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It has been shown that electron-phonon coupling in superconductors induces temperature-
dependent electronic structure instability which is related to fluctuation of analytic critical
point of some bands across the Fermi level. The band fluctuation results in a considerable
reduction of chemical potential and to breakdown of the adiabatic Born-Oppenheimer
approximation. At critical temperature T, superconducting system undergoes transition
from the adiabatic electronic ground state into the antiadiabatic state at broken symmetry,
which is stabilized due to the effect of nuclear dynamics. This effect is absent in non-
superconducting compounds. In a good agreement with the experimental T_ of supercon-
ducting state transition, the critical temperature of the adiabatic - antiadiabatic state
transition has been calculated for three different superconductors. Two hypothetical com-
pounds, LiB and ZnB,, are predicted to be potential superconductors with T, about 17 and
77.5 K, respectively.
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Progress in synthesis of new superconductors based on empirical ap-
proaches is rather slow. Identification of some aspect of the electronic band
structure that is common to superconductors and that is absent in respec-
tive non-superconducting analogues should be of crucial importance in
quest for new superconductors. In the present work such aspect is specified
and theoretical treatment of the adiabatic ~ antiadiabatic state transition
which could be a predictive tool for design of new superconductors is pre-
sented.
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Results of angle-resolved photoemission spectroscopy (ARPES) for a wide
group of cuprate superconductors! have disclosed the formation of a kink
on the momentum distribution curve close to the Fermi level (FL) and it
has been found??3 that formation of the giant kink at FL is temperature-
dependent. It is present at temperatures below T, and disappears above it.
These results indicate the importance of electron-phonon (EP) interactions
also for superconductivity in cuprates, and moreover this kind of tempera-
ture dependence is strong indication of possible electronic structure insta-
bility in the transition to superconducting state in general.

In the present work it is shown that the indicated instability can be
identified in electronic structure of different superconductors in coupling
to respective phonon mode(s) pertaining to a particular superconducting
material. The electronic structure instability is associated with a sudden,
temperature-related, transition from the adiabatic electronic ground state
into the antiadiabatic electronic ground state, which is stabilized below T,
at broken symmetry with respect to the adiabatic high-symmetry structure.
The antiadiabatic state is geometrically degenerate, with fluxional nuclear
configuration in the phonon mode(s) that drive this transition. Electronic
structure calculation and band structure (BS) topology provide under these
circumstances physical parameters for identification and characterization of
superconducting state.

ELECTRONIC STRUCTURE INSTABILITY - FORMATION OF ANTIADIABATIC STATE

Preliminaries

Crystal structures of the studied compounds are different, with the excep-
tion of ZnB, which is assumed to be of the same hexagonal type as MgB,
(hP3, PEmmm, No. 191; AIB, w-type) (Fig. 1a). Cubic structure (cP7, Pm3m,
No. 221; CaBg type) is characteristic of YBg (Fig. 1b). Monoboride LiB is
assumed in a graphite-like structure (hP4, P6;mmc, No. 194) with alternat-
ing B and Li honeycomb layers (Fig. 1c). The YBa,Cu;0- is orthorhombic
(oP14, Pmmm, No. 47, with chain oxygen in b-direction and vacancy in
a-direction) (Fig. 1d).

The band structures have been calculated by computer code Solid2000.
The code is based on the Hartree—-Fock SCF method for infinite periodic
cyclic 3D cluster® with the quasi-relativistic INDO Hamiltonian®. Based on
the results of atomic Dirac-Fock calculations®, the INDO version used in
the SOLID package is parametrized for nearly all elements of the Periodic
chart. Incorporating the INDO Hamiltonian into the cyclic cluster method
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(with Born-Karman boundary conditions) for electronic band structure cal-
culations has many advantages and some drawbacks as well. The method is
not very convenient for strong ionic crystals but it yields good results for
intermediate ionic and covalent systems. The main disadvantage is an over-
estimation of the total width of bands. On the other hand, it yields satisfac-
tory results for properties related to electrons at the Fermi level (frontier-
orbital properties) and for calculation of equilibrium geometries”™®.

