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Electron-phonon coupling and properties of doped BaBiQ
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We report density-functional calculations based on the local-density approxiniab#y) of the properties
of doped barium bismuthates. Using the linear-response approach developed in the framework of the linear
muffin-tin-orbital method the phonon spectrum of the, B&, sBiO; system is calculated and is compared with
the results of the neutron-diffraction measurements. The effect of doping in the calculation is modeled by the
virtual crystal and mass approximations. The electron-phonon coupling cohsistiten evaluated for a grid
of phonon wave vectors using the change in the potential due to phonon distortion found self-consistently. A
large coupling of the electrons to the bond-stretching oxygen vibrations and especially to the breathinglike
vibrations is established. Also, a strongly anharmonic potential well is found for the tiltinglike motions of the
oxygen octahedra. This mode is not coupled to the electrons to linear order in the displacements; therefore an
anharmonic contribution ta is estimated using the frozen-phonon method. Our tdtatmonic plus anhar-
monic \ is found to be 0.34. This is too small to explain high-temperature superconductivity, gKB8BiO;
within the standard mechanism. Finally, based on standard LDA and+DAke calculations, a number of
properties of pure BaBi@Qsuch as tilting of the octahedra, breathing distortion, charge disproportionation, and
semiconducting energy gap value is evaluated and discussed in connection with the négexiesded
Hubbard model frequently applied to this compouf®0163-18208)04522-6

[. INTRODUCTION studying the imaginary part of optical conductivity in BKBO
the authors of Ref. 6 gave the value 0f0.2. Electronic
Since the discovery of superconductivity Bt~30 K in  specific-heat measuremehisf Ba, K, /BiO; have yielded
Ba,_,KBiO; (BKBO),"? and from earlier studies of N*(0)~0.32 states/(spixeVxcell) giving a mass en-
BaPh _,Bi,O; (BPBO) system withT.~13 K,_there iS @ hancement factorNg(O)/NEa”GKO)~1.4 [Nga”%0)~0.23
fundamental question whether the conventional phonong,es/(spin eV cell) for x=0.4]. A complicated situation
mediated pairing mechanism is operative in these fiigh- gyigts with the transport measurements. The temperature-
sgperconductor$HTSC 9. Doped b?‘““m blsmgthates are dependent resistivities for superconducting BKBO and
d|ﬁ¢rent frgm th? HTSC cupratéssince no antlferrpmgg- BPBO have ranged from metallic to semiconducting and the
netic ordering exists for the parent compound BaBiThis wo-channel model of the conductivity in the bi that
i y in the bismuthates

seriously doubts that strong electron correlations exist and i 3Whil d arain-boundarv-free thin film
are responsible for the pairing. The simple cubic supercon- d _sclusse .t | € ?OBOKBgOad Od I?/ ee ¢ tﬁ
ducting phase makes BKBO and BPBO similar to the isotro-2Nd Single crystals o oped well away from the

pic low-T, superconductors. However, there is a number O1CDW instabili_ty seem to exh_ibit_metallic behavior, the val-
features which makes doped bismuthates similar to the c4€S Of the resistivity itself argike in the cupratesunusually
prates. Both systems are perovskite oxide superconductofdgh and are of the order a few hundrgd)xcm at room
with a surprisingly low density of states at the Fermi level.temperature This could point out that an additioftalstan-
This can hardly give high transition temperatures for thedard electron-phongrscattering mechanism is presented.
BCS-like superconductors. As high- cuprates are origi- The most direct evidence on the importance of electron-
nated from antiferromagnetic insulators, the parent BaBiO phonon interactions in superconductivity of the bismuthates
compound is a charge-density-wa¥€DW) insulator in  has been given by the tunneling measuremgHtalthough
which oxygen octahedra around the Bi ions exhibit alternathot identical for different junctions, the deduced Eliashberg
ing breathing-in and breathing-out distortions. The Bi ionsspectral functions®F () bear a close resemblance with the
exist in the charge disproportionate state which is chemicallyphonon density of states determined by inelastic neutron
interpreted as 2B =Bi®" +Bi®". It is therefore tempting scattering'! The estimated values af vary from 0.7 to 1.2

to connect the mechanism of superconductivity with the nawhich seem to be sufficient to explain high critical tempera-
ture of these insulators. tures within the standard mechanism.

Unfortunately, experimental estimates of the electron- The electron-phonon coupling in doped BaBifas been
phonon coupling strength do not lead to a firm conclusion orinvestigated theoretically by several methods. The authors of
the origin of superconductivity in the bismuthates. A largeRef. 12 study this problem using tight-bindifigB) fit to the
isotope effect withe =0.4 has been reported for BKBD. energy bands which are obtained from density-functional
Other measuremenitgive o=0.21+0.03 for BKBO anda  calculations based on the local-density approximafion
=0.22+0.03 for BPBO. Using their analysis, the authors of (LDA). The computed Eliashberg spectral functiefF ()

Ref. 5 concluded that “phononic” effects in these materialshas been found to display prominent features in the fre-
are only indicative of dressed electronic excitations. Fronguency range corresponding to the oxygen stretching modes
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and the value ok =1.09 has been reported. Crude calcula-estimate electron-phonon coupling in this compound. The
tions based on rigid-muffin-tin approximatidRMTA) also  linear-response method used by us is advantageous in con-
give largex~3 indicating a strong-coupling reginf&¢Two trast to the frozen-phonon approach since it allows the treat-
estimates ol using the total-energy frozen-phonon methodment of perturbations with arbitrary wave vectays We
appeared in the literatuf@6Note that, in contrast to the TB have demonstrated its accuracy by calculating lattice-
and RMTA methods, the frozen-phonon calculations treatlynamical, superconducting, and transport properties for a
screening of the potential due to lattice distortions self-large variety of metal¥’ and we believe that our calculated
consistently. The value of the electron-phonon couplingvalue of\ will be a realistic estimate for the electron-phonon
strength equal to 0.3 for the breathing mode has been fdundcoupling strength in this highiz, superconductor. Also, a re-
and the rough estimate of~0.5 was obtaineéd using 12  cent publicatiod* deals with the application of the linear-

g=0 phonons for ordered cubic B sBiOs. response method to study the electron-phonon interaction in
There was a partial success in predicting structural phasagnother highf,. superconductor CaCyO
diagram for the parent compound BaRiQwithin the The second problem that we focus on in our work is

LDA.1>1-19The experimental structure mainly consists of studying the effects of anharmonicity in the electron-phonon
combined tilting and breathing distortions of the oxygen oc-coupling. It is widely accepted that certain phonon modes are
tahedra corresponding to the unstaRkpoint phonons of the strongly anharmonic in the highs materials. Frozen-
cubic phasé%? While rotational instability was found in all phonon calculations produce double-well potentials for
calculations, the frozen-in breathing mode was not describeduckling motions of oxygen atoms perpendicular to the CuO
by pseudopotential calculatibhand two linear-muffin-tin-  planes. In nearly all HTSC'$:~*3chain-buckling distortions
orbital (LMTO) calculationd®® give the value for the are found to be anharmoridn YBa,CuO,, X-point tiltings
breathing distortion about 30% off the experimental one. Thef the octahedra alongl10 directions are unstabt® in
less rigorous potential-induced-breathing model obtained.a,CuQ,, and R-point instabilities corresponding to breath-
both instabilitie$?> with similar accuracy. It is not clear ing and tilting exist in the doped barium bismuthates>6
whether these discrepancies are due to sensitivity to compUdhe influence of anharmonicity to high-temperature super-
tational details or due to the local-density approximation it-conductivity has been addressed in several publicaffoiis,
self. especially because of the small isotope effect found for
A great amount of workhas been done to understand theHTSC cuprates. The triple-degenerate pure rotational mode
properties of the barium bismuthates on the basis of that theR point of cubic ordered BaK, sBiO; was predicted
negativet) extended Hubbard model originally introduced in to exhibit a double-well potential and some estimates of the
Ref. 23. The valence configuration of semiconductinganharmonic contributions to have been giveff We extend
BaBiO; can be viewed as BBi**Bi®"Og which represents a this analysis by solving numerically Scltiager's equation
lattice of electron pairs centered at every second Bi sitdor the anharmonic potential well found from frozen-phonon
(Bi®"). The sites occupied with Bi ions are interpreted as calculations. The anharmonic is then computed along the
those with no electrons. Rice and co-workéreave pro- lines proposed in Refs. 37,38 by estimating the electron-
posed that such local pairs are stabilized by polarizing the @honon matrix elements from the energy bands computed for
octahedra and the effective on-sitebecomes negative due different tilting distortions. We conclude, in accord with the
to the large electron-phonon coupling. Recently, Vafma previous findings? that this contribution, while not decisive,
has pointed out that negatiué can also be of electronic is not negligible for the total value o¥.
origin due to the skipping of the valence ‘4’ by the Bi The third purpose of our work is to study the properties of
ion. The latter can provide a possible explanation for a wellthe undoped parent compound BaBi@/e try to answer the
separated optical and transport energy gap in theguestion whether the LDA gives an adequate description of
bismuthate€® The mean-field phase diagram of the the ground-state properties for this charge-density-wave in-
negativet) Hubbard model exhibits several stable phases insulator. Since there was some inconsistency reported in pre-
volving a CDW semiconductor, and a singlet supercon-ious calculations>~*°we want to rule out possible sensitiv-
ductor. This is in qualitative agreement with the experimen-ty of the final results to the internal parameters used in our
tal phase diagrarf. band-structure calculations with the full-potential LMTO
The question on the origin of negatitkis of great inter-  method®® We carefully choose our LMTO basis set, number
est since it may provide an insight on the superconductivityof k points, plane-wave energy cutoff, and other parameters
mechanism in the bismuthates. Recent calculations usingy examining the convergency of the total energy and the
constrained density-functional theory have been carried outalculated properties with respect to them. Based on the well
to obtain the Coulomb interaction parameters for the 8i 6 converged data, we come to the conclusion that the breathing
orbitals?® No indication for negativé) of the electronic ori-  distortions areseriously underestimate@deally, absentin
gin was reported. the LDA, and, therefore, the insulated state is not correctly
In the present work we try to address several problemslescribed. This strongly resembles the situation with the an-
seen from the above introduction by means of state-of-the-atiferromagnetic ground state of the cuprates superconductors
density-functional LDA calculations. As a first problem, we which is also not described by the LDR.We perform a
study lattice dynamics of the superconducting cubicnumber of model calculations in the spirit of the LBAJ
Bay ¢K.4BiO5 using the recently developed linear-responsemethod in order to clarify this problem.
approach implemented within the LMTO meth®dThe ef- The rest of the paper is organized as follows: In Sec. Il,
fect of doping is modeled by the virtual crystal and virtual our linear-response calculations of the lattice dynamics and
mass approximations. On the basis of this calculation, wéhe electron-phonon interactions in doped BaBi@e de-
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scribed. Section Il considers anharmonicity corrections to

