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Electron-phonon interactions in the copper oxides: Implications for the resistivity
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The effects of strong Coulomb correlations on the electron-phonon interaction are calculated
using a frozen-phonon approach applied to the extended Hubbard, infinite-U Hamiltonian. As
the insulator is approached the electron-phonon interaction becomes progressively weakened due
to the inability to transfer charge. Both the magnitude and concentration x dependence of m*/n
are consistent with experiment. While there are no clear experimental trends for variations of 1/
with x, the magnitude is in agreement with the data. That the calculated electron-phonon contri-
bution to p is nearly linear and found to account for most of the observed magnitude must be
recognized in estimating the importance of other electronic or magnetic scattering contributions to

the linear resistivity.

The temperature-dependent resistivity p in the metallic
copper oxides is anomalous for a number of reasons: (1)
it is linear down to temperatures 7T low compared to the
Debye energy; (2) the slope dp/dT is 2 orders of magni-
tude larger than that of a typical metal such as copper;!
(3) and there is no indication of saturation effects or even
negative values of dp/dT such as might have been expect-
ed for resistivities in excess of several hundred uQcm.

Despite these anomalies it is clear, however, that if these-

materials resemble typical metals in any way, then the
electron-phonon scattering contribution to the resistivity
should not be ignored. Indeed, it is extremely important
to characterize this contribution in order to determine the
nature of other scattering mechanisms which may be
present.

It is the purpose of the present paper to determine the
electron-phonon coupling constants in considerable detail
and to thereby deduce the effects of this scattering on the
resistivity. While there have been a number of attempts
to compute the strength of the electron-phonon cou-
pling?3 and some studies of this contribution to the resis-
tivity,2 none of these has taken full account of the role of
very strong Coulomb correlations which ultimately drive
the system into an insulating state. Furthermore, we be-
lieve ours is the first to study systematic carrier concentra-
tion effects and to focus on the important constraints pro-
vided by the Drude fits to the low-frequency ac conduc-
tivity. A Drude analysis makes it possible to decompose
the dc conductivity into both a static (but temperature-
dependent) scattering time and an m*/n contribution. A
separate measurement of these two quantities provides ex-
tremely important information. This determination of the
lifetime in YBa;Cu3O7 -5 leads to the conclusion that the
coupling constant A associated with the excitation driving
the linear resistivity is around 0.4.* Clearly this provides
a rather stringent upper bound on the electron-phonon
coupling constant. Furthermore, the lifetime is found to
be rather insensitive to carrier concentration in the metal-
lic regime,*? so that the large decrease in the dc conduc-
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tivity as the insulator is approached, must then be attri-
buted to an increase in m*/n. From these measurements
it is not possible to distinguish whether the approach to
the insulator is related to a large effective mass m™*, such
as in a localization model of the insulator or to a small
carrier number n, which might be more appropriate to a
system with a gap [such as found in the Hubbard split
band or spin-density wave (SDW) models] which persists
into the metallic phase. Nevertheless, these measure-
ments of m*/n serve to emphasize the point that Coulomb
correlation effects of one form or another are clearly man-
ifested in the dc resistivity and must be included in any
calculation of the electron-phonon coupling constant.
Previous estimates of the electron-phonon coupling con-
stant A in La; - ,Sr,CuQO4 range from 0.65 to 2.0.23 In
YBa,;Cu307 ;5 the values lie between 0.32 and 2.9.%¢ For
the most part these numbers are in excess of the upper
bound imposed by the ac conductivity Drude fits.

