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Linear-Response Calculation of the Electron-Phonon Coupling in Doped CaCu®
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Using density-functional linear-response theory, we calculate the electron-phonon interaction for
s- andd-wave pairing in the 0.24 hole doped infinite-layer compound CaCu®@e find A2, ~ 0.3
to be positive and only slightly smaller than, ~ 0.4. This suggests that the electron-phonon
mechanismalone is insufficient to explain the higif, but could enhanceanotherd-wave pairing
mechanism. Results of calculated lattice dynamics and transport properties are also presented and

discussed. Out-of-plane distortions are found essential for the stability. [S0031-9007(96)01660-2]
PACS numbers: 74.20.-z, 63.20.Kr

Despite enormous theoretical and experimental effortietric, nearly optimally doped high-temperature super-
the mechanism of high-temperature superconductivity irtonductor such as YB&u;O;, we considered the com-
the hole-doped cuprates is still unclear [1]. The symmetrypound(Ca —,St,);-,CuO, (wherex ~ 0.7 andy ~ 0.1)
of the paired state seems to lk with the lobes in with 7. = 110 K [13] whose simple infinite-layer struc-
the CuO bond direction, and this points to an electronidure (space group Pdmm) makes it unique for theoreti-
mechanism [2]. However, theoretical calculations for thecal studies. It is generally agreed that high-temperature
Hubbard andt-J models with realistic parameter values superconductivity does occur in this compound in GuO
leaves one with the suspicion that something more thaplanes. It is not clear, however, what the microscopic
the Coulomb repulsion is needed [2]. Experimentally,structure of the doping defect layers is, whether all or
superconductivity-induced phonon renormalizations [3],only the CuQ planes neighboring these layers supercon-
Fano line shapes [3], a large isotope effect away fronduct, and what the doping level is of the superconduct-
optimal doping [4], and phonon-related features in theng planes [14]. Our calculations were performed for
tunneling spectra [5] indicate that the electron-phonorCaCuQ doped by holes in a uniform, neutralizing back-
interaction (EPI) is substantial, but, usually, it would ground charge. The doping was chosen to what we be-
support onlys pairing. lieve is nearly optimal, that is, such that the Fermi level is

A large amount of theoretical work has been done tqust above the uppermost van Hove singularity (the three-
estimate the EPI and the strengthfor s-wave pairing in  dimensional saddle point &). This corresponds to dop-
the cuprates. The first density-functional [local density aping level of 0.24 holes per unit cell. Since it turned out
proximation (LDA)] calculations used the rigid-muffin-tin that, for thecalculated equilibriumstructure of CaCu@
approximation and gave quite small values(~0.1) [6].  our band structure and high-symmetry modés are quite
Recent tight-binding (TB) studies of YB@u;O;, on the  similar to those found in the previous LDA frozen-phonon
other hand, gava,; ~ 2 [7]. For this compound, frozen- calculations for YBaCu;O; [9,15], we believe that our
phonon LDA calculations, which include the screeningresults for CaCu® are generic for high-temperature su-
self-consistently, yield\, ~ 1 [8,9], but their accuracy is perconductors (HTSCs) near optimal doping.
uncertain due to the crude sampling over merely a high- First, we discuss our results for the electronic and
symmetry subset of phonons. Numerous attempts to desrystalline structure. Published LDA band structures for
duce the strength of the EPI from the resistivity, opticalthe compounds withy =0 and x = 0, 0.7, and 1.0
conductivity, and other measurements lead to no firm conexhibit little x dependence [16,17]. Our band structure
clusion either [10]. for y = 0 andx = 0 is in accord with these, and (keep-

