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Superconducting and transport electron-phonon coupling constants in
YBayCusO5: effect of the interband anisotropy.
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Using previously reported first-principle frozen-phonon LDA calculations we have calculated the effective su-
perconducting and transport electron-phonon coupling constants. We have taken into account the amsotropy
due to the difference between foir bands crossing the Fermi level in YBa;Cu3O7, and found that because the
anisotropy influence both electron-phonon coupling constants, but sn the opposite direction, the superconducting
constant becomes larger than the transport one The absolute values of the effective coupling constants is close
to 2. The superconducting gaps for the different bands vary by nearly an order of magmtude. We also discuss

how various experiments might have been explained in terms of the interband anisotropy

It is well known that if a metal has several
bands with different electron-phonon couplings
crossing the Fermi level, such an anisotropy can
increase the superconducting transition tempera-
ture [1, 2], and decrease the phonon-limited resis-
tivity [3]. In the last years the first issue has been
addressed several times in connection with the
YBayCusO7 high-T, superconductor (see, e.g.,
[4]), although no quantitative estimates have been
done by now. However, the anisotropy effects on
the electrical transport 1n this material have never
been discussed, although in principle they are of
the same order and should be treated on the same
footing. Furthermore, LDA calculations of the
Fermi surface of YBasCu3O7, confirmed by sev-
eral experiments, uncovered four different sheets
of the Fermi surface, suggesting that instead of
the usually used two-band model the four-band
model should be used.

Recently very accurate LDA calculations for
the coupling of the electrons with selected
phonons 1n YBa;Cu3O7 have been performed(5)
which allow to put the problem on a more quanti-
tative basis. In this paper, we make use of these
calculations to estimate the effect of the inter-
band anisotropy in YBa;CuzgO7 on both the ef-
fective superconducting coupling constant A, and
the effective transport coupling constant A, (ap-
parently, the effect 1s opposite in both cases)

The following notations are used (¢ and j label
different bands, Er = 0, €} and v} are electron
energies and velocities, o is a Cartesian index):
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Here My), 1s the standard electron-phonon
matrix element for the branch v, corresponding
phonon frequency being §2. As usually, we shall

neglect 1n a first approximation the “scattering-
in” term, which reduces the last equation to

t2 =5, = 3 U, N,W..
J

Matrices | and t define the mass renormaliza-
tion constants for each sheet:

Av=3" 4, /N,
and both isotropic coupling constants

N=3"1,/N=X=) AN/N
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Figure 1 Fermu surface of YBa;CuzO5
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and the effective coupling constants with
anisotropy being included {2, 3]

Al = max[eigenvalues{l,,/N, = Uy, N, }]
’\:r'-ff = w/ Z("_l)u (2)
1

It is easy to show, and has already been shown in
the Refs.[2, 3], that A/ > A0, while A/ < A0
The equalities hold when the average interactions
U and U are 1sotropic, 1.e., U,; is the same for all
. A useful illustration to this 1s provided by a
realistic assumption that U,, = U,,. In this case
A? is obtained by averaging A, with the weights
N,, A{, by the same way with the weights W,,
and to obtain /\f;f 7 one has to average the inverse
quantity, 1/A, A direct consequence 1s that if
A% &2 A%, then always Ae// > A&/,

Let us now make contact with first-principle
calculations for YBa;CuzO7 [5]. In the Refs.[5]
frozen-phonon calculations of the electron-
phonon coupling with 17 selected phonons were
reported, which are essentially exact within the
LDA. Furthermore, these phonons couple to dif-
ferent inter- and intraband transitions so one can
get some hint about the average interaction ma-
trix U

Five of the phonons 1n questions are zone center
(T') phonons. For those we have calculated [5] the

Table 1
Partial densities of states N, and partial inte-
grated Ferm velocities W,

s b a c total

N.st./Ry/spm | 92 59 144 57 | 351
W,z st Ryal |002 075 046 004 | 1.28
W,y st Rya% | 003 083 033 105 2.24
W, ., st Rya% | 000 001 006 004 011

following quantity-
A=Y Py gb(ex) = Y Un(O)N,s
ik T

The last equality defines of U,,(0), which are
shown 1n Table 2. For 12 other phonons we have
calculated A’s as follows:

1
Ma) = ﬁzgp.k,;k+q6(‘zk)6(‘:k+q)
12

Z Ui] (q)CiJ (q)i

where (,(q), proportional to the electronic sus-
ceptibulity, is defined in Ref.[5].

¢s(@) = hm x(q,w)/w = %ja(e.k)é(mq).

The calculated values for U,,(q) are given 1n Ta-
ble 2 In order to be able to use Eqs.1 we average
the elements of the matrix Uy, (q) over three, two
or one phonon, and the 2 elements remained un-
known, U, and U,q, we approximate by U,, (We
use notations of Ref.5b. Stick, plane Bonding,
plane Antibonding and Chain bands, with one
important correction: Since the fourth and the
third band interchange they character when k.
becomes larger than ~ 0 58« /a we ascribed the
parts of the fourth and the third band which
have predominantly chain character to the C-
band and the rest to the A-band). Then we come
to the matrix (U,,) which is also shown 1n Table
2, and calculate all four coupling constants dis-
cussed above, assummng that U, =U,, = (U,,).
The calculations give the following numbers
/\ac /\tr—x ’\tr—y ’\tr-z
Al 149 151 201 208
A¢fl 195 147 174 196
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Table 2

Interaction matrix U,, averaged over different
phonons in I', Y and S poimnts, and the total av-
erage

U,,, mRy

1 r Y S total
ss | 0.886 — — 0.886
sa — 0.046 — 0.046
sb —_— = — 1

sc — —_— — l

aa | 1.045 0.470 3.940 | 1.818
ab — 0.793 0.043 | 0.418
ac — 5.685 0444 | 3.064
bb | 0608 0.381 2330 1.106
be — 7.016 0402 | 3.710
cc | 0.328 — — 0.328

Note that, first, the interband anisotropy in-
creases the effective superconducting coupling
constant by 31%, and reduces the transport
coupling constant by 3-14%. Accidentally, the
anisotropy of W cancels to large extent the
anisotropy of U.

