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Linear-Response Calculation of the Electron-Phonon Coupling in Doped CaCuO2
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Using density-functional linear-response theory, we calculate the electron-phonon interaction f
s- andd-wave pairing in the 0.24 hole doped infinite-layer compound CaCuO2. We findlx22y2 , 0.3
to be positive and only slightly smaller thanls , 0.4. This suggests that the electron-phonon
mechanismalone is insufficient to explain the highTc but could enhanceanotherd-wave pairing
mechanism. Results of calculated lattice dynamics and transport properties are also presented
discussed. Out-of-plane distortions are found essential for the stability. [S0031-9007(96)01660-2]

PACS numbers: 74.20.-z, 63.20.Kr
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Despite enormous theoretical and experimental effort
the mechanism of high-temperature superconductivity in
the hole-doped cuprates is still unclear [1]. The symmetry
of the paired state seems to bed, with the lobes in
the CuO bond direction, and this points to an electronic
mechanism [2]. However, theoretical calculations for the
Hubbard andt-J models with realistic parameter values
leaves one with the suspicion that something more tha
the Coulomb repulsion is needed [2]. Experimentally,
superconductivity-induced phonon renormalizations [3]
Fano line shapes [3], a large isotope effect away from
optimal doping [4], and phonon-related features in the
tunneling spectra [5] indicate that the electron-phonon
interaction (EPI) is substantial, but, usually, it would
support onlys pairing.

A large amount of theoretical work has been done to
estimate the EPI and the strengthls for s-wave pairing in
the cuprates. The first density-functional [local density ap
proximation (LDA)] calculations used the rigid-muffin-tin
approximation and gave quite smallls valuess,0.1d [6].
Recent tight-binding (TB) studies of YBa2Cu3O7, on the
other hand, gavels , 2 [7]. For this compound, frozen-
phonon LDA calculations, which include the screening
self-consistently, yieldls , 1 [8,9], but their accuracy is
uncertain due to the crude sampling over merely a high
symmetry subset of phonons. Numerous attempts to de
duce the strength of the EPI from the resistivity, optical
conductivity, and other measurements lead to no firm con
clusion either [10].

In the present Letter we report LDAlinear-response
calculations of the phonon spectrum and the EPI. In
contrast to the frozen-phonon method, the linear-respons
approach allows the treatment ofarbitrary phonon wave
vectorsq. We used a newly developed linear-response
full-potential linear-muffin-tin-orbital (LMTO) method
[11] whose accuracy was proven on lattice-dynamical
superconducting, and transport properties of a larg
variety of metals [12]. It therefore seems that, with this
method, we can obtain reliable estimates ofls andld for
high-Tc superconductors.

Since our new method does not yet allow us to trea
large unit cells and, hence, a well-characterized stoichio
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metric, nearly optimally doped high-temperature sup
conductor such as YBa2Cu3O7, we considered the com
poundsCa12xSrxd12yCuO2 (wherex , 0.7 andy , 0.1)
with Tc  110 K [13] whose simple infinite-layer struc
ture (space group P4ymmm) makes it unique for theoret
cal studies. It is generally agreed that high-tempera
superconductivity does occur in this compound in Cu2
planes. It is not clear, however, what the microsco
structure of the doping defect layers is, whether all
only the CuO2 planes neighboring these layers superc
duct, and what the doping level is of the supercondu
ing planes [14]. Our calculations were performed
CaCuO2 doped by holes in a uniform, neutralizing bac
ground charge. The doping was chosen to what we
lieve is nearly optimal, that is, such that the Fermi leve
just above the uppermost van Hove singularity (the thr
dimensional saddle point atR). This corresponds to dop
ing level of 0.24 holes per unit cell. Since it turned o
that, for thecalculated equilibriumstructure of CaCuO2,
our band structure and high-symmetry models’s are quite
similar to those found in the previous LDA frozen-phon
calculations for YBa2Cu3O7 [9,15], we believe that our
results for CaCuO2 are generic for high-temperature s
perconductors (HTSCs) near optimal doping.