In the present Letter we report LDAnear-response ing the planes flat) it hardly changes upon doping by
calculations of the phonon spectrum and the EPI. 1r0.24 holes, except for a shift afr to slightly above
contrast to the frozen-phonon method, the linear-respondbe (uppermost) van Hove singularity. Like for all CuO
approach allows the treatment afbitrary phonon wave superconductors, the bands neéf are the antibond-
vectorsq. We used a newly developed linear-responseng pdo band QO.-Cu..—,--O,) and the lower-lying two
full-potential linear-muffin-tin-orbital (LMTO) method antibonding pd= bands Q.-Cu,,-O, and O.-Cu,,-O,).
[11] whose accuracy was proven on lattice-dynamicalAlso the interplane hopping integrals are similar to those
superconducting, and transport properties of a largén bilayer compounds such as YRau;O;. However,
variety of metals [12]. It therefore seems that, with thissince, in CaCu@ each Cu@ plane has two rather than
method, we can obtain reliable estimatesipfand A, for ~ one neighbor Cu®plane, thek, dispersions in CaCuQ©
high-T.. superconductors. aretwicethe interplane splittings in YB&u; O, and this,

Since our new method does not yet allow us to treatogether with the fact that the- and 7= bands disperse
large unit cells and, hence, a well-characterized stoichioeppositely with k,, leads to theunusual featurethat,
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in CaCuQ, the maxima at(0, w/a,0) and (7w/a,0,0)  square cross sections which ditd) oriented fork, near
(X-point) of thes bands reaclabove ther band. Hence, Z and(10) oriented elsewhere. The, = é—j Cross sec-
for k, = 0, the saddle points arer-like, while, for tion resembles the odd FS sheet for an underdoped bi-
k., = m/c (atR), they have the usuaf character [15]. |ayer material, while thé, = 3- cross section resembles
(Away from these high-symmetry points, the and 7 the even sheet of such a material. Experimentally and
bands hybridize via interplane hopping.) The two corretheoretically, YBaCu;O; has a stati@® in-phase dimple
sponding (three-dimensional) van Hove singularities arqvhich induces sufficient intraplanes coupling so as to
almost degenerate so that EPI results based on this bagduse the saddle points of the LDA plane bands to bi-
structure could hardly be said to be typical for high-furcate [15]. In our 0.24 hole doped CaCyGhe saddle
temperature superconductors. point atR(%,O, %), which is just below the Fermi level,

However, our calculation predicts that the optiqa+ is not yet bifurcated, while the one m(%,o, 0), which
0 out-of-phase oxygen dimpling mode is unstable. Folis 0.4 eV belowE, is bifurcated. This FS with squarish
the undoped compound (which in our LDA calculation cross sections, which afé0) oriented for mosk ,’s, ex-
is a metal rather than an antiferromagnetic insulatalf), hibits strong nesting foq =« (1,0, 0) and some nesting for
calculatedq = 0 phonons are stable, and their frequen-q « (1, 1,0).
cies agree both with previous calculations [17] and with  Qur calculated instability towards out-of-phase dim-
infrared reflectivity measurements [18]. But for doping pling for CaCuQ, together with the known static in-phase
by 0.24 holes, the Fermi level has moved down into statedimpling in YBaCu;O,, suggests that out-of-plane insta-
with considerabler character, and here we find ti#,  bility is a common feature of HTSCs near optimal doping.
out-of-plane and out-of-phase oxygen mode to be unSuch instabilities may be local as it was recently found in
stable withw = 3.6i THz. The corresponding frozen- La,gsSr ;5CuQ, by extended x-ray absorption fine struc-
phonon analysis exhibitet double-well potentialwith  ture (EXAFS) measurements [19].
minimum at a dimpling angle df°-7°, depending onthe  The depth of the double-well potential varies between 50
c/a ratio used in the calculation.5{ is obtained using and 300 K, depending on whether we use the experimental
the experimental values = 7.297 a.u. andc/a = 0.829,  or theoretical lattice constants in the frozen-phonon calcu-
whereas7® is found for the theoretically determined val- lations. The shallowness of the well calculated with the
ues:a = 7.112 a.u. andc/a = 0.895.) This instability — experimental parameters casts serious doubts on the valid-
comes about because moving the oxygens out of the cojity of the harmonic approximation, and we therefore used
per planes decreases théx hopping integral faster than the theoretical lattice constants when calculating the EPI.
the pdo integral, whereby the top of the antibondimg We now discuss our calculated phonon spectrum for
bands decreases below the saddle points af the anti- doped CaCu@ We used a singla- LMTO basis set,
bondingo band, thus allowing the energy to be lowered.30 k-points for the Brillouin zone (BZ) integrals with the
For the stable structure, our bands are now very similar tgetrahedron method, and generated the dynamical matrix
those of other HTSCs with a Fermi surface (FS) whase at 30 q-points in the irreducible BZ withy, = 0 and
character dominates everywhere. The FS shown in Fig. % /c. [The mesh corresponds (8, 8, 2) reciprocal-lattice
is holelike, centered a& = (7, 7)/a, and has rounded- divisions and is much denser than that employed in the
previous frozen-phonon studies [8,9].] The convergence
of the dynamical matrix with respect to the internal pa-
rameters was checked for tige= 0 point, and the error
of the setup is estimated to be abd@%. The calcu-
lated phonon spectrum is presented in Fig. 2. We see
first that the structure is stable. Second, we notice that
a low-frequency (1.8 THz) mode exists near epoint
(ar,,0)/a. This mode is quadrupolar with the oxygen
squares rotated around the copper atoms. It is interest-
ing to note that, for the structure with flat planes, the
quadrupolar mode is unstable (&, «» = 3.7i{ THz) so
that, for structural stability of this compound, out-of-plane
distortion is required

