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Abstract

The tempeiature-dependent behaviour of the normal state in-plane resistivity of optimally doped La-Sr-CuO system 1s analysed

ithin the framework ol Fermi hquid desciiption. An effective two-dimensional dynamic nteraction potential 1s developed that incorporates the
reeming of holes as camiers by acoustic phonons and by plasmons The system s trcated as an 1omc solid containing layers of holes as cormers and a
del drelectric function s set up which fulfils the appropriate sum rules on electronic and 10nic polarizabilities The coupling strength linking holes
carniers 1o screened phonons 1s derived from the residue at the pole of interaction potential The inelastic scattering rate due to the hole-screcned
phonon anteraction 1s worked out and the Drude expression 1s used o esumate the iemperature dependent resistivity Zero temperature scattering rate
1s ubtamed from upper critical field and the screcned plasma frequency. together with scattering rate are used 10 obtain zero temperature resistivity The

mmphcations of the above analysis are discussed
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I. Introduction

The normal as well as superconducting state properties ot high-
I cuprates with various stacked-layer sequences offer a great
challenge for theorctical explanation As many of normal state
transport properties of laycred high-T cuprates (electrical
teststivity, thermal conductivity, optical conductivity, efc.) are
dilfered with those observed in typical metals, i.e. are unusual
lor a Fermu liquid. In most of the high-T, cuprates, the inplane
1esisuvity, p ., » decreases linearly with decreasing temperaturc
over a wide temperature range, while the out of planc resistivity,
P, . increases rapidly at low temperatures indicating the
semiconducting nature [1].

We aim to study the in-plane resistivity behaviour of
La, Sry,<CuQ, superconductors due to (wo fold reasons : A
tremendous amount of work [ 1] has been carried out in under-
doped and over-doped single crystals. It is apparent from these
studees that p,, is proportional to temperature for (x =0.15),
whereas p, is non-metallic in over- and under-doped materials
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[2]. A crossover |3] from 2-D transport occurs at compositions
(over-doped) near the disappearance of bulk superconductivity.

Secondly, the La-bascd cuprates possess a relatively simple
clectronic structure with single conducting CuO, laycr well
separated from LaO reservoirs in comparison to that in Y-Ba-
CuO systems, the presence of onc-dimensional (1-D) CuO chain
makes the structure little complicated. The behaviour of in-plane
resistivity in over-and under-doped systems is also a significant
problem, which we do not discuss in this work.

To earlier resistivity analysis of high-T _cuprates above T,
by Lee and Recad shows that inelastic scattering has
contributions from clectron-phonon and clectron-electron
scaltering in a 2-D square lattice near half filling [4]. We may
refer to the work of Kim et al who have presented a frozen
phonon approach [S] for calculating the clectron-phonon
coupling in the presence of very strong Coulomb correlations,
thereby deducc their effects on the resistivity.

The inclusion of strong Coulomb correlations is essential
for creating the insulating state at half filling. An upper bound
for clectron-phonon coupling ( A = 0.2100.4) is obtained from
the scattering life time. The calculated mean frec path from
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clectron-phonon interaction shows that 1t is surpnisingly close
to the Mott-loffe-Regel limit [6]. butitis still on the metallic site.

Itis worth mentioning that Gurvitch and Fiory [7] have shown
saturation effects of lincar resistivity at high temperatures and
estimate an upper bound of electron-phonon coupling constant
A = 0] argumg that super-conductivity in cupraics must he of
non-phonon in onigin. From the resistivity analysis, it1s further
stressed that the electron-phonon coupling strength is
considerably lower despite of high-7, values. Based on these
calculations [4.5], electron-phonon contribution to P 1s ncarly
hinear and found to account tor most of the obscrved
magnitudes. The strength of clectron-phonon interaction
appears (o be too weak to be the primary mechamsm responsible
for high-7. values and the apphcabihity of Termi hquid theory is
questionable in layered hugh-7 cuprates. The evidence [4.5,7]
relating to weak clectron-phonon interaction tn the normal state
in-plane resistivity behaviour of cuprates have provided the
motivation lor the present work.