First, we discuss our results for the electronic a
crystalline structure. Published LDA band structures
the compounds withy  0 and x  0, 0.7, and 1.0
exhibit little x dependence [16,17]. Our band structu
for y  0 and x  0 is in accord with these, and (keep
ing the planes flat) it hardly changes upon doping
0.24 holes, except for a shift ofEF to slightly above
the (uppermost) van Hove singularity. Like for all CuO2

superconductors, the bands nearEF are the antibond-
ing pds band (Ox-Cux22y2 -Oy) and the lower-lying two
antibondingpdp bands (Oz-Cuxz-Oz and Oz-Cuyz-Ozd.
Also the interplane hopping integrals are similar to tho
in bilayer compounds such as YBa2Cu3O7. However,
since, in CaCuO2, each CuO2 plane has two rather tha
one neighbor CuO2 plane, thek' dispersions in CaCuO2
aretwice the interplane splittings in YBa2Cu3O7, and this,
together with the fact that thes and p bands disperse
oppositely with k', leads to theunusual featurethat,
© 1996 The American Physical Society
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in CaCuO2, the maxima ats0, pya, 0d and spya, 0, 0d
(X-point) of thep bands reachabove thes band. Hence
for k'  0, the saddle points arep-like, while, for
k'  pyc (at R), they have the usuals character [15]
(Away from these high-symmetry points, thes and p

bands hybridize via interplane hopping.) The two co
sponding (three-dimensional) van Hove singularities
almost degenerate so that EPI results based on this
structure could hardly be said to be typical for hig
temperature superconductors.

However, our calculation predicts that the opticalq 
0 out-of-phase oxygen dimpling mode is unstable.
the undoped compound (which in our LDA calculatio
is a metal rather than an antiferromagnetic insulator)all
calculatedq  0 phonons are stable, and their frequ
cies agree both with previous calculations [17] and w
infrared reflectivity measurements [18]. But for dop
by 0.24 holes, the Fermi level has moved down into st
with considerablep character, and here we find theB2u

out-of-plane and out-of-phase oxygen mode to be
stable with v  3.6i THz. The corresponding froze
phonon analysis exhibitsa double-well potentialwith
minimum at a dimpling angle of5± 7±, depending on th
cya ratio used in the calculation. (5± is obtained using
the experimental valuesa  7.297 a.u. andcya  0.829,
whereas7± is found for the theoretically determined va
ues:a  7.112 a.u. andcya  0.895.) This instability
comes about because moving the oxygens out of the
per planes decreases thepdp hopping integral faster tha
the pds integral, whereby the top of the antibondingp

bands decreases below the saddle points atX of the anti-
bondings band, thus allowing the energy to be lower
For the stable structure, our bands are now very simila
those of other HTSCs with a Fermi surface (FS) whoss

character dominates everywhere. The FS shown in F
is holelike, centered atkk  sp , pdya, and has rounded

FIG. 1. Calculated Fermi surface of doped CaCuO2.
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square cross sections which ares11d oriented fork' near
p

c ands10d oriented elsewhere. Thek' 
2p

3c cross sec-
tion resembles the odd FS sheet for an underdoped
layer material, while thek' 

p

3c cross section resemble
the even sheet of such a material. Experimentally a
theoretically, YBa2Cu3O7 has a static7± in-phase dimple
which induces sufficient intraplanesp coupling so as to
cause the saddle points of the LDA plane bands to
furcate [15]. In our 0.24 hole doped CaCuO2, the saddle
point at Rs p

a , 0, p

c d, which is just below the Fermi level
is not yet bifurcated, while the one atXsp

a , 0, 0d, which
is 0.4 eV belowEF, is bifurcated. This FS with squarish
cross sections, which ares10d oriented for mostk'’s, ex-
hibits strong nesting forq ~ s1, 0, 0d and some nesting for
q ~ s1, 1, 0d.

Our calculated instability towards out-of-phase dim
pling for CaCuO2, together with the known static in-phas
dimpling in YBa2Cu3O7, suggests that out-of-plane insta
bility is a common feature of HTSCs near optimal dopin
Such instabilities may be local as it was recently found
La1.85Sr0.15CuO4 by extended x-ray absorption fine stru
ture (EXAFS) measurements [19].