For calculating the EPI we use a standard expression

A(@) = D Yi(k + q)lgk, PYL(K)8(Exig)d(Ex) (1)
kv

for the coupling in thel. channel. Note that we investi-
FIG. 1. Calculated Fermi surface of doped CaguO gate theq dependence, but have summed over all phonon
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18; " As(S) = 0.6 obtained for YBaCu;O; [9]. For CaCuQ
16k I | we find similarly small valuethroughouttheq = (qy, =)
[ ™ ' . plane, for which there is no nesting. Averaging over
14 S q) now gives A(g. = 0) = 047 and A(q. = T) =
|:E 10! ' ' r 0.21. These values are upper and lower bounds Xpr
= | . 4 averaged over alj. We conclude that the valug, ~
2 10p . S @ 0.4 is too small to account for the high-temperature
L gl 3 [l | Y superconductivity in th€a-Sr-Cu-QOsystem
4 : f 4 This conclusion is supported by the calculation of the
o 6 ' electron-phonon contribution to such transport properties
41 A | | as electrical and thermal resistivities. Thedependent
] duadrupolainy TS transport constani(q) is given by Eq. (1) ifY,(k +

: mode I‘x' j B0 q)Y.(k) is replaced by the ele'ct'ronic velocity factor, —
0 i e L vk+q)2. Our calculations exhibit no large valuesxf(q),
[ (£00) X {TLE_.G} M (£0) ' DOS neitherintheg, =0 nor.in theq, = = planes. The en-
hancement due to nesting does not occur here due to the
FIG. 2. Calculated phonon spectrum of doped CaCuO  yelocity factor. We find\,(q) to vary between 0 and 0.5
and obtaim,; (g, = 0) = 0.22 andA, (g, = Z) = 0.14,

branches'. gk, are the electron-phonon matrix elementsWhICh are upper and lower bounds fag. O_ur calc_u—. .
found with our linear-response method [12]. ExpressioAated temperature dependence of the electrical resistivity

(1) must be normalized by, (0) = 3, ¥, (k)28 (Ey). displays a standard Bloch-Grlineisen behavior, and, above

The coupling constant; is the average ok, (q) over the tThe:vb;?g Iﬁégrlr?;i;rsehﬁeeir' Ui'nf gheeilcal(;lrjmleatid Vlzlnus of
BZ. Two delta functions in (1) impose integration over ur estimgted electr?cal r%ygisavit. i, (T — 3‘60 FI)() e
the space curve resulting from the crossing of two Ferm Y Bap(l = N

surfaces separated oy For this integral we had to use &2 20 0 TP 0 n R s
as many as 117R-points per irreducible BZ. y Y

