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Estimation of the electron-phonon coupling in YBa,Cu3;0O; from the resistivity
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Recent data on the single-domain resistivity of YBa,Cu;0O; are analyzed using the local-density-
approximation calculations of the plasma frequencies and Fermi velocities. It is shown that the trans-
port coupling constants A, for all three directions come out to be of the same order, namely about 1.5.
The corresponding mean free path /=11 A at T=300 K, which dispels the popular notion that the
local-density-approximation band structure yields unreasonably large A and small / values. The possibil-
ity of an anisotropy in A, and of a difference between A and A, is discussed with the help of results from

rigid-muffin-tin calculations of the Hopfield factors 1.

YBa,Cu;0; appears to be, at the moment, the best
studied high-T, material. Now twin-free single crystals
have become available for experiments. In particular,
several experimental estimates of the plasma frequencies
are available. 2 Highly accurate band-structure calcula-
tions have been recently performed®* (note that the re-
cent angle-resolved photoemission experiments® prove
the validity of conventional band-structure calculations
for YBa,Cu;0,). Finally, resistivity anisotropy has been
measured.® These data, if used together, provide a
unique possibility to estimate the electron-phonon cou-
pling constants. In fact, there already were some at-
tempts of this kind.”"® However, they used much less re-
liable data—collected on twinned or even ceramic
samples—and also referred to band-structure calcula-
tions less accurate than those presently available, which
is especially important with regards to the mean-free-
path estimation. The goal of this paper is to reconsider
the subject with these more appropriate tools.

We recall that the phonon-limited resistivity in the
linear region (T 2 @, /4) may be written as

p(T)=8n*#w, *kg TA,, , (1)

where (#w), )2 is proportional to the electron velocity
averaged over the Fermi surface (FS):

(N(OW2) =3 8(epa)V2, )
k,a

(€4, and vy, are the energy and the velocity of an electron
with the wave vector k in band ), and transport cou-
pling constant A,, is defined by

Ae=23 3 3 8(exe)8(e5) (Vi V,p)
v ko qpB
XM 5/2{ N(OW?) , 3)
where Mila,qﬁ=2t(kaI(SV/SRt)evzlk.B>/

v 2m,Q,y—q is the electron-phonon matrix element.
Here e and Q are the polarization vector and the frequen-
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cy of the corresponding phonon. The superconducting
coupling constant is defined in an analogous way:

A=2T 3 8(ey,)8(ep) ML, 45 /N(0) . 4)
k,a q,8

A standard assumption, used, for instance, in Refs. 7 and
8, is that A=xA,. Using this assumption, together with
Eq. (1), one can extract A from the resistivity measure-
ment, as it was done in Refs. 7 and 8. However, at that
time there were no reliable single-crystal resistivity data.
Instead, the polycrystal line data were used which led to
the conclusion® that A=2.8, which was considered un-
physically large. As an estimate for #w, the value 3.6 eV,
calculated by Mattheis and Weber, was used. Then sub-
sequently the authors made the further assumption that
the mean free path I ={vg )7e—pr =#{ vy ) /2w TA, where
(vp) may be estimated as V' (N (0w?) /N (0). This led
to the conclusion that / =1.7 A, which is unphysically
small. In fact, vy varies greatly over the FS, and because
of that / was severely underestimated in Ref. 8 (see
below). Thus the conclusion® was that the true value of
fiw, is 1.1 eV and that A is about 0.3. This conclusion
was in line with the then popularly held notion that band
theory was irrelevant to the study of the high-T, super-
conductors, and that the electron-phonon interaction
plays a secondary role. However, in the three years since
then, more evidence that the electron-phonon interaction
is strong (see, for instance, Ref. 9 for a list) has been accu-
mulated and it is beginning to be realized that the calcu-
lated band structures are not very far from reality. To
the last point we can mention the recent photoemission
experiments® and the fact that the discrepancy between
the estimations of #w, from the optical spectroscopy and
the band-structure calculations is getting smaller.
Indeed, the analysis below shows that the latest single-
domain resistivity data can be easily reconciled with the
band-structure calculations and that the corresponding
electron-phonon coupling also is very reasonable.
Friedman et al.® give, for the resistivity slope dp/dT,
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the values of 0.6, 0.25, and 12.5 pQ cm/K for the x, y and
z directions, respectively, with the z value claimed to be
less reliable than the other two. In Fig. 1 we have plotted
A, as a function of #iw, for the three directions, taking
the values above (the y axis is parallel to the chains). We
have marked 7w, corresponding to the LDA band-
structure calculations. There exist only a few optical ex-
periments for single crystals. "2 In these two works, only
the values of the screened #w, are given, namely 0.86 and
1.03 eV in the x direction and 1.49 and 1.58 eV in the y
direction in Refs. 1 and 2, respectively. Note that the un-
screened fiw, is larger by the factor V€, where €, is at
least 4. This shows that calculated and measured fiw,
agree qualitatively, but it is not clear yet which data are
more reliable. It is worth mentioning that the penetra-
tion depth, often used for estimating 7iw,, in fact gives
fiw, renormalized by the electron-phonon coupling,
which makes such estimates even less reliable. In the fol-
lowing discussion we shall use always the calculated %o,
keeping in mind that some overestimation of 7w, is still
possible.