In practical calculations, the basic cluster of the dimension N, x N, x N,
is generated by corresponding translations of the unit cell in the directions
of crystallographic axes, a (N,), b (N,), ¢ (N;). In particular, the band struc-
ture calculations have been performed for the basic clusters 11 x 11 x 7 for
MgB, (ZnB,), 15 x 15 x 15 for LiB, 9 x 9 x 9 for YB; and 5 x 5 x 5 for
YBa,Cu305. The scaling parameter 1.2 has been used in calculations of the
one-electron off-diagonal two-center matrix elements of the Hamiltonian
(B-“hopping” integrals). The basic cluster of the particular size generates a

Fic. 1
Crystallographic cells of MgB, and ZnB, (a), YBg (b), LiB (c) and YBa,Cu;0- (d)
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grid of (N, x N, x N.) points in k-space. The HF-SCF procedure is performed
for each k-point of the grid with the INDO Hamiltonian matrix elements
that obey the boundary conditions of the cyclic cluster®. The Pyykko-Lohr
quasi-relativistic basis set of the valence electron atomic orbitals (s,p-AO for
Li, B, Ba, O, Zn and s,p,d-AO for Cu and Y) has been used. In the case of
YBa,Cu;0-, for instance, there is 13 atoms and 72 AO/unit cell. The basic
cluster 5 x 5 x 5 with 1625 atoms generates a grid of 125 points in k-space;
the total number of STO-type functions in the cluster is 9000. In the case of
MgB, (ZnB,), the unit cell has 3 atoms and 12 AO. In the basic cluster 11 x
11 x 7, there are 2541 atoms with the total number 10164 STO-type func-
tions and the generated grid has 847 points in k-space. The number of
STO-type functions is unambiguously determined by the number of AO of
the valence electrons pertaining to atoms which constitute the basic clus-
ter. Dimension of the basic cluster directly determines the number of gener-
ated k-points in the grid, N, x N, x N.. In general, the precision of the
results of band structure calculation increases with increasing dimension of
the basic cluster. It has been shown*7-°, however, that there is an effect of
saturation, a bulk limit beyond which the effect of increasing dimension
on, e.g., total electronic energy, orbital energies, HOMO-LUMO difference,
is negligibly small. In practice, dimension of the basic cluster and parame-
ters selection (e.g., for calculation of B integrals) is a matter of reasonable
compromise between computational efficiency and compatibility of calcu-
lated electronic properties and equilibrium geometry with respect to some
reference or experimental data. It should be kept in mind, however, that
the basic efficiency and accuracy are restricted by the INDO method param-
etrization.

Band Structures

In Fig. 2 (a, c, e, g, i — the pictures on the left), there are BS of the studied
compounds with optimized equilibrium geometries. Three of them are
well-known superconductors with BS presented in Fig. 2 (a, b), (c, d), (e, f).
The BS of hypothetical structures (LiB, ZnB,), which are predicted in this
work to be superconducting, are presented in Fig. 2 (g, h) and (i, j).

All the band structures are of adiabatic metal-like character with a rela-
tively low density of states at the FL (indicated by a dashed line). Coupling
to the respective phonon mode(s) in particular compounds seemingly does
not change the metal-like character of BS. In all cases, however, EP cou-
pling induces BS fluctuation (see the pictures on the right), which is charac-
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FiG. 2
Band structures of MgB, (a, b), YBg (c, d), YBa,Cu30; (e, f), LiB (g, h) and ZnB, (i, j). Pictures on
the left (a, ¢, e, g, i) correspond to equilibrium high-symmetry structures; on the right (b, d, f,
h, j) are the band structures of distorted geometry with atom displacements in the respective
phonon modes
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teristic by fluctuation of the analytical critical point (ACP) of some band
across FL (cf. a-b, c-d, e-f, g-h, i—j).

In particular, for MgB, coupling to the E,; phonon mode (in-plane
stretching vibration of B-B) results in splitting of o bands (p,, p, electrons
of B atoms in a-b plane) in I point of the first Brillouin zone (BZ) (Fig. 2b).
Related to band topology, the analytic critical point (ACP, maximum) of o
bands is located at I point and, for the displacement =0.016 A/B-atom out
of equilibrium position, the ACP crosses FL. This means periodic fluctua-
tion of the BS between topologies 2a ~ 2b in coupling to vibration in the
E,y mode.