for the tilting motions of the oxygen octahedra. Section IV 1.0

reports our LDA and model calculations of the ground-state /
properties for pure BaBi9 In Sec. IV we give our conclu- E,

sions. 0.8

II. HARMONIC PHONONS AND A

This section presents our results on the lattice dynamics
and the electron-phonon interaction for the cubic perovskite
superconductor BgK, /BiO3. We also summarize the main
features of the calculated electronic structure and discuss our
predicted equilibrium lattice configuration. The band- 0.2
structure calculations are performed with the highly precise
full-potential LMTO method®® The details of the calcula- %
tions are the following: The effect of potassium doping is 0.0
taking into account using virtual-crystal approximation
(VCA) by considering a fractional nuclei charge=55.6 at

T

R
/

ZN%@//

the Ba site. Numerous supercell investigatii$ of the -0'21_‘ X M T
doping influence on the calculated energy bands justify the
applicability of the VCA. A multiple, threge LMTO basis FIG. 1. Calculated LMTO energy bands for cubic

set with the tail energies equal t00.1,-0.8, and—2 Ry is  gg K, ,BiO, The potassium doping is taken into account using
employed for representing valence wave functions. The Vagirtual-crystal approximation.

lence states includeséand & orbitals of Bi, 2p orbitals of

O, and & orbitals of Ba. Such semicore states asdbitals  tions as commensurate Peierls instability and cubic perov-
of Bi, 2s orbitals of O, and p orbitals of Ba are treated as skite Ba (K, 4BiO3 as a doped Peierls insulafirTo under-
bands and are included |n the main valence panel using th&tand whether nesting can bring any effect in static
two x LMTO basis with 5 ,= —0.1, —0.8 Ry. The main  susceptibility, we have analyzed tfe dependence of the
panel also includes unoccupied ®rbitals of Ba with the function
2k basis and # orbitals of Ba with the & basis *=
—0.1 Ry). Deeper lying $ states of Ba are resolved in a
separated energy panel. All other states are treated as core E 6(Eyj) 8(Egs 1) @)
levels. The muffin-tin sphere radii were taken to Bg, i
=3.25 a.u.,S5g=2.25 a.u., andS,=1.80 a.u. All calcula- for the realistic energy bands,; (relativeEg) using experi-
tions are performed at the experimental lattice constéant mental structures. We conclude that the nesting is far from
=8.10 a.u. The von Barth—Hedin-like exchange-correlatiorperfect in the case of half-filling and dimerization of the
formula after Ref. 43 is used. The valence bands are treatemkygen octahedra can hardly be connected with it. A realistic
scalar relativistically and the core levels are treated fullyTB model should also include Bi{§ orbitals and their
relativistically. A number ok points for the Brillouin zone nearest-neighbor interaction with QfP states™>?8 Upon
(BZ) integration using an improved tetrahedron meffiasl  potassium doping, the bands hardly change except for a
taken to be 20 pegsth BZ. The charge density and the po- slight lowering of Ex away from half-filing. For
tential in the interstitial region are expanded in plane waveBa, K, BiO; the Fermi surface represents a rounded cube
with the cutoff corresponding to th@8,28,28 fast-Fourier-  centered at thd& point as shown in Fig. 2. Analysis of the
transform grid in the real spa¢approximately 10 000 plane band structure factor given by E¢l) as a function ofg
waves. shows featureless behavior and any effect of the nesting en-
We first summarize the main features of the calculatechancement on the electron-phonon interaction is not ex-
electronic structure in doped BaBjOThe occupied part of pected for this band dispersion.
the bands(see Fig. 1 mainly consists of a Bi(§)—0O(2p) We second discuss our results for the calculated equilib-
hybr|d|zed band complex. This is in accord with the previousrium lattice configuration in BgK, 4/BiOs. The theoretical-
calculation®? For the cubic perovskite phase, there is onlyto-experimental volume faW/Vexp is found to be 1.01, and
one band crossing the Fermi level, which is an antibondinghe calculated bulk modulus is equal to 1.25 Mbar. Both
Bi-O sp(c) band. A similar situation is found in the cuprate neutron-diffractio® and x-ray-absorption-fine-structdfe
superconductors where Cu-@p(co) antibonding bands (XAFS) measurements show that frozen-in breathing distor-
dominate at the Fermi enerdy:. A simple tight-binding tions are absent in the superconducting phase. We have per-
model involving Bi(6), O(2p) orbitals, and two-center formed frozen-phonon calculations for the doubled cell cor-
nearest-neighbosp(o) interaction can be used to under- responding to theR point and for several breathing
stand the principal features of these energy b&ndiswas  distortions. The total-energy minimum shows that the undis-
noted”® earlier that for the case of half-fillinqundoped cubic torted cubic phase is stable in accord with these experiments.
BaBiO;) this model has a perfectly nested Fermi surface fofThe curvature is well fitted with standard parabola, which
the wave vectoq corresponding to thR point. Therefore, it shows that the breathing mode is harmonic in the supercon-
is tempting to interpret the appearance of breathing distorducting phase.
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the case in the undoped compound. The unit cell in the cal-
culation is doubled according to the point of the cubic
phase. The total-energy minimum is found at the angle equal
to 5°. The energy gain compared to the cubic phase is only
10 meV(1X cell) which indicates that at the temperatures of
the orderT, the rotations can be dynamic. The double-well
behavior at such a small energy scale unambiguously points
out the importance of evaluating the anharmonicity contribu-
tion in total electron-phonon coupling. This problem will be
discussed in the following section.

We now report our main results on the calculated lattice-
dynamical properties of BaKg.BiO3;. The density-
functional linear-response appro&thmplemented on the
basis of the full-potential LMTO methddis used in this
calculation. The dynamical matrix is computed at 20 irreduc-
ible g points corresponding to th€5,6,6 reciprocal-lattice
grid of the cubic BZ. The effect of the potassium substitution

FIG. 2. Calculated Fermi surface for cubic ¥, 4 BiOz using  on the phonon spectrum is taken into account by virtual-mass
the LMTO method. The effect of potassium doping is taken intoapproximation. The LMTO basis set and other technique de-
account within the virtual-crystal approximation. The center of thetajls have been described above. One more comment should
cube corresponds to tHé point of the Brillouin zone. be made on evaluating BZ integrals in the linear-response

calculation. Here, one can essentially improve the accuracy

We further investigate tilting of the octahedra. Experi- of the integration by using a multigrid technigtfeA (6,6,6
mentally, for the undoped compound the octahedra rotatedgrid (20 irreduciblek points is used for finding linear-
at the angle~11.2° along thg1,1,0 axis. A more compli- response functions, while the effects of the energy bands and
cated situation exists in the superconducting phase. Accordhe Fermi surface are taken into account usin@®30,30
ing to the neutron-diffraction dafd the average structure is grid (816 irreduciblek points.
cubic, although the presence of a weak long-range super- The calculated phonon spectrum along major symmetry
structure characterized by the octahedra rotations at thdirections of the cubic BZ is plotted in Fig. 4. Solid circles
angles about 3° was also foufftf’® Recent XAFS denote the calculated points and the lines result from inter-
measurements report on the locally disordered rotations. polation between the circles. Several features can be seen
From their analysis, the authors of Ref. 50 conclude that thé&rom these phonon dispersions. Three high-frequency optical
rotations can either be along tki&,1,2) or (1,1,0 axis. Pre- branches around the~17 THz are well separated from the
vious frozen-phonon calculatiolfsperformed for the or- other modes distributed in the frequency range from 0 to 10
dered Bg K, sBiO5 investigate thé€1,0,0 component of the THz. The high-frequency modes mainly consist of the oxy-
tilting mode which is found to be unstable with the total- gen bond-stretching vibrations. The longitudinal branch at
energy minimum corresponding to the angle 7°. the pointR corresponds to the breathing mode which in our

Our own total-energy calculations also confirm the exis-calculation has a frequency 15.7 THz. From the analysis of
tence of tilting distortions. Figure 3 shows that the total en-our polarization vectors, we conclude that oxygen bond-
ergy exhibits a double-well behavior as a function of thebending vibrations dominate in the frequency interval be-
rotation angle. We choose tlig,1,0 axis for the tilting as is tween 6 and 10 THz. The octahedra tilting modes are at the
low-frequency interval. They exhibit significant softening

. near theq point R=(1,1,1)7/a. Due to symmetry, one can

T 301 talk about pure tilting at the line between tlgepoint M

o =(1,1,0)a/a and theR point. Exactly at theM point the

S 201 nearest octahedra tilt in-phase and they tilt out-of-phase at

‘GEJ the R point. A nearly-zero-frequency triple-degenerate mode

~ 104 exists atq=(1,1,1)w/a which corresponds to the pure rota-

> tional T,,, phonon. In fact, fofT=0 this mode should have a

o 07 slightly imaginary frequency for the cubic structure accord-

uc_, ing to our frozen-phonon analysis illustrated in Fig. 3. But,
-10+ due to numerical inaccuracies, the linear-response calcula-

tion gives very small positiveo=0.5 THz. No significant
softening of the tilting modes near the poMt is predicted
by our calculation.