Figure 3 shows our result fox, (q, ¢, = 0). Itis seen abovel00 w{) cm at room temperature. This 1-order-of-

to be strongly enhanced alohg(, where it almost reaches magnitude disagreement is also found yvh.e_n' we compare
the value. This is caused byeétingcorresponding to the calculated and experimental thermal resistivities, although

sliding of a nearly flat(0, 1, 0)-oriented FS sheet. Nesting gorrqutzt taee r:r?;er?ng?agﬂrl?eﬁsg)lﬂoﬂi z)l?)?i(l)izligeer(;%nmgﬁ_e
will also occur for the wave vectors connecting opposite g j

o 7 ight argue that the plasma frequency used in these es-
FS faces which in our case occurs fpr~ (5;,0,0) (see mig ) ;
Fig. 1). This kind of nesting enhancement is well knowntImates is too large and should be substituted by a 2-3

in the theory of HTSC [20]. In all other points of the fumes I_ower value. However, this WOUI.d' f|_rst of all, be
BZ, A, is seen to be small. It is almost zero around thelnco.n5|sten'g _because then the r_enormah_zatlon of the e_Iec—
X-F,)Oi;ﬂ and, going towards/, it increases towarde.3 tronic velocities should also be included in the expression

: . _ for Ay(q), and, second, it will not help to get agreement
This may be compared with the valuas(X) = 0.7 and for p.». We thus conclude thahe unusually large val-
- _ ues of the electrical resistivities in HTSC are not due to
30T = electron phonon scatterinigut are most likely due to spin
/|/|T A (qJ_=D)=D_4? fluctuations. Finally, we report on our calculation of the

i ! d-channel EPI. Currently, much interest is devoted to the
possibled,.—,» symmetry of the gap in connection with
the electronic mechanisms of superconductivity [2]. The
EPI should also contribute to thkpairing. Using Eq. (1)
for generalL, we have analyzed all symmetry-allowed
channels of superconductivity. We came to the conclusion
that,together with the channel, relatively large values of
Ar are obtained for the symmetey)-—,-; the calculated
values of A; in the other channels are either negligibly
small or negative. We have found that ijedependence
of A2 ,2(qy, 0) is very similar to that ofd;(qy, 0) shown in
Fig. 3, with the exception that; becomes negative near
—0.5 for q near theM-point. However, due to the large

FIG. 3. Calculatedq dependence of the electron-phonon Nesting enhancement, the average ayebecomes posi-
coupling in thel' XM plane for doped CaCuQ tive: A,2—y2(g, = 0) = 0.36. This value is just slightly
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smaller than that of\;(g, = 0). We furthermore find [1] For a recent review, see, e.g., N.M. Plakiddigh-
Aeoy(g = %) = 0.16. Since we find that, ~ A,, the Temperature Superconductivif@pringer-Verlag, Berlin,
electron-phonon scattering is highly anisotropit this 1995). . .

material and probably in all HTSCs near optimal doping. [2] For a recent review, see, e.g., D.J. Scalapino, Phys. Rep.
We can directly observe the anisotropy of the EPI ma- 250 329 (1995). , )

trix elements if we averagleg};vlz over all possible and [3] C. Thomsen and M. Cardona, iRhysical Properties of

L . _ High-Temperature Superconductors edited by D.M.
sum overr. This is done by calculating the susceptibil- Ginsberg (World Scientific, Singapore, 1989), p. 409,

: : I
ity function XL(q_) - Z_k Yi(k + q>YL(k)5(Ek+q)_5(Ek) [4] C. Frank, in Physical Properties of High-Temperature
and then the dispersion of the average matrix element * gynerconductors IVedited by D.M. Ginsberg (World

from |z(q)I* = {AL(@)/x7(@}1—av- As aresult, we find Scientific, Singapore, 1993), p. 189.

that |z (q;, 0)|* behaves the same as(q,0) as shown in  [5] S.I. Vedeneevet al., Physica (Amsterdam)L98C, 47
Fig. 3,i.e.|g(q)|* is large (-0.05 Ry* cell) for the nesting (1992); N. Miyakawaet al., J. Phys. Soc. Jpr62, 2445
wave vectors and is smai-0.01 Ry" cell) at all otherq (1993).

points. Such behavior is very unusual since the band struc{6] See, e.g., I.1. Maziret al., Phys. Rev. B2, 366 (1990).
ture factor §(Ex+4)8(Ex) enters bothi;(q) and xi’(q), [7] G.L. Zhaoet al., Phys. Rev. B50, 9511 (1994).