The depth of the double-well potential varies between
and 300 K, depending on whether we use the experime
or theoretical lattice constants in the frozen-phonon cal
lations. The shallowness of the well calculated with t
experimental parameters casts serious doubts on the v
ity of the harmonic approximation, and we therefore us
the theoretical lattice constants when calculating the E

We now discuss our calculated phonon spectrum
doped CaCuO2. We used a single-k LMTO basis set,
30 k-points for the Brillouin zone (BZ) integrals with the
tetrahedron method, and generated the dynamical ma
at 30 q-points in the irreducible BZ withq'  0 and
pyc. [The mesh corresponds tos8, 8, 2d reciprocal-lattice
divisions and is much denser than that employed in
previous frozen-phonon studies [8,9].] The convergen
of the dynamical matrix with respect to the internal p
rameters was checked for theq  0 point, and the error
of the setup is estimated to be about10%. The calcu-
lated phonon spectrum is presented in Fig. 2. We
first that the structure is stable. Second, we notice t
a low-frequency (1.8 THz) mode exists near theM-point
sp , p, 0dya. This mode is quadrupolar with the oxyge
squares rotated around the copper atoms. It is inter
ing to note that, for the structure with flat planes, t
quadrupolar mode is unstable (atM, v  3.7i THz) so
that,for structural stability of this compound, out-of-plan
distortion is required.

For calculating the EPI we use a standard expressio

lLsqd ~
X
kn

YLsk 1 qdjgk
qnj2YLskddsEk1qddsEkd (1)

for the coupling in theL channel. Note that we investi
gate theq dependence, but have summed over all phon
4431
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FIG. 2. Calculated phonon spectrum of doped CaCuO2.

branchesn. gk
qn are the electron-phonon matrix elemen

found with our linear-response method [12]. Expressi
(1) must be normalized byNLs0d ~

P
kn YLskd2dsEkd.

The coupling constantlL is the average oflLsqd over the
BZ. Two delta functions in (1) impose integration ove
the space curve resulting from the crossing of two Fer
surfaces separated byq. For this integral we had to use
as many as 1173k-points per irreducible BZ.

Figure 3 shows our result forlssqk, q'  0d. It is seen
to be strongly enhanced alongGX, where it almost reaches
the value3. This is caused bynestingcorresponding to the
sliding of a nearly flat,s0, 1, 0d-oriented FS sheet. Nesting
will also occur for the wave vectors connecting oppos
FS faces which in our case occurs forq , s p

3a , 0, 0d (see
Fig. 1). This kind of nesting enhancement is well know
in the theory of HTSC [20]. In all other points of the
BZ, ls is seen to be small. It is almost zero around t
X-point and, going towardsM, it increases towards0.3.
This may be compared with the valueslssXd  0.7 and

FIG. 3. Calculated q dependence of the electron-phono
coupling in theGXM plane for doped CaCuO2.
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lssSd  0.6 obtained for YBa2Cu3O7 [9]. For CaCuO2
we find similarly small valuesthroughouttheq  sqk, p

c d
plane, for which there is no nesting. Averaging ov
qk now gives lssq'  0d  0.47 and lssq' 

p

c d 
0.21. These values are upper and lower bounds forls

averaged over allq. We conclude that the valuels ,
0.4 is too small to account for the high-temperatu
superconductivity in theCa-Sr-Cu-Osystem.

This conclusion is supported by the calculation of
electron-phonon contribution to such transport proper
as electrical and thermal resistivities. Theq-dependent
transport constantltr sqd is given by Eq. (1) ifYLsk 1

qdYLskd is replaced by the electronic velocity factorsyk 2

yk1qd2. Our calculations exhibit no large values ofltr sqd,
neither in theq'  0 nor in theq' 

p

c planes. The en
hancement due to nesting does not occur here due to
velocity factor. We findltr sqd to vary between 0 and 0.
and obtainltr sq'  0d  0.22 andltrsq' 