The situation is similar for YBg. In this case, BS fluctuation is related
to the T,, mode (valence vibration of B atoms in basal a-b plane of
B-octahedron). At the displacement =0.017 A/B-atom out of equilibrium
position, the ACP (saddle point) of the band with dominance of B-p and
Y-d electrons crosses FL in the M point and the BS fluctuates between topol-
ogies 2¢ - 2d.

In the case of YBa,Cu;0-, the BS fluctuation is associated with coupling
to three modes, Ay, By, Bsg, With the apical O(4) and CuO-plane O(2), O(3)
atom displacements. At displacements =0.031 A of apical O(4) in the Aq
mode and =0.022 A of O(2) and O(3) in the B,y Bag modes, the ACP (saddle
point) of one of the Cu-O plane (d-po) band in Y point crosses FL and un-
dergoes periodic fluctuation between topologies 2e - 2f.

Coupling to B-stretching in LiB induces FL crossing of ACP (maximum) of
the o band in I' point at displacement =0.026 A/B-atom and undergoes peri-
odic fluctuation of BS between topologies 2g - 2h in vibration motion.

The situation for ZnB, is nearly the same as for MgB,. The difference is
only in the value of displacement, which is now =0.03 A/B-atom, at which
ACP (maximum) of o band crosses FL in I' point. The BS fluctuates between
topologies 2i « 2j.

Nonadiabatic Effects

Formation of Antiadiabatic Ground State and Gap Opening

Splitting of the o bands in coupling to the E,; mode in MgB, has been re-
ported!® in 2001 but no special attention has been paid to this effect.
Shortly after, superconductivity of MgB, has been straightforwardly inter-
preted! as a standard strong coupling BCS-like character. As it has been
mentioned, for its clumped nuclear equilibrium structure, the BS is of the
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adiabatic metal-like character; the Fermi energy E; of o band electrons (i.e.,
chemical potential p) is ca. 0.5 eV, which is great enough compared with
the vibration energy of the E,; phonon mode - w,, = 0.07 eV.

Nevertheless, the matter is more complicated. It has been shown'?13 that
ACP crosses FL at displacement =0.016 A, which is smaller than root-mean
square (rms) displacement (=0.036 A) for zero-point vibration energy in the
E,y mode. This means, however, that in vibration where ACP approaches FL
at the distance less than *w, the adiabatic Born-Oppenheimer approxima-
tion (BOA) is not valid and standard adiabatic theories (including calcula-
tion of vertex corrections, e.g., ref.14) cannot be applied. In this case, Fermi
energy E7 of o band electrons (chemical potential p) close to I' point is
smaller than the E,; mode vibration energy E < w,,. Moreover, the ACP
shift substantially increases the density of states (DOS) at FL, ng4(Egp) =
(asg/ak);, and induces the corresponding decrease in the effective elec-
tron velocity (92 / oK), of fluctuating band in this region of k-space. Under
these circumstances, the system is in the intrinsic nonadiabatic state, or
even in the antiadiabatic state, Ef << w,y, and electronic motion depends
not only on nuclear coordinates Q but is strongly influenced by nuclear dy-
namics — momenta P. The main part of the effect of nuclear kinetic energy
on electronic motion can be derived as diagonal correction by sequential
Q,P-dependent base transformations (or quasi-particle transformation®®).
This is a generalization of adiabatic Q-dependent transformation which
yields the well-known adiabatic diagonal BO correction®1” (DBOC). Due to
diagonal approximation with the factorized form of total wave function,
Wo(r,Q,P) = dy(r,Q,P) Xy(Q,P), the standard clumped nuclear Hamiltonian
treatment can be used and the Q,P-effect is calculated in the form of correc-
tions to the electronic ground-state energy (zero-particle term correction),
corrections to orbital energies (one-particle term corrections) and two-
particle term corrections (correction to the electron correlation energy).