and thus cancels. It must be directly related to the be-[€! F;: i Cohelretjzl.,Prlg/s. RLeV' els_;tt2624é 2?;31(1990); W.E.
havior of the self-consistent potential screening the nuclei[g] OICKeE;?ItdZI’gengts.al eFYHys?é; (,Amste(rdam)l.850-189c;
d?splac_ements_ of giveq or, equivalently, to the inverse 147 .(1991); I 1. Ma.z’inet al., in Lattice Effects in High-
Q|§Iectr|c matrlxa(;l(r, r') oflthe crystal (these exact quan- T. Superconductorsedited by Y. Bar-Yaret al. (World
tities are evaluated by our linear-response method). qThe Scientific, Singapore, 1992).A, quoted in the text for
dependence of those are indirectly influenced by nesting. the X- and S-points are the most recent values from A.
In addition, from the analytical results in Ref. [15] we have Liechtensteiret al. (unpublished).

found that alsdg(q)|” for the oxygen dimpling mode has a [10] See, e.g., P.B. Alleet al., Phys. Rev. B37, 7482 (1988);
q dependence similar to the one shown in Fig. 3[21]. Ex-  R. Zeyher, Phys. Rev. B4, 10404 (1991); I.1. Mazin
actly this kind of electron-phonon interaction, i.e., attrac- et al., Phys. Rev. B45, 2509 (1992); C.T. Rieclet al.,
tive for q along (1,0) org small, and negligible fog near ;2{5-823"-1551323(712%5()1995)? F. Marsiglieet al., Phys.
(1,1), is what is required to support tBe-3d electron- ' ’ y )
electron interaction, which is repulsive for largealong [11] g'ez' g’e(‘;gasg\;’u;?gﬁe' dgzev. Le@id, 2819 (1992); Phys.
(1,1), in causingl,>,.-wave pairing. Al ' ’

> 2] S.Y. Savrasovet al., Phys. Rev. Lett.72, 372 (1994);
In conclusion, we have found that the electron-phono Phys. Rev. B (to be published).

interaction alone cannot explain high values Bf in  [13] M. Azumaet al., Nature (London)356, 775 (1992).

the Ca-Sr-Cu-O system and, most likely, in all other[14] Z. Hiroi et al., Physica (Amsterdam?08C, 286 (1993);
cuprate superconductors. On the other hand, we found Y. Zhang etal., Nature (London) 370, 352 (1994);
that A, ~ A; ~ 0.3, and this suggests that the electron- H. Shakedet al., Phys. Rev. B51, 11784 (1995). In
phonon scattering may supparwave superconductivity J. Karpinskiet al., Physica (Amsterdanf34C, 10 (1994),
based, for example, on the spin-fluctuation mechanism.  growth of single crystals of Ga,CuG, (0.01 < x <0.02)
Many questions remain unresolved, however. (i) If the ~ With 7. = 70-100 K without stabilizing additives of Sr
Fermi surface is predicted correctly by LDA, can the . ©f Liin ahigh-pressure gas system has been reported.

LDA electronic velocities be used in the expressions for[15] O.K. Andersenetal,, J. Phys. Chem. Solidd2, 1573
P (1995); O.K. Anderseret al., Phys. Rev. B49, 4145

A? (i) Are these expressions for, based on Migdal's (1994).
theorem, valid if the energy bands are narrowed due t@yg] p. L. Novikov et al., Physica (AmsterdamP10C, 301
Coulomb correlations? (iii) To what degree will the (1993).

lattice instabilities influence the superconductivity through[17] B.K. Agrawal et al., Phys. Rev. B48, 6451 (1993);
the anharmonic effects? Attempts to answer these and R. Wehtet al., Physica (Amsterdan23C, 339 (1994).
further questions clearly requires much further work. [18] G. Burnset al., Phys. Rev. B40, 6717 (1989).

The authors are indebted to I. Dasgupta, O. Jepsefl9] A. Bianconiet al., Phys. Rev. Lett76, 3412 (1996).
A. Liechtenstein, G. Khaliulin, M. KulicE. G. Maksimov, [20] H. Krakaueret al., Phys. Rev. B47, 1002 (1993).
I.1. Mazin, and R. Zeyer for many helpful discussions. ~ [21] O-K. Anderseret al. (to be published).

4433