Our approach to calculations of the electron-phonon in-
teraction is based on a Fermi-liquid scheme which we
have discussed elsewhere.” We build on the heavy-
fermion literature® to treat the Anderson lattice or ex-
tended Hubbard Hamiltonian in the presence of infinite
Coulomb correlations U on the Cu sites. Our starting
Hamiltonian for the copper oxide plane in the auxiliary-
boson formulation® is given by

HO - Z sgdi'radi,o"{' Z Spcjj;dcj,a-{'- E V(ditacicj,o"*' H.C.)
i,o J,o

i,j,o

+ X 1(Cf,Co+H.c), )
o

with a constraint equation at each site
Ed,fud;,d+e,3‘e,- =1 y (2)
(-3

where the creation operators C' and d7 represent oxygen
and copper electronic states, respectively. In this “elec-
tron” picture the mixed valence states consist of Cu?* and
Cu3*. We could equally well work in the infinite-U “hole
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picture” where the allowed states are Cu?* and Cu'*, al-
though in this case we would need to assume somewhat
smaller values® of the hybridization in order to obtain the
same physical picture. Applying a mean-field approxima-
tion to Eq. (1) leads to a renormalized band structure in
which the copper-oxygen hybridization is substantially re-
duced and the d level raised toward the Fermi energy. At
half filling the renormalized hybridization vanishes identi-
cally signaling the breakdown of the Fermi liquid due to
localization (m* — o0). Indeed, within a strict Fermi-
liquid theory in which the Fermi volume contains the full
complement of carriers, the carrier number n does not
vanish but rather approaches unity at the insulating limit.
An appreciably enhanced mass is therefore a necessary
consequence of any (Luttinger sum rule obeying) Fermi-
liquid picture, which is also compatible with the low-
frequency conductivity data discussed above.

We deduce the electron-phonon coupling constants in
two ways using this Hamiltonian. The first, a “frozen-
phonon” (FP) scheme introduces the phonon as a static
distortion of the lattice. The electronic eigenenergies are
then recalculated in the presence of the distortion and
their corresponding shifts can be used to deduce the
electron-phonon coupling. Alternatively a diagrammatic
screening approach'® has been used which is based on
equivalent RPA treatments of the electron gas. Here the
“Kondo boson” or 1/N fluctuation contribution® plays the
role of the usual screened Coulomb term, and XV is the de-
generacy of the Cu and oxygen spin states. In this paper
we focus exclusively on the frozen-phonon approach, al-
though the physics in both approaches is very similar. For
definiteness, we assume a wave vector Q=X =(%, %,
0)(n/a) for the FP distortion. The electron-phonon in-
teraction is written as

H, phn=Hpp—Ho

1/2
. ] al+qax(ad, +a-q,),
Vv

3)

where a' denotes the creation operator for the quasiparti-
cles near the Fermi surface, calculated for the undistorted
Hamiltonian. The electron-phonon transition matrix ele-
ment is '

. 0H .
gQ.v all‘lg}o<ak+Q,a 3R Qv ak,c>~ 4

For notational simplicity, we do not write down the dis-
torted Hamiltonian; it can be readily deduced from Eq.
(1) when &, and &4 are assumed to be site dependent due
to the bond-length dependence of ¥ and ¢. In Eq. (4) the
input parameters'"!2 which set the scale for the strength
of the electron-phonon coupling are, in the linear approxi-
mation, V(R+8R) —V(R) = —7TVéR/a, and t(R+6R)
—t(R) = —2t5R/a where R denotes the copper-oxygen
bond length. (Similar variations arising from &; and &,
can be also be included.) The distortion of Q=X intro-
duces at most two inequivalent sites for these variables
and the various site dependences are dictated by the sym-
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metries of the static mode under consideration.