Correction to the electronic ground-state energy in the k-space represen-
tation due to interaction of pair of states mediated by the phonon mode r
can be written as

€k’ max €k, max

hw
AE) =2 n, (1-f, )de} fo lui . I>n, ‘ g,
o qug, ! ' o kg;[m SR TR Og0 —£0)2 —(h, )2 ¢
(1)
¢Rk ¢q)Sk’ :
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In general, all bands of 1st BZ of a multiband system are covered, including
intraband terms, i.e., ¢, , 0., K%K, while €] < g, €. > €. Fermi-Dirac
populations f, , f ,, make correction (1) temperature-dependent. Term
U, stands for matrix element of EP coupling and ng, ny are DOS of
interacting bands at €, and €. For adiabatic systems, such as metals, this
correction is positive and negligibly small (DBOC). Only for systems in the
antiadiabatic state the correction is negative and its absolute value depends
on the magnitudes of u,_,. and ng, ng. at displacement for FL crossing. At
the moment when ACP approach FL, the system not only undergoes transi-
tion to the antiadiabatic state but DOS of the fluctuating band is consider-
ably increased at FL.

For all the presented systems at 0 K, AE(?H), which covers the effect of
nuclear momenta, prevails in absolute value the electronic energy increase
AE,, = Eqy ¢ — Egq at nuclear displacements d., when ACP crosses FL as calcu-
lated for clumped nuclear adiabatic structures. Under these circumstances,
the system is stabilized in the antiadiabatic electronic ground state at bro-
ken symmetry with respect to the adiabatic equilibrium high-symmetry
structure. It can be identified by ARPES as a kink on momentum distribu-
tion curve at FL, i.e., as band curvature at ACP when approaching FL — see
the calculated results for YBa,Cu;0O, (Fig. 3).

Due to translation symmetry of the lattice, the created antiadiabatic elec-
tronic ground state is geometrically degenerate in distorted geometry with
fluxional nuclear configuration in particular phonon mode(s) - see, e.g.,
Fig. 2 in ref.12. The ground state energy is the same for different positions of
the involved atoms (in phonon modes which drive the system into this
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Fic. 3
Calculated dispersion of d-po band in =Y direction with the kink formation indicated by the
arrow (a) and increase in the d-po band DOS when ACP approaches FL (b) for YBa,Cu30,
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state) at circulation over perimeters of circles with radii equal to displace-
ments d;, at FL crossing.

In transition to the antiadiabatic state, k-dependent gap A(T) in quasi-
continuum of adiabatic one-electron spectrum is opened. The gap opening
is related to shift Aep, of the original adiabatic orbital energies €9, , & =
en. + Agp,, and to the k-dependent change of DOS of particular band(s) at
Fermi level. Shift of orbital energies in band ¢p(k) has the form

De(PK) = 3 U TP (-1, M0 -
Rk1 >kg - (82 - sI?'l)2 _(h(")k'—k'l)z
s hw, .
_ |uk -kj |2 B k-k (2)
KK, “ (SE' _SE)Z _(h(")k—k')z
for k' > k., and
hw,_,,
Ae(PK) = u ™2 @-f, ) - -
RkiZk; T (e —Eg)? —(hwy)?
hw
-y P TS ®
k=K, ( 5 ) = (hw, kl)

for k < k¢.

Replacement of discrete summation by integration, >, ... - {n(ek), intro-
duces DOS n(g,) into Egs (2) and (3), which is of crucial importance in rela-
tion to fluctuating band (Fig. 3b). For corrected DOS n(g), which is the
consequence of shift Ag, of orbital energies, the following relation can be
derived:

ne,) =1 +(a(e,)/ 0e)| " n°(ey) - (4)

Term n°(e}) stands for uncorrected DOS of the original adiabatic states of
particular band,

n°(e?) =|(0e? / oK. (5)
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Close to the k-point where the original band that interacts with fluctuat-
ing band intersects FL, the occupied states near FL are shifted downward
below FL and unoccupied states are shifted upward above FL. The gap is
identified as the energy distance between created peaks in corrected DOS
above FL (half-gap) and below FL. The formation of peaks is related to the
spectral weight transfer that is observed by ARPES or tunneling spectros-
copy in cooling below T..