As seen from Fig. 1, despite the enormous anisotropy
of the resistivity, all three values of A, agree very well.
In fact, use of the calculated ﬁcop yields A, values of 1.4,
1.8, and 3.7, in the x, y, and z direction, respectively.
One should keep in mind that both the experiment and
the calculations are less accurate in the z than in the x
and y directions, the former due to additional scattering
mechanisms for the z-axis current, and the latter due to
smallness of the v,,. In fact, many groups are convinced
that the conductivity in the z direction is nonmetallic.
So, the value that we give for A, (z) is included more for
completeness, as in Ref. 6, and should not be taken too
seriously. However, the x-y anisotropy is a reliable quan-
tity. The fact that €, is unknown makes it difficult to ob-
tain experimental values for #iw,, and fiw,,. Assuming
€, is the same in the x and y direction, we obtain an an-
isotropy of 7w, slightly less than the calculated ones, so
that A, (x) /A (p)=1.

The reasoning above suggests that A, for all three
directions is about the same, 1.5—-1.7, and most probably
the superconducting A is also of the same magnitude.
However, it may also be that the x-y asymmetry of A, ac-
cording to the calculated #w, is not an artifact. It is in-
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FIG. 1. Transport electron-phonon coupling constant as a
function of the plasma frequencies #iw,, as derived from the ex-
perimental resistivity slopes (Ref. 5). The markers correspond
to the #iw, calculated from the LDA band structure (Ref. 3).
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structive to look at the electronic structure in order to
understand possible causes for such an anisotropy.

The standard method for calculating electron-phonon
coupling in the framework of the conventional band-
structure calculation is due to the so-called rigid-muffin-
tin approximation (RMTA),® which may be readily gen-
eralized to the case of phonon-limited resistivity.!' This
approximation is well understood for classical supercon-
ductors; however, its accuracy for the high-T, materials
is unclear. It has been used for them, nevertheless,>!?
and we believe that it is reasonable for qualitative
analysis, while one should refrain from making quantita-
tive conclusions.

Equation (1) for A, may be decomposed into two parts:
Ay and Ay, where the first part includes v and the
second v,-vg. A difference between A and A, as well as
an anisotropy of A, may come from both parts. Howev-
er, for transition metals it is known that A;; <<Ay.!!
There are two reasons for that: First, it may be shown
that in the RMTA a small numerical factor appears be-
fore the corresponding expression (see Ref. 11 for details)
and, second, averaging of the vector quantity v, over the
FS introduces generally a smaller result than averaging
the scalar expression vi, independent of the way of
averaging. So we shall concentrate on A, Then, we
shall use instead of A the corresponding Hopfield factors
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FIG. 2. Transport and superconducting Hopfield factors as
calculated in the RMT approximation.
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17, which differ from A’s in a sense that the phonon depen-
dence is excluded:

N=2m=23 2 X 8era)blep)

t k,a ¢B
X {ke|8V /8R,|qB)|N(0), (5)

and 17,, is defined in the same way. In the RMTA this
can be rewritten as

= 3 N WLLNL Wii/NO, (6
L,Ly,L,,Ly

where W is the muffin-tin potential matrix element and N
is the density matrix in the angular representation. For
750 one should substitute Nz, in (6) by {Nv?) 1L, and

N(0) by {N(0Ww?). A standard approximation is to
“cancel out” the factor v? and to neglect the difference
between 1 and 7. However, it is incorrect when the
electron velocity changes too much over the Fermi sur-
face.!! To check this, we have made the calculations of
7’s according to the algorithm described in Ref. 11. The
results are shown in Fig. 2. We see that the total 7’s do
not show significant anisotropy, or any difference be-
tween 77 and 7. The same is true for the partial Hopfield
factors of the “bridging” atoms (bridging O and Ba).
However, the plane atoms’ 7 shows a considerable anisot-
ropy of the same sign as that extracted from the experi-
ment (Fig. 1). The anisotropy of chains’ 7 is opposite.
The cancellation occurs only if the hardness of the chain
phonon is the same as for plane ones, which is not neces-
sarily so. This provides an explanation of the possible
Px /p, anisotropy from the band-structure point of view.
The last point is due to the mean free path I. There are
parts of the FS with a small vz and a large density of
states, and other parts with a much larger v,. The trans-
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port occurs by scattering of the fast electrons into regions
of the FS with large densities of states. Thus the v, to be
used in estimating / must be taken from the “fast” parts
of the FS where it is about 5.5 eV ag, and not as an aver-
age over the whole FS, as has been done in Ref. 8. At
T =300K, it gives I =11 A, which is reasonable in that it
does not contradict the fact that YBa,Cu;0, is, presum-
ably, a clean-limit superconductor. On the other hand,
some corrections to the clean-limit results are possible,
for instance, to H, (cf. Ref. 13).

To conclude, we have used the unscreened plasma fre-
quencies from conventional band-structure calculations
to extract the values of the transport electron-phonon
coupling constant and found that they are close to each
other: All three of them have values around 1.5-2. This
suggests that the superconducting coupling constant A
should be of the same order of magnitude. The corre-
sponding room-temperature mean free path is about 11
A. The difference from the earlier estimations® comes
mainly from the following two factors: better data on the
resistivity and more accurate Fermi velocities. We have
also investigated the corresponding Hopfield factors (the
electronic part of A) in the rigid-muffin-tin approximation
and discussed possible sources of the anisotropy in A, if
any, as well as of the difference between A and A,,.
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