Here we consider only planar distortions such as would
be appropriate to phonons in La;—,Sr,CuQy4, although
the behavior of the resistivity in YBa,Cu307—5, to which
we will also refer, does not appear to be different by more
than factors of 2 or 3.! The distortions which have been
discussed elsewhere, ! are categorized according to their
planar projections into six distinct types, shown in the in-
set of Fig. 1. We use known results to associate with each
of these a corresponding phonon frequency wq,,. Because
the out-of-plane motion leads to a further subdivision of
these six modes'? (into 15) we treat all 15 frequencies as
distinct. The mean-field approximated Hamiltonians are
readily written in a 6 X6 matrix form. Within this matrix
formalism, the band structure is numerically determined
in the presence of the variational conditions on the two
inequivalent boson amplitudes e and Lagrange multi-
pliers. Physically these variational or self-consistent con-
ditions impose strong ‘“screening” constraints on the
electron-phonon coupling. This screening is a conse-
quence of infinite Coulomb correlations on the copper site
which make it difficult to transfer charge when these sites
are close to half full. This effect is rather dramatic and is
illustrated in Fig. 1 which plots the six electron-phonon
transition matrix elements as a function of the dopant
concentration. Near the half filling limit all the coupling
constants vanish as e & (1 —ny). It should be noted that
somewhat before the insulating state is reached the entire
frozen phonon picture will break down, since then the
electronic energy scales become comparable!? to those of

‘the phonons and the static or frozen-phonon approxima-

tion is not valid.

The effects of this reduced electron-phonon coupling, as
well as the enhanced effective masses have important im-
plications for the transport properties of the copper oxides.
We calculate the resistivity!* from the linearized
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Doping Concentration

FIG. 1. Concentration dependence of the electron-phonon
coupling constant for the six planar modes discussed in the text.
The open and solid circles indicate copper and oxygen, respec-
tively.
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Boltzmann transport equation as
Vo 1 1

== —— -, 5
e? «V;%X»FsN(Ep) T )

where the electron-phonon scattering rate is given by

I(w/2kpT)

AnkpgT (>
=T [ dwadF @) 2 @)

Te-ph h

and I(y) =(y/sinhy)?2. Here we approximate the phonon
transport spectral function by

(([ka - Vk;] 2 I gQ,v IZ»FS
4<(V1%x))ps

«—n
NM,wq,,

alF(w) =
N(Er)é(w—wq,,) , @)

and we have assumed that the more complicated k-space
summations can be replaced by Fermi surface averaging '’
{(Mrs. The quantity (n/m*) which appears in the simple
formula for the resistivity p=(m*/ne?)(1/7) can be
readily calculated from the (undistorted) band structure
in terms of the Fermi surface averaged velocities and den-
sities of states N(Er) using Eq. (5). In Fig. 2 we plot the
inverse of this quantity as a function of hole concentra-
tion. We also indicate in the figure the corresponding
value for the Drude plasma frequency 4zne >/m*. Experi-
mental values for this plasma frequency range from 0.4 to
1.0 eV in La; —,Sr,CuO4 (Refs. 1 and 16) and from 0.8 to
3.0 eV in YBa;Cu307—-5'"1% The average value for both
in the literature is around 1 eV which is about a factor of
10 less than a typical metal such as copper.'® The concen-
tration dependence of our results is roughly seen experi-
mentally. %>

The inset plots the electron-phonon lifetime which we
calculate at 100 K. Despite strong screening effects this
scattering is still about 10 times stronger than in copper. !°
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FIG. 2. Concentration x dependence of transport mass (or
plasma frequency). The inset plots the electron phonon lifetime
vs x at 100 K. The small kinks reflect van Hove singularities.
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This together with the ten times smaller Drude plasma
frequency can help explain why the resistivity slopes are
roughly 2 orders of magnitude larger than in copper. It
should be noted that the corresponding value for the cou-
pling constant A which we find is considerably less than
most theoretical values in the literature. By contrast, ex-
perimental measurements of the dc scattering rate at 100
K range*> between about 15 and 30 meV which are rath-
er close to our estimates based only on the electron-
phonon contribution.