For the studied compounds, the calculated corrected DOS of particular
band(s) with gap opening are given in Fig. 4. In particular, YBa,Cu;0,
exhibits an asymmetric gap in two directions: Ol-poc band gap is Ay(0) =
35.7 meV in the I'-Y direction (Fig. 4a) and A,(0) = 24.2 meV in the I'-X di-
rection (Fig. 4b). The calculated asymmetry, i.e., the ratio (A,(0)/2,(0))theor =
0.68 is very close to the experimental value (=0.66) that has been recorded!®
for untwined YBa,Cu;0;.

Two gaps, on o and 1t bands, are formed in M'-K(M) directions of MgB,
(Fig. 4c): Ay(0)/2 = 7.6 meV and A (0)/2 = 2.2 meV. The result simulates
tunneling spectra at positive bias voltage and calculated half-gaps are in a
very good agreement with experimental high-precision measurements®-20°,

A small gap opens on pd-band in the '-X direction of YBg (Fig. 4d):
Ap4(0)/2 = 2.2 meV.

Two gaps, related to o and 1t bands in T'-K(M) directions, are expected
for LiB (Fig. 4e): A;(0)/2 = 3.3 meV and A,(0)/2 = 2.0 meV. Considerably
larger gaps are opened for ZnB, on ¢ and 1 bands in -K(M) directions
(Fig. 4f): A4(0)/2 = 14.9 meV and A (0)/2 = 8.7 meV.

The corrections to orbital energies (2), (3) and to the ground state energy
(1) are temperature dependent and decrease with increasing T. At a critical
value T, the gap in one-particle spectrum??,

A(T) = A(0) tgh (A(T)/4kgT), (6)

that is formed at O K, disappears, A(T.) = 0 (continuum of states is estab-
lished at FL), while |AE(°na)(TC)| < AEy . and the system undergoes transition
from the antiadiabatic into adiabatic state, which is stable for equilibrium
high-symmetry structure above T.. With respect to A(0), a simple approxi-

mate relation follows from Eq. (6)

T, = A(0)/4Kg . )
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The calculated values of T, for presented compounds are: YBa,Cu;O5,
T. = 92.8 K; MgB,, T, = 39.5 K; YBg, T, = 11 K. It is in a good agreement
with experimental values of T, for superconducting state transition of par-

ticular compounds?2-24,
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However, it should be noticed that while there is a general consensus
about importance of the EP coupling to the Ay, B,y Bz and E,y phonon
modes in case of YBa,Cu;O0, and MgB, in transition to superconducting
state, the situation with YBg is rather controversial. Recent studies?%26
advocate importance of EP coupling to low-frequency (8-10 meV) phonon
modes of Y-vibration for superconducting coupling. It is associated with
overall value of dimensionless EP coupling constant A for calculation of T,
according to McMillan formula. For medium-strong coupling A = 1-1.4 and
Coulomb pseudopotential p* = 0.1-0.2, the experimental T, = 6.2-9 K is
reproduced. At these circumstances, low-frequency Y-vibrations contribute
by 84% to the overall value of A. Our results show, however, that coupling
to Y-vibration does not induce the adiabatic-antiadiabatic state transition.
This transition is connected to B-vibrations, in particular to T,; mode. The
value of dimensionless constant A related to T,, mode coupling, calculated
in our study is, Aryq = 0.1. This value is in full agreement with decomposi-
tion of Eliashberg spectral function on contributions from the particular
phonon modes in YB4 calculated by Schell et al.?’. The overall value of
A = 0.48 that accounts for nonlocal corrections on EP coupling in the
modes where B-octahedras move as a whole is dominated by high-
frequency (30-90 meV) B-vibrations. The authors?’ made conclusion that
in transition to superconducting state in YBg, the B-vibration phonon
modes are essential. The conclusion is based on the fact that within
McMillan formula, a small increase in overall A = 0.48 can reproduce experi-
mental T,. In the present work, it is shown that in spite of the fact that cou-
pling to T,;, mode is weak (U = 0.1 eV), transition in superconducting
state and relatively high value of T, can be reached due to enormous in-
crease of DOS of the fluctuating band in M point at EF, from the adiabatic
value 0.06 states/eV to the value 1.09 states/eV at transition into anti-
adiabatic state.