FIG. 3. Frozen-phonon calculation of the total enefqeV/1 The phonon-dispersion curves alobX, I'M, andI'R
x cell) as a function of the tiling angle in BgK, /BiO5. The levels ~ Symmetry directions for BaKo BiO3 have been very re-
e, are the solutions of the Schtinger equation for the anharmonic Cently measured by inelastic neutron scattefftftyHorizon-
oscillator with the double-potential well shown on the figure. Thetal lines in Fig. 4 indicate measured phonon frequencies at
transitions w,= €,— €, involving different phonon excited states the symmetry pointd’, X, M, andR as we were able to
are illustrated by arrows. deduce them from Fig. 1 of Ref. 49. The existence of soft

10 5 0 5 10
Tilting angle (degrees)
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FIG. 4. Calculated phonon spectrum of BK, sBiO5 using density-functional linear-response method. The potassium doping is taken
into account using virtual-crystal and virtual-mass approximation. The calculated points are shown by symbols. The lines result from
interpolation between the points. Horizontal bars indicate the meagRefd 49 phonon frequencies. Numbers for every phonon mode
indicate the calculated electron-phonon coupling constagss (Only the values larger than 0.01 are emphasjz€u top of the figure
shown arg(i) the values o\ summed over all branches for given (i) the values ofy-dependent transport constagt. The calculated
phonon density of statds(w) is shown on the right.

rotational modes nedR can be directly seen from the mea- along this direction as can be seen from Fig. 4. It is not clear
sured phonon dispersions. The authors of Ref. 49 have ravhether this result is due to inhomogeneity of the potassium
ported that their samples still have a weak long-range supedistribution or other imperfectness of the samples used in the
structure characterized by the tilting of the octahedra. Arexperiment or due to drawbacks in our calculation connected
extremely low-frequency~0.9 THz of these modes was with the virtual-crystal approximation. In fact, it is clearly
measured. This is in agreement with our calculations. seen that all our high-frequency branches are overestimated
Two other comments should be made on the comparisohy ~20% in contrast to the experimental orlegcept even-
between our theory and the experiment. One comment corually the breathing vibrations near the poRi. This result
cerns frequency interval from 0 to 10 THz. Here, our calcu-also follows from the comparison of our calculated and the
lation is seen to reproduce measured phonon dispersiomseasuretf phonon density of statE(w) [see Fig. fa)]. It
with the accuracy on the order of 10%. In particular, thewas found experimentafly that the oxygen bond-stretching
lowest mode inl’ has wg,=3.79 THz which can be com- modes exhibit softening with the substitution of Ba by K.
pared withwe,,~3.5 THz. This mode mainly involves &)  These modes are located at the energi€®) meV (or 17
and Bi vibrations. The next mode In is the oxygen out-of- THz) in undoped BaBi@. Therefore it is tempting to con-
phase mode. Herey.,.=4.88 THz and the measured fre- nect a possible source for the discrepancies with our poor
quency is less than 6 THz. The so-called ferroelectric modéreatment of doping. The authors of Ref. 11 discuss doping-
has a frequency 5.59 THz in our calculation which is close tanduced appearance of localized holes on the oxygemr2
wexp found near 6 THz. This mode is bond-bending longitu-bitals which screen the charge on the oxygen anions. This
dinal and it has the strongest polar character. Usually it exeharge reduction will lower the energy of these modes. If the
hibits large splitting from the TO mode &tin cubic perovs- localized hole picture is correct, the VCA will not capture
kites. The presence of free charge carriers screen Coulonthis since it removes electrons from the conduction band by
interactions at long distances, and therefore, the LO-TQuniformly distributing the holes between QR and Bi(6s)
splitting is absent in our calculation. The dispersion of theorbitals.
ferroelectric mode as a function gfis also seen to be cor- We now report our results for the calculated electron-
rectly reproduced. phonon interaction. Based on our screened potentials which
The second comment concerns our comparison for thare induced by nuclei displacements and are found self-
high-frequency interval, where the results of the calculationsonsistently, we evaluate matrix elements of the electron-
are found to be less accurate and the overall discrepangyhonon i”teraCtiO”QE:qukj- The standard expressR}n‘or
consists of about 20%. The highest modd ats the Bi-O the e|ectron-phonon matrix elements reads as
bond-stretching mode. Here, we report the valuewafqual

to 17.91 THz and @ value only slightly larger than 15 THz (qv)
was found experimentally. The authors of Ref. 48 discuss an o =(k+qj'|> __SRa s+ Vlki 2
anomalous dispersion for the longitudinal-optical branch of Ficrai'k < @ Ra \2MRwq, Rl | ]

the one-dimensional breathing mode aldhg with its pro-
nounced frequency renormalization. Our calculation, on thavhereQ) are the orthonormalized polarization vectors as-
other hand, gives much fewer dispersive optical branchesociated with the modegv, Mg are the atomic masseR,
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1.2 especially breathing vibrations produce modest changes in
> o] l Tol the energy band & . Coupling is st I h d
> gy bands ne&r. Coupling is strongly enhance
E_ 0.8 . near the pointd andR, where it reaches the values0.3.
® 06 :..\, Here, the mode corresponds to two- or three-dimensional
F o4l ] breathing. The value of,= 0.3 for the breathing mode &
T is in accord with the previous frozen-phonon calculafidn.
' The authors of Ref. 16, on the other hand, give a much lower
0.0 value for\y, equal to 0.04. For other bond-stretching vibra-
061 =029 & | LO | tions, we find\, of the order 0.1.
0.5 *° g e modes From Fig. 4 we conclude that the electron-phonon cou-
g o4 M~ 2 5 . pling is not small for the bond-bending oxygen modes. It is
o3 ¢ f'::c oy ~~ Q‘:, ~o seen thah is enhanced for the wave vectors n&aand also
02 & & % ERANNY along thel'X direction. In the latter case, the vibrations cor-
01 sf S o respond to the ferroelectric mode and a valuea gf as high
0.0482 = o A b as 0.43 is found for the point (1/3,0,07/a. St;%fngly an-
0.6]y 5 harmonic tilting modes, on the other hand, do not exhibit
0.5] v=0-3 noticeable electron-phonon coupling in the linear order with
E respect to the displacements. Exactly at the p8&nthese
& os modes have electron-phonon matrix element equal to zero by
“0_2_ symmetry, and, therefore, small values#wfdo not produce
o1 any effect on enhancing the coupling. We_ r_efer to thg fol-
0o . j\ lowing section on our evaluated anharmonicity corrections.

"0 10 20 30 40 50
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On the basis of our evaluated phonon dispersion and
g-dependent electron-phonon interaction we calculate the
Eliashberg spectral function®F(w). This is plotted in Fig.

5(b) by full lines. There, we also show by symbols two
a@’F(w) which were deduced from the tunneling
measurementsComparing the experiment with our calcula-
tions, it is first seen that the intensities of high-energy peaks
are approximately the same which means that we reproduce
the coupling for these phonons sufficiently accurately. It is
runs over basis atoms in the unit cell anduns over direc- also seen both from the theory and the experiment that while
tionsx,y,z; 85,V denotes self—consistent change in the poin the phonon density of stateffFig. 5@] mainly the
tential associated with thg-wave displacements of atorRs  TO phonons contribute to the high-energy structure, for the
along thea axis. In practical calculations we have also addeda?F(w) these are the LO phonon modes. Our tendency to
so-called incomplete basis set corrections to the matrix elesverestimate the phonon frequencies at high energies is
ments(2) according to the method developed in Ref. 30. again clearly distinguishable.

The coupling strength , for the electrons with the pho- The most prominent feature seen from our calculated
non of wave vectoq and branchv is given by the following @°F(w) is the absence of any structure for the low-
integral: frequency interval below 40 meV. This strongly contradicts
the experimentad®F (w) which exhibits two intensive peaks
in this region centered at 15 and 30 meV. According to our
analysis of partiaF (w), the origin of the first peak could be
due to low-energy B@) and Bi vibrations together with the
whereNg(0) is the density of states &-=0 per cell and tilting modes, and the second peak can result from the bond-
per one spinindexesj andj’ numerate the bandsot sping  bending oxygen modes. It is not clear however why the cal-
and spin degenerate case is assumed throughout the papaulation seriously underestimates the electron-phonon cou-
The total coupling constant results by summing ,, overv pling for these phonons, while it correctly describes the
and by averaging over BZ. Twé functions in Eq.(3) im-  coupling for the bond-stretching modes. From the band-
pose integration over the space curve resulting from tha&tructure argume one can expect that only bond-
crossing of two Fermi surfaces separatedjbyror this inte-  stretching modes will have a large interaction with electrons.
gral we have used as many as 86oints per irreducible The bond-bending modes cannot produce any significant
BZ. changes in the bands nekg sincesp(o) interaction for

The calculated values af;, at the symmetry directions of these kinds of distortions is not changed in linear order. The
the BZ are indicated in Fig. 4 along with the calculated pho-same is true for the tilting modes. Since there is no partial
non dispersionstWe emphasize only the values larger thanweight of the B&K) orbitals atEr, we also do not expect
0.01) On top of the figure shown are the values\gfwhich  strong electron-phonon coupling for the low-frequency inter-
are summed over all branches for givgnit is seen that the val.
electron-phonon coupling is large for the high-frequency Another possible explanation for the observed peaks is
bond-stretching longitudinal branch. This result is expectediue to the contributions connected with anharmonicity. For
from band-structure calculatiofi3since bond stretching and the anharmonic phonons, not only are one-phonon virtual

FIG. 5. Results for doped BaBiO(a) Comparison between
calculated and experimentdRef. 11 (symbolg phonon density of
states(b) Calculated Eliashberg spectral functieAF (w) and the
results of the tunneling measuremefi®ef. 9 (symbols. (c) Cal-
culated transport spectral functiarfF (o).