p

c d  0.14,
which are upper and lower bounds forltr . Our calcu-
lated temperature dependence of the electrical resist
displays a standard Bloch-Grüneisen behavior, and, ab
T , 100 K, it looks linear. Using the calculated value
the bare plasma frequencyvp  4.6 eV in theab plane,
our estimated electrical resistivity israbsT  300 Kd 
8 mV cm. This is evidently too low compared with th
characteristic resistivity values in HTSCs which are alw
above100 mV cm at room temperature. This 1-order-o
magnitude disagreement is also found when we com
calculated and experimental thermal resistivities, altho
it must be noted that, in addition, a large lattice contrib
tion to the thermal current ought to be considered. O
might argue that the plasma frequency used in these
timates is too large and should be substituted by a 2
times lower value. However, this would, first of all, b
inconsistent because then the renormalization of the e
tronic velocities should also be included in the express
for ltr sqd, and, second, it will not help to get agreeme
for rab . We thus conclude thatthe unusually large val-
ues of the electrical resistivities in HTSC are not due
electron phonon scatteringbut are most likely due to spin
fluctuations. Finally, we report on our calculation of t
d-channel EPI. Currently, much interest is devoted to
possibledx22y2 symmetry of the gap in connection wit
the electronic mechanisms of superconductivity [2]. T
EPI should also contribute to thed pairing. Using Eq. (1)
for generalL, we have analyzed all symmetry-allowe
channels of superconductivity. We came to the conclus
that,together with thes channel, relatively large values o
lL are obtained for the symmetrydx22y2 ; the calculated
values oflL in the other channels are either negligib
small or negative. We have found that theqk dependence
of lx22y2 sqk, 0d is very similar to that oflssqk, 0d shown in
Fig. 3, with the exception thatld becomes negative nea
20.5 for q near theM-point. However, due to the larg
nesting enhancement, the average overqk becomes posi-
tive: lx22y2 sq'  0d  0.36. This value is just slightly
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smaller than that oflssq'  0d. We furthermore find
lx22y2 sq'  p

c d  0.16. Since we find thatld , ls, the
electron-phonon scattering is highly anisotropicin this
material and probably in all HTSCs near optimal dopin
We can directly observe the anisotropy of the EPI m
trix elements if we averagejgk

qn j2 over all possiblek and
sum overn. This is done by calculating the susceptib
ity function x

00
Lsqd ,

P
k YLsk 1 qdYLskddsEk1qddsEkd

and then the dispersion of the average matrix elem
from jḡsqdj2  hlLsqdyx

00
LsqdjL2ay. As a result, we find

that jḡsqk, 0dj2 behaves the same aslssqk, 0d as shown in
Fig. 3, i.e.,jḡsqdj2 is large (,0.05 Ryp cell) for the nesting
wave vectors and is small (,0.01 Ryp cell) at all otherq
points. Such behavior is very unusual since the band st
ture factordsEk1qddsEkd enters bothlLsqd and x

00
Lsqd,

and thus cancels. It must be directly related to the
havior of the self-consistent potential screening the nu
displacements of givenq or, equivalently, to the invers
dielectric matrixe21

q sr, r0d of the crystal (these exact qua
tities are evaluated by our linear-response method). Thq
dependence of those are indirectly influenced by nest
In addition, from the analytical results in Ref. [15] we ha
found that alsojgsqdj2 for the oxygen dimpling mode has
q dependence similar to the one shown in Fig. 3 [21]. E
actly this kind of electron-phonon interaction, i.e., attra
tive for q along (1,0) orq small, and negligible forq near
(1,1), is what is required to support the3d-3d electron-
electron interaction, which is repulsive for largeq along
(1,1), in causingdx22y2 -wave pairing.

In conclusion, we have found that the electron-phon
interaction alone cannot explain high values ofTc in
the Ca-Sr-Cu-O system and, most likely, in all oth
cuprate superconductors. On the other hand, we fo
that ld , ls , 0.3, and this suggests that the electro
phonon scattering may supportd-wave superconductivity
based, for example, on the spin-fluctuation mechani
Many questions remain unresolved, however. (i) If
Fermi surface is predicted correctly by LDA, can t
LDA electronic velocities be used in the expressions
l? (ii) Are these expressions forl, based on Migdal’s
theorem, valid if the energy bands are narrowed due
Coulomb correlations? (iii) To what degree will th
lattice instabilities influence the superconductivity throu
the anharmonic effects? Attempts to answer these
further questions clearly requires much further work.

The authors are indebted to I. Dasgupta, O. Jep
A. Liechtenstein, G. Khaliulin, M. Kulic´, E. G. Maksimov,
I. I. Mazin, and R. Zeyer for many helpful discussions.
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