown in Figs. 3 an_d 4 re_zspectlvel_y, where
R ) the main panels show real space distributions and insets the
S(i)=+\D/G;=£s, (Fig. 2. On expanding Eq(1) around . or g-space distributions. Figuresa3 and 4a) correspond

the ground state and retaining leading order terms, we writg, early stages of the relaxation, whereas Figh) and 4b)

the energyEapp=Enppp opt %’\PB,NOP whe[r)e, reflect the OP distributions for late stages. Even at the early
E - e @2+ S 2% rzi 2 stage, the presence of the long-range correlation between the
APB.NOP p> nl0) ; 2 S0 @ intercell OP along 45° and 135° can be identified in the main

in=1,2,3 - € .
b=t panel in Fig. 8a), reminiscent of tweed structures in marten-

sitic and other multiferroic materials. THespace distribu-

Enpg op= > {_ ng(f)z + ﬂ@(f)“}, (3)  tion plotted in the inset of Fig.(d) shows strong preference

' i 2 4 of e5(k) along 45° and 135° orientations. Such long-range
and D’'=D(G,/G;-1). The energyE,pg has the identical correlation and anisotropy are absent for the phase of the
form to that for a TB withe; as OP—a double-well potential intracell mode distortion, as shown in Fig(at The late
for OP and harmonic potentials for non-OP. For both TB andstage of the relaxation depicted in FiggbBand 4b) shows
APB problems, the non-OP energy terms mediate an anis@haracteristic smooth TBs and rough APBs. The TB is meta-
tropic interaction between OPs through the constraints. Thetable and cannot be removed by further relaxation, unless
minimization of Expg nop USING Lagrange multipliers leads large amplitude noise is applied. In contrast, the APB in Fig.
to ENiL Nopzzd%g((_q)ﬂ(q)g((q), whereU(g) has ag? lead-  4(b), which is a ring due to the periodic boundary condition,

’ shrinks and disappears upon further relaxation. Although the
solitary-wave profile of the smooth APB along a certain di-
rection is a metastable state, the absence of a long-range
interaction between the phase of intracell mode distortions
prevents the relaxation of random initial configuration from
reaching such metastable states. This indicates that lattice
. defects or boundary conditions are necessary to reach the

Yetastable solitary-wave APB configuration in materials, and
o_f smo_othness and roughness of TBs and APBs, that %Yhey influence the geometry of APBs.
simulations reproduce. To study functional electronic aspects associated with

The physical origin of the long-range interaction betweenyege TR and APB microstructures, we consider the modula-
intercell modes and short-range interaction betwagracell tion of electronic properties base;j on the following SSH
modes lies in the difference in the symmetry operations r'€alectron-lattice coupling Hamiltonian
lating the two domains separated by a TB or APB. For a TB, a a1t N
the sign change in the OP corresponds to a change in orien- Hssu= 2 —to1-a(d’,, - d)](c/cia*c,,6), (5)

tation, which has no intrinsic length scale and thus gives rise i,a=xy

ing order term with an anisotropic coefficiett(6,)=[(C;
+Cy+C3)+(C,—Cy - Cj)cos X,]/16. When transformed into
real space in 2D, the? leading order term gives rise to a
short rangeR™* interaction between OP%, in contrast to the
long-rangeR™? interaction between OP; for the TB case,
whereR is the distance between two sités*Such different
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FIG_‘ 3. (C_olor) &(i) (main panelsand|es(k)| (insets obtaine_d FIG. 5. (Color) Electronic properties calculated for the lattice
from simulation for TB:(a) early and(b) late stages of the lattice distortion in Fig. 3b). (a) Inset: local DOS within the domaifblue

relaxation. Parameter valudsee Ref. 8 for the definitionsare ¢\, & and TB(red curve; main panel: spatial distribution of local

Al:AZ:BfA" A3=5, andF3=50. '[he center of the inset corre- pog 4 Er. (b) Corresponding charge density distributiédark
sponds tck=0 and the four cornerk= (£, +m). [Dark red: 0.32,  pjue: 0.36 green: 0.39

dark blue: —0.32, white color in the inset: larger than 0.2 times the
maximum of|eg(K)|.]

T . . hd
wherec: is the creation operator for an electroni atVe use

dx(f) anddy(r) obtained from our atomistic model as inputs to
the SSH HamiltoniaR® Forty=1, «=1, and the TB and APB
results shown in Figs.(B) and 4b), we find all energy levels
and eigenstates numerically, and calculate the local density
of state(DOSY) at each site and the distributions of local DOS
and charge density for chosen Fermi energigs, as shown

in Figs. 5-7.