Lastly, we have used the BCS equation for the
gaps [1]

A,

WD 2 2
F(A) dE tanh(———VE;A)/\/Ez T A2

0 T

to calculate the ratios A,/2wps. The result 1s
shown 1n Fig.2. Of course, one should not take
these numbers too seriously, first of all due to
uncertainty of U, but also because the strong-
coupling effects on A cannot be neglected (con-
trary to the calculations of the effective A’s; cf.
[2]). Nevertheless, if one believes that the quali-
tative picture is correct, it provides appealing ex-
planation of several experimental facts:

1)If we assume the cut-off frequency in Eq.3 to
be 350 cm™?, then our largest (chain) gap (16%
weight) will be 650 cm™!, the plane gaps at 330
(A, 41%) and 170 (B, 17%), and the stick gap will
be at 35 cm~! with the weight 26%. Recent mea-
surements of L. Genzel et al, [10]using highly ac-
curate Fourier-interferometer technique, are con-
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Figure 2. Temperature dependence of the super-
conducting gaps

sistent with a multiple gap structure where about
15% of the total weight is placed 1n a gap at 330
cm™!, about 13% at 220 cm™1, about 18% at 180
cm™!, and the rest 56% are distributed between
70 and 140 cm™~! (and notconsistent with any sin-
gle gap). This is in partial agreement with our
calculations, the main discrepancy being the mis-
placement of the chain gap (be it at 50-150 cm™?,
the agreement would be very good). Interestingly,
the same measurements on Fe-substitited samples
(Fe is known to go into chains) show no changes
in the gap structure above 150 cm™!, in accord
with the above assumption that the chain gap 1s
misplaced. A reason for such a misplacement may
be that the :atrechain pairing interaction 1s fairly
weak, and the induced gap is so large only be-
cause the chain-plain interaction turns out to be
so strong. The latter comes in our calculations
only from Y-phonons, and it is likely that other
phonons would not emphasize this interaction so
drastically

2) The latest tunneling experiments show a fi-
nite density of states below gap at T~ 0. This can
be explained easily by an amsotropic gap, like in
d-parring, or essentially in the same way by an
interband anisotropy like that discussed above.
Moreover, some expertments explicitely suggest a
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multigap structure. Presumably, recent explana-
tions of the temperature dependence of the NMR
relaxation time 1n terms of d-pairing would also
be valid in this case

3) Many expermments (optics, penetration
depth, tunneling) give much slower T-dependence
for the gap than in the BCS theory, but more like
the 2-fluid model. It can be seen from Fig.2 that
our plane gaps behave 1n the same way. Moreover,
the fact that the stick gap comes out so small,
brings an interesting analogy with the classical
2-fluid model. It would be interesting to revisit
these experiment from such point of view

4) Without gong into details, let us mention
that there are indications that the critical field
for the stick is much smaller than for the planes.
This is 1n accord with our calculations.

It is interesting to compare our A’s with the ex-
periment. All variety of experimental estimates
can be found in the literature, from 0.3 to 8. We
shall try to use the values obtained with the help
of the same band structure that we exploit in this
work Shulga et al [6] analyzed the specific heat
measurements of Phillips et al [7] and got for A
(in our notations, for A%) & 2. As the bare den-
sity of states they used that calculated in Ref.[5).
Mazin and Dolgov([8] used the plasma frequencies
from the same calculations (i.e., the W’s shown
in Table 1) together with the resistivity coeffi-
cients measured by Friedmann et al [9] to get the
effective transport constants of 1.8, 1.4 and 3.7
for z, y and z, respectively (the last value was
very unsure because of experimental difficulties).
Qualitatively, all these value compare favorably
with the calculated A’s above. Note that tak-
ing into account such a correlation-induced renor-
malization in N and W would bring both esti-
mates down. For instance, if one would assume a
renormalization of about 2, in terms of the effec-
tive mass, as suggested by some photoemission
experiments, our calculated A’s and W’s would
be twice smaller, and N’s twice larger. Cor-
respondingly, the specific heat A would become
AN = (141)/2 -1 = 0.5, and the resistivity A’s
would be X' = A/2 ~ 0.9, 0.7 and 1.8, still being
reasonably consistent with the calculations.

To summarize, we report first microscopical
estimations of the magnitude of the electron-

phonon coupling in YBa;CugQO~, taking into ac-
count the interband anisotropy. We find rather
large coupling, and also show how the supercon-
ducting coupling can be enhanced due to this
anisotrpoy. The fact that the anisotropy effects
turns out to be very important in YBay;CuzO7
suggest that the experimentaly observed trans-
port electron-phonon coupling constants should
not be uncautionally used in the context of the su-
perconductivity, since the effective superconduct-
ing coupling constant can be much larger.
We thank P.B.Allen for useful discussions.
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