With respect to present results, it can be expected that LiB and ZnB,,
when synthesized, will also be superconductors. The calculated T, for LiB
is 17 K. Comparable value of T, (7-15 K), based on similarity of equilibrium
(adiabatic) band structures of LiB and MgB,, has been predicted within the
BCS frame for this compound recently?82°, even for crystal structure differ-
ent from that presented here.

So far there has been no prediction for ZnB,. This compound should be
superconductor with T, = 77.5 K as it follows from present results. Even the
theoretical value of the formation energy of ZnB, is slightly positive, under
proper synthetic conditions and high pressures it is quite realistic to expect
that this compound could be prepared.
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Instability of the electronic structure is absent in respective non-
superconducting analogues, such as YBa,Cu;Og4, CaBg (insulator), XB,
(X =Al, Sc, Y, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, ...). Even in the case of
the XB,, coupling to the E,; mode induces splitting of o bands in the I
point, the systems remain stable in the adiabatic state. For these systems,
the ACP of o band does not fluctuate across FL. As an illustration, in Fig. 5
are given band structures of AIB, at equilibrium high-symmetry structure
(Fig. 5a) and at distorted geometry (Fig. 5b) with the same B-atom dis-
placements in the E,, phonon mode as in the case of MgB, in the transition
to the superconducting state. In spite of o bands splitting and nearly the
same value of the EP interaction strength (the calculated mean value isu =
1.01 eV/u cell) as that of MgB, (u = 0.98 eV/u cell), AlB, remains in EP cou-
pling in the adiabatic state as a non-superconducting compound. In this
case, BS fluctuation (bands splitting in EP coupling) does not decrease
chemical potential, it remains in EP coupling still larger than the vibration
energy (Mg > fiw) and, consequently, there is no driving force for transition
to the antiadiabatic state.

a

Fic. 5
Band structure of AIB, at equilibrium geometry (a) and at distorted geometry (b)

In the case of deoxygenated3® YBCO - YBa,Cu,Og, in contrast to the super-
conducting YBa,CuzO;, a combination of electron coupling to the Ay, By,
and Bzy phonon modes leaves band structure without substantial change
(Fig. 6). In the case of YBa,Cu;0-, the SP at Y point fluctuates across FL (see
Fig. 2e and 2f), which yields substantial reduction of chemical potential
- Mantiag < 7. For YBa,Cu304 the SP does not fluctuate across FL and chem-
ical potential remains larger than the phonon energy spectrum, p,4 > 7w,
and the system remains in the adiabatic state.
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Fic. 6
Band structure of YBa,Cu;O04 with equilibrium high-symmetry structure remains without sub-
stantial change also at distorted geometry with O(4), O(2) and O(3) atom displacements in the
Ag: Byg and By phonon modes

CONCLUSIONS

Based on the obtained results, it can be concluded that EP coupling in
superconductors induces the temperature-dependent electronic structure
instability related to fluctuation of ACP of some band across FL, which
results in breakdown of the adiabatic BOA. When ACP approaches FL,
chemical potential p,q is substantially reduced to Hyngiag (Hag >> Hantiad < 70)-
Under these circumstances the system is stabilized due to the effect of
nuclear dynamics, in the antiadiabatic state at broken symmetry with a gap
in one-particle spectrum. With increasing T, the stabilization effect of
nuclear kinetic energy decreases and at critical temperature T, the gap(s)
extinct and system is stabilized in the adiabatic metal-like state with a con-
tinuum of states at FL, which is characteristic by high-symmetry structure.
For the studied superconductors, YBa,Cu;0-,, MgB, and YBg, the calculated
T, of electronic state transition is in a good agreement with experimental
values of T, for the superconducting state transition. Instability of the elec-
tronic structure is absent in respective non-superconducting analogues,
e.g., YBa,Cu;04, CaBg (insulator), XB, (X = Al, Sc, Y, Ti, Zr, Hf, V, Nb, Ta,
Cr, Mo, W, Mn, ...). Even in the case of XB,, coupling to the E,; mode in-
duces o bands splitting in the I' point, the systems remain stable in the adi-
abatic state — the ACP of o band does not fluctuate across FL. The situation
is different for hypothetical LiB and ZnB, which are predicted to be super-
conductors and ZnB, should be superconducting at temperature of liquid
nitrogen.
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