2
—_ H i g
Ngy= Ns(0) %, O(Bij) O(Excqj1) Qi g kg
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transitions seen in the?F(w), but also higher-order virtual the electron-phonon interaction. As we have mentioned in
states. The detailed discussion on this subject will be prethe Introduction, several experiments and numerous frozen-
sented in the next section, here we only give the value 0.0honon calculations point to a possible importance of these
as our final answer for the anharmonic contribution\to effects in the theory of HTSC cuprat&s®’ In the bismuth-
resulting from the tilting motions. While not negligible, this ates, the first candidate in which to study anharmonicity is
value alone again does not explain the intensity of the exthe tilting mode: Our linear-response calculations give
perimentala®F (w) at low energies. nearly-zero-frequency vibrations for this mode at Ehpoint

Our calculated tot'al value af resulting from .the.har- of the cubic BZ. Our own(and previou¥) frozen-phonon
monic phonons and linear electron-phonon coupling is foundy|cylations predict here a double-potential-well behavior
t_o _be 0.29.Th|§ is too small to account fqr the superconduc-, i 4 very shallow energy minimum at 5° as illustrated in
tivity at 30 K in the compoun@g, Ko BiOs. In fact, only gy 3 pegpite that the reported average structure for the

the high-energy phonons contribute to our coupling. As aSUperconducting phase is cublcsome experiment’ dis-

[(J%;lrJ‘lt, nalcj;\ﬂeiﬁgms}redeialrueesgg#ﬁtzlgq iSOSVSV(g }?](')Sv\fg\ljgrd' cuss the existence of a long-range superstructure character-
g c €Xp M= : ' jzed by the rotations of the octahedra. Recent XAFS

find the critical temperature with our set of parameters as lowmeasuremenft% report on the presence of locallv disordered
as 4.5 K. One can try to estimate the error in Buralue due P P y

N . tations.
to the overestimation of the frequencies for the bond-"®
iretchi q Using. th a Som = N12/M o2 Unfortunately, though formulate, the problem of the
strete mgzg ) modes. sm.g € expres — o @5 influence of anharmonicity to superconductivity is not trac-
whereN | is the electronic prefactor afd »” is an average taple numerically in a full volume. Our simplified treatment
force constant, one sees thashould increase with lowering s pased on the expression introduced by Hui and Afien
w?. Our 20% error inw results in 30% error int_)z, and this  which generalizes zero-temperature electron-phonon cou-
can lead to the actual values which are 30% higher than we pling to the anharmonic case by including matrix elements
calculate. However) ~0.4 is also not sufficient to explain over all phonon excited states. The phonon stéatésand
the value ofT.. o their energiese,, are obtained by solving the Scliiager
Our calculated electron-phonon contribution to the trans'equation for an oscillatory mode characterisedgogind v.

port properties is a final subject qf this section. The q_uantl[we will not label the stateln), e, with (qv) for simplicity.]
ties responsible for the electronic transport are easily del':or harmonic potential wells,— e is justnwq, (in atomic

duced from the linear-response calculatidh&y inserting . . |
. 2 . units), wherewy, is the phonon frequency. This leads only to
the electron velocity factor; ~viyqj)” 10 the expression " phonon virtual states£ 1) which are involved in
3), we calculate transport constaxg. Its g dependence is T . .
@ P q dep the matrix elements of the electron-phonon interaction. For

shown at the top of Fig. 4 along with tlgedependence of the . . ) ;
electron-phonon.. We see that both functions exhibit very anharmonic potential wells the spectrum is generally differ-
ent from the set of equidistant levels. One example is a

similar behavior in the BZ. The transport spectral function - Al e
double well of the tilting mode which is shown in Fig. 3. The

atsz(w) is the central quantity needed for evaluating . ) i
temperature-dependent electrical and thermal resistivity a2l SPectrune, obtained as the solution of the Sctimger

low-order variational solutions of the Boltzmann equafidn. €duation is plotted in Fig. 3 by horizontal lines. Therefore,
Our calculated®F (w) is shown in Fig. &). It is seen that  OUr first purpose is to examine what effect in ouwould
this function behaves closely to the superconduciifi( ) bring the proper t.reatment of all .V|rtual—phon'oln sFates. The
which is usually the case in metdf§The total averaga,, is second problem is connected with the modification of the
found to be 0.32. Based on these data, we evaluate electrorflectron-phonon matrix elements due to higher-order terms
phonon limited electrical resistivity to be 14.3uQxcm at i the expansion of the change in the ground-state potential
T=273 K. This is at least one order of magnitude lower thanwith respect to the atomic displacements. Since we wish to
the values of reported in the literaturlt is clear that the ~examine these effects only for the tilting mode at p&nof
source for this discrepancy is the same as in our describintie cubic BZ, we make an essential approximation by assum-
superconducting properties. It is unlikely that strong elec4ing that the tilting mode is not coupled to the other modes of
tronic correlations are presented in these materials becauséher this wave vector or other wave vectors which is gen-
the parent compounds are diamagnétiot antiferromag- erally not true when anharmonic terms are included into the
netio insulators. Therefore, it is unlikely that othéthan lattice-dynamical problem. We assume that the polarization
electron-phononscattering mechanisms take place, such agectors for this mode are known and are given by exactly the
spin fluctuations, for example, in HTSC cuprates. Takingout-of-phase rotations of the nearest octahedra along the
into account anharmonic phonons, polarons, or bipolarong] 1,0 axis. Any processes of phonon-phonon interactions
may be decisive for describing the superconductivity andyi pe neglected in this treatment. We also neglect the
transport phenomena here. Our basic conclusion isthieat  finjte-temperature effects using the arguments given in Ref.
conventional ideas on the electron-phonon mechanism arg7. |n the double-well problem one expects that the modifi-
not operative in the bismuthates cations due to frequency and electron-phonon-matrix-
elements renormalization are quite dram&ti¢ and bring
the largest effect in the values bf

We start from a general zero-temperature expression for

Towards further understanding of superconductivity in thethe electron-phonon coupling in the anharmonic case, which
bismuthates, we try to evaluate anharmonicity corrections ircan be written as follow?

lll. TILTING AND ANHARMONIC A
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1 S S (o and 8®V/ tg, 8ty ., stands for the second-order derivative.
Ng(0) (7“7 T (Tig =) [Notation tg, is shorthand for {+R),.] Obviously, both
these response functions have no dependence on the mode
X5(Ek]’_Ek/j'+wn)|G|[(r)]jrkj|2/[wn]2, (4 qu. If V(r) has a periodicity of the original lattice, the
changedV/ étg, is a function of general type. One expects
that 6V/ étg, is only not zero in the vicinity of the displaced
atom and it goes to zero whendeparts from the site+ R.
However, because of the translational invariance of the origi-
nal crystal, considering the response at the poithie to the
K] for movement of the atom itH- R must be equivalent to consid-

Agp=

wherew,= €,— €. For the moment we will not assume as in
Ref. 38 thatw, are small at the electron energy scdlEhe
latter reduces the integral with the Fermi step functibgs
—fij» to the integral with thes functions as given by Eq.

(3).] We introduce a generalized matrix elemeﬁﬁlj

the virtual transition to the’s phonon state: ering the response at the pointt due to the movement of
] atom at R (when t=0). Therefore we can write that
Girjrii = (Nl AGkrkj[0).- B 5V(r)/dtr,= SV(r—1t)/SR,. We now introduce the lattice
The electron-phonon matrix elemeAg, ;.; in Eq. (5) in- sum
volves the transitions between the stdtgs and|k’j’) near 5V
the Fermi surface S V= et —— (9)
t Ra

Agyrjrg=(k'j'|AVIK]), (6) , - . T
) ) ~ which represent a variation of the potential per unit displace-

where AV is the total change in the ground-state potentialment induced by the movements of atoRslong theath

qv. We have especially includedl in the notationAgj-«j  exp (qt) in every cellt. It is easy to prove that expression
sinceAV is not a derivative of the potential with respect to (g) translates like a Bloch wave with wave vectprin the

the displacements but it is the difference between the selfyriginal Iattice, i.e., 5*V(r+R)=€Rs*V(r). (We will
consistent potentia¥(r,{tg+ Atg}) for the distorted crystal gometimes omit indexeRa.) Notation 87V refers to the
and the potentiaV/(r,{tg}) for the undistorted crystal. The {rayeling wave of vector+q, while complex conjugated

atomic positions at the equilibrium are given by the Veaor%:]uantity 5~V would refer to the traveling wave of vector
tg=t+R, wheret denotes the translations arrl are the

basis vectors. The displacements associated with the mode éne can analogously define lattice sums associated with

qv are described by the vector fielitr . ThereforeAV is  the second-order changes of the potential. These enter the
proportional toAtg and so does\gyjr;. By introducing  second and third contributions in EG9). Consider, for ex-

complex (infinitesima) polarization vectorsiQg of the — ampie, the lattice sum associated with the second contribu-
mode” qv, the displacements in any atomic ceélcan be  {gn:

found using the formula

_ 2)
Atp,= 8Qr.e'¥+c.C., ) e e V=2 gucety OV (10

i , Stradth, |
where a runs over direction,y,z, and c.c. stands for the t Ra™'R"a’

complex conjugate(The quantitiesAV, Atg, and 6Qg

This expression translates like a Bloch wave of vectqr 2
should, in principle, be labeled witlpy but we omit this for P a