The blue curve in the inset of Fig(& represents the local
DOS within the domain of Fig. ®), close to the bulk DOS FIG. 6. (Color) Electronic properties calculated for the lattice
for the homogeneous phase. The energy difference betweelistortion in Fig. 4b). (a) Inset: local DOS within the domaitblue
the two peaks is proportional t@|e;|. Within the TB,|es| is  curve and APB(red and green curvismain panel: spatial distri-
small and therefore the local DOS spectral weight movesution of local DOS aEr=0 (dark blue: 0, dark red:)2(b) Spatial
toward E=0, as shown with a red curve. This local shift of charge density distribution fd£-=0.1(green: 0.52, dark red: 0.7.2
the DOS weight can be measured using direct local probes,
such as STM:” For the Ex shown in this inset, the local
DOS is smaller inside the TB than inside the domain, and the :
main panel of Fig. &) shows the real space distribution of (a) - w (b)
local DOS at thisEg. The oscillation of local DOS within the &
domain is related to Friedel oscillations. The charge density,
which is the area in the local DOS beld#, is a constant
(0.5 if Eg=0. If E-<0, more electrons are depleted from
the TB than the domain, as shown in Fighp The charge
density also has a Friedel oscillation, though not clearly vis-
ible in Fig. 5b). The feedback from electron to lattice ne-

""’.-.:._._. "

B
FIG. 4. (Colon ~s<(i$) (main panelsand[3(g)| (insets distribu-
tions obtained from simulations for APBa) early and(b) late stage FIG. 7. (Color) Local DOS calculated for the lattice distortion in
of the lattice relaxation. Parameter values &¢=C,=C3;=D’ Fig. 4(b) at variousEr values(a) —1.5, (b) -1.1, (c) —0.7, and(d)
=4, D=5, andG;=50. —-0.3 (dark red: 0.35, dark blue:)0
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glected here may generate a similar Friedel oscillation of th@round APBs, reflecting the electronic states coupled to the
lattice, although the effect for the case in Fig. 5 would be too( 7, 7)-type lattice distortions, demonstrate that STM studies
small to be observed. of TB and APB can be used to reveal underlying electronic
The inset of Fig. @) shows the local DOS for the APB properties of materialgusually hidden in a homogeneous
case. Within the domain, in spite of tier, 7)-type lattice  phase, similar to the way that single impurity atoms have
distortion, each site has one closer and one further neighbdyeen used to reveal superconducting properties in Tigh-
in the horizontal direction(Fig. 2). Due to the symmetry cuprates. Results for different values Bf are displayed
between left and right inside the domain, the electronic propin Fig. 7. Local DOS modulations, particularly the check-
erties are still homogeneous, but such a distortion pattererboard-type modulations, tend to reach even further into the
results in a V-shaped local DOS with zero DOSEat0, domain than the elastic texture itself. We also note that the
plotted as a blue curve in the inset of Figa(the small  checkerboard type modulations with a wave vedtst )
finite value of local DOS aE=0 is due to the finite energy are present at anég, in contrast to Friedel oscillations for
bin sizg. Near thevertical APB, the symmetry between left TBs which change wave vectors wit-. Though specific
and right is broken, which brings out the effect(af, 7) type  details found here would depend on the types of APB, it is
lattice distortions in the electronic properties, as shown in thestill expected that the wave vectors of electronic modulations
main panels of Fig. 6. For example, along sites at the centavear different types of APB are related to the wave vector of
of the vertical APB shown in Fig. 2, the neighboring sites inunderlying lattice distortions irrespective Bf.
the horizontal direction are alternately closer or further apart. Although the orbital states and type of electron-lattice
The red line in the inset of Fig.(8) represents the local DOS coupling in CMR manganites are different from the simple
for the sites with two further neighbors within the center of model presented here, our results suggest that simple APBs
the APB. This has a peak nek~=0. The green line repre- from double-well type potentials, such as E8), may give
sents the local DOS at sites with two closer neighbors, rightise to electronic heterogeneities, but not undistorted metallic
next to the sites for the red curve along the vertical directionregions with uniform charge densities near APBs. An energy
The difference between the red and green curves emphasizisdscape with a local minimum at the undistorted state,
the difference that occurs in density of states due to atomicsuch as the one considered in Ref. 18, would be more likely
scale changes in microstructure along an APB. Such atomige nucleate metallic domains at APBs, and create percolating
tically sharp changes at structural interfaces have been olgonducting paths in CMR manganites.
served in CMR manganites with STKRenneret all). The In summary, we have shown that in functional materials
local DOS at=r=0 is zero within the domain and finite only with strong electron lattice coupling, the electronic proper-
around the APB with &r,7r) component modulation, as ties are distinctly modified near elastic textures such as TBs
depicted in the main panel of Fig(&. [We note that the and APBs, which can be directly measured by STM. The
(ar,7) modulation is weaker near the horizontal part of theresults also show that the heterogeneities of electron local
APB.] This means that the electronic states created by thBOS are not confined within TBs and APBs, but can propa-
APB dominate the low energy properties of the whole sys-gate into domains in the form of Friedel oscillations for TBs
tem, e.g., conductivity or specific heat. The charge densityand with the wave vector related to short wave length lattice
for Er slightly higher than zero is plotted in Fig.(l§. distortions for APBs.
Checkerboard-type modulations of electronic properties This work was supported by the US DOE.
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