By combining the lifetime with (n/m™*), we can calcu-
late the temperature and concentration-dependent resis-
tivity. The temperature dependence of p is shown in the
inset of Fig. 3 for x =0.20 in arbitrary units. This curve is
close to but clearly not precisely linear. In order to quan-
titatively compare the electron-phonon contribution with
the measured values, we represent the resistivity by its
slope dp/dT, so as to avoid uncertainties in the residual
resistivity. Shown in Fig. 3 are a collection of experimen-
tal data>?%2! on La,—,Sr,CuO, (squares, triangles, and
circles). The solid line plots our theoretical results at
T =300 K. It can be seen in the theory that the concen-
tration dependence of the slope is rather weak, since the
increase in the effective mass tends to cancel out the de-
crease in the electron-phonon scattering as the insulator is
approached. Experimentally, the slope shows an increase
below about 10 or 15% hole concentration. Even in ma-
terials which are close to or actually insulating, there ap-
pears to be a linear contribution at high tempertures with
even higher slope, as indicated by the few data points in
this regime.>2! Tt is interesting to try to analyze these
data by adding to our calculated electron-phonon scatter-
ing an additional concentration-independent transition
matrix element leading to a small additional relaxation
time 1/79= 3.5 meV well into the metallic regime. The
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FIG. 3. Concentration dependence of the resistivity slope at
300 K. Theoretical results dotted (or solid lines) are with (or
without) a small phenomenological added constant lifetime.
Triangles, circles, squares (and crosses) are from Refs. 5, 21,
and 20, respectively. The inset plots the calculated tempera-
ture-dependent resistivity at x =0.20.
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net effect yields a rather concentration-independent t
throughout the entire superconducting region, as seems
consistent with the data.*> This results in a small correc-
tion to dp/dT for x > 0.17, but as the insulator is ap-
proached, the slope shows a rapid rise, mirroring the be-
havior of the transport mass. The results of this phenome-
nological analysis are shown by the dotted curve, which
seems to semiquantitatively reproduce the trends in the
data. In some sense this additional scattering time can be
viewed as representing the size of the “error” made by ig-
noring all other scattering mechanisms but the two-
dimensional copper-oxide phonons. Other phonons or,
perhaps, magnetic scattering effects may account for the
size of this term.

The striking observation that saturation does not occur
in the copper oxides has been used by Gurvitch and Fiory'
to deduce an upper bound on the electron-phonon cou-
pling constant. In both YBa;Cu3O7-5 and Laj—,Sr,-
CuO,, the maximum A is of order of a few tenths, with a
plasma frequency w,=1 eV. These upper limits are
reasonably consistent with the 7 and n/m* values deduced
from Drude fits which suggests that these materials have
mean free paths which are close to but not less than the
minimum value of a few copper-oxide lattice spacings.
Our own, more microscopically based estimates lead to
the same conclusion. As an input to this calculation we
find an effective Fermi velocity of about 0.4x107 cm/sec
to 0.8x107 cm/sec. Interestingly enough, if we use the
phenomenologically adjusted relaxation time shown by
the dotted line in Fig. 3, we find that at around 5-7% hole
concentration the mean free path coincides with the bond
length. Thus the Mott-Ioffe-Regel criterion! for metallic
conductivity is violated about where the materials are
found to go insulating.

In conclusion, in the present picture the copper oxides
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are viewed as moderately heavy Fermi liquids. The
enhancement of the transport mass which is of order 10 in
the metallic regime becomes progressively larger (varying
as the inverse of the carrier concentration) as these sys-
tems approach the insulating limit. Electron-phonon con-
tributions to the resistivity lead to resistivity slopes which
are within a factor of 2 of experiment. While we cannot
argue that this is the entire source of the temperature-
dependent resistivity, it is likely that this is the dominant
effect. It should be stressed that the calculated m™*/n and
lifetime components to the low-frequency conductivity
(w,=0.8 eV and 1/7..,n=15 meV at 100 K, both of
which are compatible with Drude measurements) are not
directly related since the former derives from Coulombic
and the latter from phononic contributions. These materi-
als appear to be near the Mott-Ioffe-Regel criterion for
the mininum mean free path which criterion seems to
break down at about the critical concentration for the
metal-insulator transition. Our calculations lead to a
suppression of the electron-phonon interaction as the insu-
lator is approached. This strong screening of the
electron-phonon interaction makes it unlikely that pho-
nons are related in any important way to the superconduc-
tivity and may also bear on other charge fluctuation mod-
els for the superconducting transition.
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