R because
simplicity.)
The phonon stateg) are the functions of the displace- 52y "
mentsAtg, or §Qg, . In order to compute the matrix ele- 2 eiq(tﬂ’)it)
ment(n|Agy;;|0) over the phonon states we should ex- it StRaSth

pand AV with respect to the displacements. Keeping the

terms up to second order, this expansion reads as o 52V(r)
:E e”zl('[th )
5V tt' 5(t_t,,)Ra5(t’_tH)Rrar
AV=2 5Qr.2, €
Ra T OtRa _— o 8PV(r)
=g iqt elq(t+t )—, (11)
1 B )Y, ' Olralgr o
+5 2 0QradQrier €N ——
RR' aa’ tt’ Otra Ol o Analogously, the lattice sum associated with the third contri-
2 bution in Eq.(9) can be denoted a8' V. It represents a
il z 5Qp 5QRW)*E giat-t) tra_\v_ellng wave of wave vecto, i.e., it is periodic at the
2R wa! w OOty o original lattice.
“ Using notationq9) and (10), the change in the potential
+c.c. (8) AV given by the formula8) now has the form

Here, 6V/ 6tg, is associated with the first-order derivative of

. . . 1
the potent!allvyher) a smgle nucleus centereﬂ+a?. experi- AV:E QR X 5;;&\/4_5 E QR OQR o
ences an infinitesimal displacement along &l direction, Ra RR' aa’
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- 1 selection rules in the matrix elements3), (14), and (15).
I > OQra(dQrra)* Taking into account matrix elements coming from the

RR'aa’ complex-conjugated quantitie§”V, 6~ 57V, and 5~ 8"V

X SpeOrs VA C.C. (12  gives contributions with wave vectoks-q, k—2q, andk.

However making substitutions—g—k and k—2g—k in
It is clear that when this expansion is used in thethek-space integrals of Eq4) results in an extra factor of 2
matrix element(6), a certain selection rule will occur which appears in Eq$17), (18), and(19) compared to Eq.
for the wave vectors k' and k. Namely, the (4).
matrix element(k’j’|8"V|kj) is equal to zero unless  We now discuss the derived expressions. First, it is in-
k'=k+q, (k'j'[676"V|kj)=0 unlessk’=k+2q, and  structive to see how Eq17) for A% goes to the standard

(k'j"|6" 8 VIKj)=0 unlessk’ =K. . formula (3). For the case of the harmonic oscillator we can
Let us now introduce the electron-phonon matrix elemenf;se the properties of Hermite polynomials and prove that the
associated with the first-order change in the potential matrix element over the phonon states which appeared in Eq.
(13) is reduced to
Gwﬁ}j:5k'k+q<k+qj’ RE (n| 6QRal0) X S5,V kj>- 0
@ Ra

13

<n|5QRa|0>:5n1—2M ,
. . . \ RWqy
The electron-phonon matrix elements associated with the ) a o
second-order changes in the potential have two forms advhere Qg, denote orthonormalized polarization vectors of

cording to the second and third contributions in ELp): the modeqv in contrast todQg, Which are related to the
actual nuclei displacemerﬁ%.The matrix element20) is

only not zero for the transitions including the one-phonon
Z , (n| 6Qro QR 4’|0) virtual state. Substituting E420) into Eq.(13) gives exactly
RR aa formula (2). By placing Eq.(13) into Eq. (17) we see that
- . only the n=1 term in the sum oven survives, and the
X 5Ra§R'a'V‘ Kj > , (14 energy differencev, is equal tow,, . The standard formula
(3) is then recovered by replacing €;— Tirjr) O(Ey;
—Eyygjr T @q,) With wg, 8(Ey;) 8(Ey+ j+) Which is valid for

(20

1 .
GLr:]J{/i}] = E 5k’k+2q< k+ ZqJ !

[n]{2'}_3 P * small wg, .
Gicirii = 2 9 K] RR,EM, (Nl 9Qra(8Qwrar)*0) Second, it should be noted that the number of matrix el-
ements necessary to reach the convergency in the sumnmover
X 85 6, ,V‘ kj>. (15) is qctually not large. From the nqmerical estimates of the
“"R'a oscillator strengthd, for the transitions from the phonon

. o . ground state0) to excited statefn), the authors of Ref. 38
Then, the expressiof¥) for Ay, splits into three contribu-  concluded that thef-sum rule (sum over all oscillator
tions strengths gives uniyis closely satisfied by taking into ac-
(2 (2] count onlylthe single ternfi;. Even for the infinite rectangu-
Ngp=Agy T Ao/ TAg, (16)  Jar well which represents an extreme case for anharmonicity,

_ . . . 8 . . .
associated with one electron-phonon matrix element from th8="2 1S SUﬁ'C'?”E Our own numerical experiments with the
first order, Eq.(13), and two matrix elements from the sec- double-potential well of the form shown in Fig. 3 confirms

ond order, Eqs(14), and(15), i.e., this conclusion both for the dipole matrix elements and for
quadrupole ones. This implies that the phonon excitation en-

) 2 ergiesw,= €,— €g Which appeared in expressiofis?), (18),
Ng) = NL(0) %: En: (fij— Freqyr) and(19) are still too small at the electronic energy scale and,

therefore, all integrals ovek are reduced to the integrals
><5(Ekj—Ek+qj/+wn)|G[n]{l} 12[w,]?, (17)  over the space curve resulting from the crossing of two

k+a’k] Fermi surfaces separated hy It then follows thatthe ex-
2 2 pression for)\gzy'} is always equal to zerainless there are
Ngv = N<(0) 2 En: (fij = Tir-20)) electronic interband transitions with zero momentum transfer
STk at the phonon energies. The latter is not standardly assumed.
X 8(Exj it aqi + 0n) |G g T wn]?, We are, therefore, left with the following formulas fa
{2}.
19) and\g;:
2
n_o 2 A= S(Exi) 8(Exsgi) > |G 1270
7\321/}: NL(0) > 2 (=) 9 Ng(0) E, (Bij) 0(Birg )En: krai7kil T @n
s kjj’ n (21)
X 8(Eyj—Egjr+ 0| GLE 02 (19 5

A2 = S(Exi) 8(Exsaqi) > |GLMZ . 12w, .
The double sums over andk’ which appeared in Eq4) 9 Ng(0) %: (Bij) (Eicr2q) )En: 2111 @n

are now reduced to the single sums okeaccording to the (22
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Another comment concerns expressioh8) and(22) for  tions by tilting anglet. Quadrupole matrix elements between
{2 which involves electronic imaband transitions with mo- the phonon states are then given Kg|t?|0) and the
mentum transfer equal toq@ If wave vectorq is such a electron-phonon matrix elements argkj| 5@/ 8t?|kj)
zone-boundary vector thatq2G, where G is one of the wheres®V/t? is the second-order derivative of the poten-
reciprocal-lattice vectors, then it is obvious t ﬁ}zo ac- tial with respect to the tilting angle takentat0. The matrix
cording to the arguments given above. The situation here iglements(kj|5®V/st?[kj) can be approximatédi by the
analogous to the discussion of contributions\terom thel’ ~ second-order derivatives of the one-electron energigs
optical phonongsee, for example, Ref. 58t is well known  relative toEg They are accessible from band-structure cal-
that exactlyq=0 phonons do not couple to the electronsculations. Using this, formulé&23) for )\{f} can be rewritten
since the energy cannot be conserved. Therefore, small bas follows:
finite vectorsq~ wq,/ve, Whereve is the Fermi velocity,
must be considered. 2 \d(z)(Ekj)z |(n|t?|0)|?

We now discuss implications of the theory given above A _2% 3(Ey;) de2 X; wp,
for the tilting mode in Bg¢K(.4BiO3. Exactly for theq point
R=(1,1,1)m/a the contribution tox connected with the Where the quadrupole matrix elements and the energy differ-
first-order changes in the potentialéf,}, vanishes due to €ncesw, are obtained by solving the Sclilinger equation
symmetry of the matrix elements. Also the contribution con-for the double-potential well 2ShOWﬂ in Fig. 3. Only even-
nected with the second-order chang§;', is zero since order matrix elementgn=2Kk|t*|0) are allowed by symme-

. . . .oy try of our distortion, and therefore, the transition between
vector 2y is equivalent to thd" point. The contribution, nearly degenerate first and second states shown in Fig. 3
is always zero since there is only one band cros&pgand

; . 'S : (i.e., w;—0) does not contribubé to A{? .
B e e oo, I G0t (o cvaliate Eq2d, we st calclte enrgy
' . ) . bandskE,;[t] relative toE[t] for a set of distortions, and

order changes in the potential and with the even-ordeJ['hen intejgrate
changes. In the odd orders, changes in the potential would
represent traveling waves of vectars 3q, 5q, etc., and the
contributions to\ would be equal to zero due to symmetry of F(t)=22, 8(Ey[0]) X (E[t])? (25
the matrix elements. In the even orders, changes in the po- ki
tential would represent traveling waves of vectdrgq, 4q, over the unperturbed Fermi surface. Due to symmetry, the
etc., which are all equivalent to th& point whenq  energy band€,[t] have only even terms in the Taylor's
=(1,1,1)m/a, and corresponding contributions % also  expansion ovet aroundt=0. The functionF(t)—F(0) is
vanish. Therefore, we conclude that here rotational mode fitted to the polynomial starting witat.* Then, ourn{? is
at R does not couple to the electrons in any order

In order to obtain an estimate of the effect, we must, in 2 |(2n|t?|0)|?
principle, step out from the poirR. Unfortunately, for gen- A =a2 T o,
eralq we cannot perform frozen-phonon calculations of an-
harmonic coefficients, and the problem loses its numericalsing the frozen-phonon calculation, we evaluate
tractability. Another approach is to discuss quantities result=2.991 Ry/rad". Solving the Schidinger equation for the
ing from the integration of expressiori®1) and (22) over  double well, we also evaluate the sum ovein Eq. (26)
g . In this way, we should assume that the matrix elementequal to 0.0044 rddRy. This gives the total estimated
GL’E{(ﬁ},kj and GL’E{;;}JKJ have noq dependencéwhich is  \\?=0.013. Since the tilting mode is triply degenerate, the
generally not true but the order of magnitude of the effectiinal resultA{?=3)\{2'~0.04 is obtained. It can be com-
will be certainly captured and can be approximated by the pared with the value 0.11 previously reported by Kunc and
values at the poinR. Therefore, the contribution resulting Zeyher® who used a somewhat analogous approach. Unfor-
from the integration op\élv} disappears due to symmetry of tunately no details were presented in Ref. 16 and, therefore,

GLrE{(;}k] atR, and integration Of\gzv} overq gives it is difficult to determine the main source of our discrepan-

. (29

(26)

2n W2n

cies.
Despite several approximations which were made in the
)\{Vz}zzz 5(Ekj)2 |G[k?%<{J-2}|2/wn- (23) above derivation, we thmk that the valqes of the qrder 0.04
Ki n (to 0.11 can be realistic for anharmonic contribution Xo

from the tilting modes involving large ionic excursions. This

(Here we have assumed tHat 2q is equivalent tak.) The  constitutes about 20% of the value 0.29 found by the
obtained expression is an average of the squared deformatitinear-response method. Unfortunately, our total harmonic
potential which is induced by the tilting of the octahedra inplus anharmonio ;= 0.33 is still too small to account for
the second order with respect to the displacements. It has thRe superconductivity at 30 K in BgK, sBiOs.
same meaning as discussed in the literatfitke magnitude In order to have a large effect in due to anharmonicity,
of the change of the phonon self-energy due to transitiongne has to analyze the three contributions in &4). The
across the gap in the superconducting statecalled super- first one is connected with the changes in the energy bands.
conductingAy). The second contribution goes from the matrix elements

The value of)\f} can be readily evaluated using the |(n|t?|0)|, which can be large if large atomic displacements
frozen-phonon method. Let us meastrthe tilting distor-  are possible due to the flatness of the potential well of the



57 ELECTRON-PHONON COUPLING AND PROPERTEE. . . 14 463

oscillator. This is exactly the case for tilting distortions. The =0.06 A with large energy lowering\E,=—50 meV(1
third contribution can go from the energy denominator in thex cell) has been fourld by the linear-augmented-plane-
case where values,=¢,— €, become sufficiently smalfl’ wave calculation. A third calculatidn based on the full-
The fact that our anharmonid? is small is due to small potential LMTO methotf gives here nearly zerdE,~
changes in the one-electron energies associated with tilting-0.7 meV/(Ixcell) with the equilibrium valueb~0.03
This is so because the tilting distortions do not change thé for pure breathing. Using the same methi8dhe authors
distance between Bi and O atoms, thus keepépjo) of Ref. 19 calculatedAE,=—-20 meV/(2Xcell) and b
nearest-neighbor interaction nearly constant. Possible large 0.07 A. The calculations of the total enerBy, as a func-
contributions from the energy bands would be expected fotion of combined tilting plus breathingb) distortions have
breathing distortions. Unfortunately we have not foundalso been reported. The first such calculdffopredicts
strong anharmonicity for the breathing potential well in AE,=—14 meV(1X cell) relative to rotational energy mini-
doped BaBiQ. It is, however, known that in the undoped mum, t=8.5° andb=0.055 A. The second calculatith
compound there exist frozen breathing distortions which corgives AE,= —40 meV(1xcell), t=9.6°, andb=0.11 A.
respond to a deep-double-well situation. It could be possibl&ote that the experimental values found fbr=150 K are
that our LDA description of breathing distortions is not com-te,,=11.2° andbe,,=0.085 A. A less rigorous potential-
pletely correct. The following section is devoted to this ques-induced breathing model predi¢t§° these properties with
tion. similar accuracy. In addition, the reportédrequencyw,,
=46 meV of the breathing mode is too low compared to the
measurett*®values~70 meV.
These large discrepancies in predicting structural proper-
So far we have discussed the compound, B3 BiO;  ties of BaBiQ; seem to contradict the accuracy of the LDA
which is a metal in its normal state. Our calculations showwhich is of the order of a few percent. This could already
that such ground-state properties as equilibrium structure angignal that the ground state of this semiconductor is not com-
lattice dynamics in the adiabatic approximation are repropletely captured within the mean-field LDA solution. Also,
duced by the density-functional LDA method reasonablyanother possible reason for the obtained discrepancies could
well. This suggests that our description of the electron-be due to unusual sensitivity of the calculated properties to
phonon interactions based on the LDA energy bands is reathe computational details.
istic. We now turn to the discussion of the undoped parent We have performed our own studies of the structural
compound BaBi@. It has been known for many years that phase diagram for pure BaBiased on the highly precise
pure BaBiQ is a charge-density-wave semiconductor in thefull-potential LMTO method®® We have indeed found that
sense that two bismuth atoms exist in the charge dispropothere is a sensitivity of the final results to the details of the
tionate state Bi9. This leads to the modulated Bi-O dis- calculations, and we will discuss this in due course. How-
tances(breathing distortionsin the cubic perovskite lattice. ever, we have also found that serious errors are introduced
In addition, there are strong tilting distortioffsThe nature by the LDA. Our general setup for the calculations is the
of the disproportionate state is still not very well understoodsame as was used for the doped compoungyBgBiO,. It
and several explanations involving Fermi-surface neéfirg, was described at the beginning of Sec. Il of this paper.
real-space pairing based on a strong electron-phonon As a first step we check an equilibrium cell volume. The
interaction? and the existence of negative electrobicdue  value of VIV¢,;=0.998 is found and the calculated bulk
to Bi*" valence skippint have been suggested in the past.modulus is equal to 1.29 Mbar. These values essentially de-
It is also unclear whether there is any connection between theend on the treatment of the semicore states. Especially,
origin of the semiconducting behavior and the doping-treating deep-lying 8 Bi states in the main valence panel,
induced superconductivity at the border of the metal-i.e., allowing their full hybridization with the valence states,
insulator transition. is found to be crucial for the appearance of the total-energy
If intra-atomic correlations of Bi § electrons are strong minimum itself. Such a sensitivity is due to the fact that the
and responsible for the appearance of negativeone ex- ground-state potentiaV/(r) is highly not spherical. In the
pects that the LDA theory will fail to describe the charge- Bi-O directions, the potential exhibits a pronounced mini-
disproportionate state. This exactly happens in HTSC cumum (~0.5 Ry down its average value at the Bi MT sphere
prates where due to large positieof Cu 3d electrons, an and the average kinetic energy of Bil ®rbitals in the inter-
antiferromagnetic ground state of undoped cuprates was netitial region is nearly zero. As a consequence, the character
predicted by the LDA? If, on the other hand, negativg is  of Bi 5d electrons appear at O atoms. In the Bi-Ba directions
due to strong electron-lattice couplifyjthe LDA should the potential exhibits a large maximum- Q.5 Ry up its av-
guantitatively explain the observed instabiliti€l.is likely erage value at the Bi MT sphgreand the kinetic energy here
that the nesting idea is not very convincing as we discusseis largely negative. Kinetic energy variation of about 1 Ry
in Sec. Il of this paper. The breathing instability, for ex- leads to the necessity of using a multipletMTO basis
ample, has not been found in JGuO, where the same logic even for semicore states.
is valid) We now report our results for the calculated tilting insta-
Several total-energy LDA calculations of the structuralbility. The unit cell is doubled in this calculation according
phase diagram for pure BaBi@xist in the literatur®’~1°  to theR point of the cubic phase. The rotations of the octa-
and the results seem to be inconsistent. Pseudopotentiaédra are performed along the directigh1,0 as in the
calculationd’ predicted rotational but not a breathing insta- experiment® The calculatedE,, versus tilting angle is
bility. In contrast to that, a pure breathing distortitn = shown in Fig. 6. A pronounced minimum corresponding to

IV. BREATHING AND LDA
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FIG. 6. Frozen-phonon calculation of the total enefgeV/1 FIG. 7. Frozen-phonon calculation of the total enefgeV/1
x cell) as a function of the tilting angle for undoped BaBiO3. xcell) as a function of the breathing distorti@A) for undoped

BaBiO;. The upper curve is obtained using &8points for the
integration over;l1 BZ of the monoclinic lattice and the lower curve

the anglet=13° is found by our calculation, and large en- corresponds to 478 points.

ergy loweringAE;= —200 meV(1X cell) is predicted. Note
that for the doped compound, the calculated energy lowering
becomes only-10 meV/{1Xx cell) as can be seen from Fig. 3. State. We have found that the energy gapopens at larger
The tilting angle calculated by us agrees with thevalues ofb~0.07 A. At b=1De,=0.085 A the calculated
experiment’ within the same accuracy as previously minimal gap is indirect and occurs between the po¥itnd
reported*>!® However, our calculated\E, disagrees with L (see also Ref. 15lts value is approximately equal to 0.1
AE;=—24 meV(1Xcell) of Ref. 15 and withAE;=—60  eV. The minimal direct gap is found at the pointand is
meV/(1X cell) of Ref. 19. To check the sensitivity of our about 1 eV. These values are lower than the corresponding
values to the treatment of semicore states, we have peexperimental valué§ most likely due to systematic underes-
formed the calculations by placing Bd%orbitals into a sepa- timation of gaps by the LDA. The measured transport acti-
rate energy panel. This indeed has an effect in the equilibvation gap is 0.24 eV. However, it does not show up in
rium tilting angle equal now 9° and\E;=—-50 meV/  photoconductivity, optical absorption or photoacoustic mea-
(1xcell). A four-times change in the latter value looks very surements. Sometimes this is interpréfeas bosonic bound
unusual and again shows the importance of proper handlingtate of two electrons due to negative electranicTherefore
with the semicore. We have also tried to increase the numbét is unclear whether the transport activation gap can be re-
of k points in the integration over the BZ but this hardly haslated to the minimal indirect gap of our calculation. The gap
any effect on the final results. seen from the optical measurements is about 2 eV which is
We now discuss our studies for the breathing distortionssubstantially larger than our 1 eV direct gap. We have, how-
The dimerizations of the octahedra are performed for a set adver, not performed the calculations of the optical properties,
tilting angles from 0 to 15° in order to search for a globaltherefore an exact comparison between the theory and ex-
total-energy minimum at thbt plane. The crystalline struc- periment is not currently possible.
ture consists of two formula units and has now a monoclinic Several test calculations have been made to check our
symmetry. Our calculations do not predict pure breathingesults. This mostly concerns the breathing instability; the
distortions (=0°) leaving the cubic structure stable againstenergy bands were found to be insensitive to the computa-
this perturbation. However, far=0° our total energy dis- tional details. First, we place Bidborbitals into a separate
plays a very flat highly anharmonic potential well assumingenergy panel. This has the interesting effect that the breath-
closeness to the instability. When tilting appears, the potening become more pronounced, the calculated valueb of
tial well starts to exhibit a double minimum indicating a =0.065 A becomes much closer to the experiment, and the
weak but nonzero breathing distortion. We have found that &nergy lowering is now-17 meV(1X cell) relative to the
global total-energy minimum occurs wheér 13°. The cal-  purely tilted structure. This result, however, should be con-
culatedE, versusb for this angle is shown in Fig. 7. A very sidered as artificial, since a separate treatment oftBitates
shallow minimum can be seen from this figure locatedb at does not allow us to reproduce the equilibrium cell volume.
~0.04 A. The corresponding energy loweriadgE, is only ~ Second, we tried to analyze the convergency with respect to
equal to—7 meV(1X cell) relative to the structure which is the multiplex LMTO basis. We have used up tobbasis
purely tilted. These results are in contradiction with the ex-functions for representing valence wave functions but this
perimental finding® which give Dexp=0.085 A. Moreover practically does not affect the final results. Adding higher
such a lowAE, gives us the breathing phonon frequencylying Ba 6s and Bi 6d orbitals has no effect either. This
nearly equal to zero in contrast to the measured vahdésf  indicates that the basis set described ab@ee Sec. )l is
the order 70 meV. This indicates that real energy lowering issufficiently complete. Third, we try to investigate the relativ-
much larger than we evaluate. istic effects due to heavy Bi atoms. Inclusion of spin-orbit
Furthermore, the LDA one-electron spectrum calculateccoupling along with the scalar relativistic terms was found to
at our minimum still corresponds to the metallic groundhave a negligible effect at the calculated equilibrium struc-
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ture. Fourth, we increased the numbeikagfoints to 476 per lations that the Coulomlt is negative in these systems.

ith BZ of the monoclinic lattice. This has the effect of low- What only follows from our calculations is thttere exists a

ering the total energy for metallic statés., whenb<0.07 ~ correction term to the LDA in which the parameter respon-

R) and practically does not change the valuesEgj for ~ Sible for the attraction of two electrons at the Bi sites is

semiconducting energy bands. As a result, total energy as gdative To illustrate this, let us restrict ourselves for the

function of b becomes even more shallosee Fig. Jand  Moment by only Bi & orbitals. The correction energy for the

predicted breathing at the equilibrium is extremely small. doubled unit cell BgBi**9Bi*~ 90 can be represented in the

Based on our findings we conclude thia¢ breathing dis-  form (see Appendix

tortions are seriously underestimated (ideally absent) in the

LDA, the predicted ground state is metallic and, therefore,

the charge-density-wave instability is not correctly de- AEcon=

scribed. This situation is analogous to that with HTSC cu-

prates where the antiferromagnetic ground state was also n _- aRi4+q i5_Ri4—q

found within the LDA*® (It therefore seems that LDA may, Bhheren, is the occupancy of the BHBI™" or Bi2=Bi
enerally, have problems with both spin-density waves and

gharge-gensity V\F/)avesWe also think thpat due toyeither im- ation parameteq = (Ngiy — Ngjp)/2. WhenAU <0, the cor-

proper handling with Bi 8 orbitals or approximate treatment rection (27) to the LDA total energy is. negativ_e for any
of the full-potential terms in the LMTO method of Ref. 59, nonzeroq, and therefore the charge disproportionate state

previous calculatiod&® did not converge to the true LDA becomes favorable. This construction is purely heuristic and
ground state is built on the analogy to the LDAU density functionaf

Following the Hohenberg-Kohn theoréfhye know that (A better name here could be “LDAninus U”) In order to
a more proper treatment of exchange-correlation effects bévoid double counting effects we interpréiUey as U
yond LDA should, in principle, reproduce the semiconduct-~YLpa, Where U p, is a part of the on-site interaction
ing ground state of BaBigand the correct values for breath- taken into account in the LDAUn this way, when the LDA
ing distortions. At the same time, the energy gap will not!S adequate for describing the correlations, the correction
necessarily be reproduced since it is not a ground-state prof™m Pecomes automatically zerdherefore, from our cal-
erty of a single system. However, in such systems as BﬁBiOculatlons follows that the LDA overestimates Coulokitior
the energy gap is directly related to the charge disproportionB! 65 €lectrons, and the differenckU . is less than zero.
ation between two Bi atoms since the splitting between oc£dding AEc,, to the LDA functional will obviously result in
cupied and empty Bi § levels is proportionate to the occu- OPtaining the charge disproportionation.
pancies of these orbitals. The latter is related to the charge- Unfortunately this simplified illustrational model has sev-
density distribution which is a ground-state property. 1t€ral drawbacks. First, the antibonding band crossing the
therefore seems that until the correct theory reproduces tHe®Mi level(see Fig. 1 consists not only of the Bi $elec-
energy-gap values, the correct breathing distortions will nof'ons but also has a substantial character of thep@u2d Bi
be obtained. Speculating on thi$) we do not see how the 6P electrons. Therefore\Us in Eq. (27) should be inter-
LDA can describe the correct ground state and, at the sarfd€ted as the on-site interaction between the correspondingly
time, strongly underestimate the gap val(i®, we think the constructed Wanier functions. Second, since these Wanier
exact density-functional theory would describe both thefunctions are long rangedhtersite Coulomb interaction pa-
ground state and the energy gap in this system. rameters mgst be mtrod_uced into _the e_xpresi@ﬁ. (In

It is worth mentioning in this context an example with fact, by Fourier transforming the antibonding banéat we
antiferromagnetic oxides like NiO. It is known that LDA evaluate the range of Wanier states to be four lattice con-
calculations underestimate both the magnetic moment angfants of the cubic phageAnother possibility is to consider
the energy-gap value in this compound. It is also clear tha@ Multiband model involving charge fluctuations and Cou-
the magnetic moment is given by the occupanciestyp3,.  10mb interactions between Bis5 O 2p, and Bi 6 states.
and 3,2 orbitals of Ni, and the same factor defines the split- 1€ Coulomb interaction parameters can, in principle, be
ting between occupied and empty states which is directl)ﬁ""'w""‘tgﬂ33 using a constrained  density-functional
related to the energy gap. A so-called LDA plusmethod?! method>*°*°However, the number of parameters required for
provides a more proper treatment of the systems with stron§U" Systém seems to be much larger than just one number
electronic correlations. It has been shéthat this method 2 Uer- This gives a lot of extra freedom and complicates
predicts the correct ground state for many Mott-Hubbard in{heir finding. Despite this difficulty, some progress has al-
sulators and, at the same time, gives more accurate values f&§2dy been made in this d|r_ect|6‘?1We also plan to investi-
the energy gaps compared to the LDA. Also, similar im-gate the parameters required for the extended multiband
provements are obtained with the use of the self-interactiontlubbard model using constrained LDA calculations. This
corrected density functiont. If we would interpret these duestion will be addressed in future publications.
results as using a better energy functional, then the situation N the following, we take the simplified mode27) to

5 2 AUe(n—n)’=AUga® (27
i=Bil,Bi2

(fjis state andn=(ng;; + ng;jp)/2. The charge disproportion-

with NiO should be completely analogous to BaBi@ith illustrate which features will bring the inclusion of the cor-
the exception that not the spin transfer but the charge transf&gction energy to the LDA functional. Using a variational
defines the properties of this system. principle to minimize our LDAWU expression for the total

These conclusions may bring an attention to the existenc@"€r9Y ELpa+AEqo, leads to solving the single-particle

of intra-atomic correlations of Bi § electrons not captured €quations with the potentiaV/ p +AVey,, Where AV,
by the LDA. It does not necessarily follow from our calcu- =AU (n;—n)=AUq is the contribution which has an
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orbital dependence. It is clear that the valug\2,,, deter- ~and is, of course, wrong for the real charge densjtigis.-
mines the effective splitting between two nonequivalent Bifortunately, implementing the Wanier representation in our
6s levels. If our LDA calculation gives this splitting nearly LDA-U functional is not straightforward and we postpone
equal to zerounless we set the breathing distortion to theth's for the f_uture work. However,_ a rough estimate of the
experimental one then its real value should be of the order AUerr OPerative between the Wanier states can be found by
of the optical gap experimentally determined as 2 €. settingq to 1 in the relationship QAU 4~2 eV. This will

simple connection between the charge dispropor’[ionatiOtr1erZuIet):nergfer:ja ;(re:rlrlfttlﬁ Vallrjrer(miJnifrf: d_l SVE, Sltjr?h \Ii?)lxesf ;
and the gap value is clearly seen from here, and we agai P € errors oduced by the » 10

. xample, due to self-interaction effects.
state, that we do not see how the LDA can obtain the correcef\ This discussion shows that the proper treatment of the

breathing and at the same t.|me genougly u?dere§t|59t¢ parameters of the modé27) is required. It is also clear that

We perform the calculatlgns INVoIVing Veqr USING OUrjnclusion of theintersite Coulomb interactions is necessary
full-potential LMTO method®® The calculations are analo- to obtain a quantitative description of the ground state in
gous to the constrained LDA calculations described in RefgaBj0,. The above calculations cannot be considered as
63. Using the projector-operator technique we define the colestimates ofJ. Therefore we would await making the con-
rections to the Bi 6 diagonal matrix elements of the LMTO clusion that negative on-sité of Bi 6s orbitals is of elec-
Hamiltonian. The projection is simply taken to the=0 tronic origin until we evaluate the errors introduced by the
spherical harmonic inside the MT sphere of the Bi site and_DA. In the above discussion we were trying to argue that
zero everywhere else. According to our model, the differenceéhe insulating behavior and breathing distortions in this sys-
between two nonequivalent Bi s6 occupation numbers tem are directly related to the charge disproportionation, and
should be associated with the charge disproportionatmpn 2 the LDA must fail in describing this ground state already
If we now fix AU to some value, the self-consistent pro- because it is not able to reproduce the energy gap. On the
cedure will define this charge disproportionation, and theother hand, the LDA U like techniques were seen to be
correctionAE.,,, to the LDA total energy can be estimated. very perspective for performing accurate calculations, and
In this way, we can find a new equilibrium structure andwe will try to address this subject in a future work.
compare that with the experiment. Choosing sidb 4 to
reproduce the experimental breathing distortion can give
some insight on this value.

We have performed a set of self-consistent calculations of |n the present paper we have reported our density-
the total energyE, pa + AE, as a function of breathing dis-  functional LDA studies of the compound BaK,BiO;. For
tortion for different values oAU.;. We have indeed found its superconducting phase&=0.4) we have performed the
that for AU of the order minus 10 eV, the experimental calculations of full wave-vector-dependent lattice-dynamical
breathing distortion is fairly well reproduced and the correctproperties and the electron-phonon interactions. These calcu-
breathing phonon frequency is obtained. Also, the energyations were based on the recently developed linear-response
gap becomes much closer to the experiment. It is interestingpproach implemented in the framework of the full-potential
to note that the forn{27) of the functional assumes broken L MTO method. The following conclusions are made on the
symmetry, i.e.the existence of the charge disproportion- basis of our studies: The calculated phonon-dispersion
ation regardless of the presence of breathing distortidh&  curves along major symmetry directions agree reasonably
a consequence, the double-potential well does not exhibit @ell with the results of the neutron-scattering experiments.
smooth behavior d=0 and has a kink there. Some discrepancies have been found to occur in reproducing

The value ofAU4=—-10 eV required to describe the ex- the bond-stretching oxygen modes. They were attributed to
perimental structure seems to be unphysically large. This ighe virtual-crystal approximation used for the treatment of
mainly due to small self-consistent valuesepbf the order  potassium doping. It was found that the bond-stretching
of 0.1 electrons which are obtained in our calculationsmodes have a large coupling to the electrons. Especially the
(Even smaller values-0.0le are obtained for the charge breathing modes at tfe andM points of the cubic Brillouin
transfer between two Bi MT spheres because of the screerrone have a large coupling equal to 0.3. Relatively strong
ing by the tails of O P orbitals) In fact, if we take a simple coupling is also predicted for the bond-bending oxygen
relationship 2JAU¢z=2AV,,,~E4=2 eV, the sam&U.s  modes. However, our calculated averaged value. ofias
=—10 eV is obtained. This again shows that our logic isfound to be 0.29 which is too small to account for the high-
valid. As we discussed above, a better way would be to intemperature superconductivity in the doped barium bismuth-
terpret 31 as a charge transfer between two Wanier statestes. These results were supported by the calculated transport
centered in the sites of the cubic lattice with two nonequivaproperties such, e.g., as electron-phonon limited electrical
lent Bi atoms.(We associate these Wanier states with the Biresistivity.
atoms, but it is clear that they represent a mixture of a whole Our own and previous frozen-phonon calculations pre-
set of orbitals. Indeed, our tight-binding calculations for a dicted highly anharmonic double-potential-well behavior for
one-band model with long-range interactiofisted to de- the tilting of oxygen octahedra corresponding to the p&int
scribe the dispersion of the band crossing the Fermi JevelWe have performed detailed studies on the influence of an-
show that introducing a small splitting between the effectiveharmonicity corrections to the electron-phonon coupling. By
Bi levels gives the charge transfgrof the order 1e. (The neglecting the processes of phonon-phonon interactions and
chemical interpretation of the charge disproportionationutilizing the zero-temperature treatment of Hui and Affén,
2Bi**— Bi®"+Bi®" is thus valid for the Wanier functions we have worked out the formula for anharmonic contribu-

V. CONCLUSION
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tions to\ up to the second order with respect to the displace€oby, and R. Zeyher, for many helpful discussions. The work
ments. It was found that anharmoniccan be not small if was performed under the Research Contract No. | 0457-
large ionic excursions take place as in the case of the tiltin@22.07/95 supported by the German-Israel Foundation for
vibrations. Using the full-potential LMTO method and the scientific research and development.

frozen-phonon approach, we have estimated that contribution
to be equal to 0.04. Our total is thus 0.33. We concluded
that while not negligible, anharmonicity corrections due to

tiling modes do not help to explain the superconductivity in The form of the correction can be understood using the

open and intriguing problem. _ gives a nondegenerate ground state described by the density
As a final issue, we have done the calculations of the, 55 is the case of predicting BaBjQvithout breathing

structural phase diagram for the undoped parent Compouﬂ‘}fstortions. Let us expan€ pa(p) around its minimum.

BaBiO;. A low-temperature experimental structure consistspye to the extremal property, this expansion starts from the
of combined breathing plus tilting distortions. In agreementsecond-order variations:

with the previous conclusions, we have found that tilting
distortions are reasonably well reproduced by the LDA cal- 52
culation. However, we have also found that the breathin (p)=E_pal )+}f Eipa
distortions are seriously underestimatéaot absentwithin LDATP)ELDANPOI ™ S | 505
the LDA. This contradicts the previous findings most likely

due to improper handling of the semicore states. The undelf the predicted ground state is wrong, then the first candidate
estimation of breathing leads to the predicted ground stat@hich can take responsibility for this is the second-order
which is metallic while it should be insulating of the charge- derivative. The value 0B®E, pa/8pdp at p=pg is posi-
density-wave type. This situation closely resembles antifertjvely defined sinceE pa(p) has a minimum here. On the
romagnetism of HTSC cuprates which was also not predicte@ther hand, the true density functional @ would indeed

by the LDA. Using a simple correctional scheme in the spirithave a local maximum or, more generally, a saddle point,
of the LDA+U method we have tried to argue that the prob-since the true ground state is double degenerate correspond-
lem of breathing is most likely due to underestimation of theing to either breathing-in and breathing-out distortions or
energy gap by the LDA. While we cannot make any definiteyice versa. Therefores®’E, ./ pdp should be negatively
conclusions on whether negatite in the bismuthates is of defined atp=p,. (We assume that the first-order variation
the electronic origin, the failure of the LDA indicates that the 5D, /5p is equal to zero gt = p, due to the symmetry of
electron correlations of the Biselectrons are not properly the saddle poink.It is thus tempting to construct a density
treated. Since LDA calculations contain all electron-latticefynctional with the corrected second-order variation, i.e.,
coupling effects, we conclude that in order to recover an

insulating state, an existence of the correction to the LDA

with some negative\U 4 of the electronic origin must be Ecorp)=ELpa( )+Ef (
assumed. We believe that LDAU like approaches will help comt P) =LA TS

in the further understanding of the physics in these systems
from the density-functional point of view.

APPENDIX

(p=po)(p—po)+---.

8PE e _ 5?E pa
opdp Spdp

X(p—po)(p—po)- (A1)

Assuming that kinetic energies of boiy,,. andE, ps func-
tionals are the same, the difference between the second-order
The authors are indebted to O. K. Andersen, O. Gunnarsderivatives is described by effective Coulomb interactions.

son, O. Jepsen, A. Liechtenstein, E. G. Maksimov, Y. Ya-This leads to form(27) of the correction.
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