The plan of the paper 1s as follows. In Section 2, an effective
interaction potential 1s developed by studymg the collective
excitations of 1ons and holes in a simgle conducting CuO, layer
as a hmitof a periodic stack of such layers whichare well separated
from cach other by metal-oxide layers. The random phase
approximaton is adopted for the polarnizabihities and feads to a
model dielectric tunction, which obeys the appropriate sum rules
The zeros of the diclectric function yield two modes, namely a
low-energy acoustic plasmon and a screened phonon mode

The clectron-phonon coupling strength 1s calculated from
the residue of the effective mteraction potential V(q.w) and
later on the melastic scattering rate The estimated clectron-
phonon couphing strength tavours the weak coupling strength
between the hole carriers and the screened phonon mode We
estimate the clectron-phonon contribution to normal state
resistivity following Drude expression.

The background contribution to resistivity 1s calculated by
using the screened plasima frequency and the zero temperature
clasuce scattering rates. The details of the various tansport data
and therr results are elaborated i Section 3 The validity of
Mott-loffe-Regel criterion for metalhe conduction is also
discussed. A summary and our main conclusions are presented
in Scction 4,

2. Essential formalism
A, Effective interaction potennal :

The single crystal of La-based cuprate superconductors can be
modelled to be an infimite array of 21 conducting CuO, planes
which have « significant number of charge carriers and are well
separated by LaO reservoirs with inter-layer distance
d >>d,. d,. Inaunmt cell, the v-y plane containing a and b
axcs is taken (o lic in the CuO, layer, with the ¢-axis lying along
the z direction. To a first approximation, these layers are well
separated and trcated as non-interacting.
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The effective interaction between each pair of holey a
carriers is in our model determined by screening of the Coulan,
repulsion via collective excitations in the layered fluid of hole
(plasmons) and in the underlying ionic lattice. We begin b ‘
discussing the dielectric function. The layered electron gy,
systems consist of infinitely thin layers and each CuOQ, lay
contaming n holes as carriers are embedded in a unifory
neutralising background.

The intcraction energy betwecen the hole carriers in termg |
Fourier transform potential along the z-direction, namely by -
sctung where the wave vector g, is along perpendicular to e
x-v plane as [8]

2me?
Vg, Q..0)= exp|~¢. —qlz]
] (Il ((['q;‘w) ZI [ ! l] (|
2re’
R S(q.q.) 0

4 (4.9, )

with S(q.q.) is the static form factor for the hole carriers 1,
single conducting CuO, layer sandwiched in belwc‘In metal oxid
layers of a unit cell and is

sinh (gd)

S(q,q.)=
124 cosh (¢d) —cos(q.d)

3

The dynamic diclectric function for a single band of ho
carriers s writlen as

flq.qw)=€_+Plq,w) S(q.q.)

with

2rer
Plg.w) = Mg.w) (5

in terms of polarizability function [1(g, ) fora single bandl
hole carriers.

In view of strong anisotropy of the transport propertics ul
cuprates [ 1] i.e . the conduction of current carriers along and
perpendicular to the Cqu layers arc considerably different. we
are mainly interested in the effective dynamic interaction betwee
a pair of carriers 1n the planc at z = 0. Thus averaging
Vi(g.gq..w) over ¢ .. we obtain the effective interaction potenti
which cssentially explains the in-plane dynamics of the hok
carriers along the conducting plane namely by setting

V( ) d prrid v
() = —— .
9 2 .[ TR (4.9:; @) dy; (6'

to get for small pd valucs as
Vig.wy=274 £(q.0)

) 0
- ego)|(E@o-1)"
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with £(g.@) = 1+qdP(q.@)/ €

The high-T, cuprates such as La-Sr-CuO with charge
\escrvoirs and metal-oxide planes, the dopant Sr*? replaces La*?
Jnd cffectively enters the La,CuO, specimen as neutral; it then
Jieds its hole which are the active charge carriers. In addition,
the contraction and expansion of the CuO nctwork associated
with the motions of oxygen will contribule to screening
mechanism.

The effective dynamic interaction between the carriers is
wull given by eq. (7) : however. the dielectric function of the
oxide appearing in this equation is given by the sum of
contributions from the core-electrons, from the charge
‘Nuctuations in the gas of carriers and from the ionic motions.
"The diclectric function for a single band of hole carriers after the
Hnclusion of ionic polarisation function becomes

£q,0) = l+qd[P(q,w) + l’,(q.(o)]/ £, ®)

A nigorous numerical calculation of P(g,®) can be made
¢ using the existing knowledge ol cigenstates and cigenvalucs.
owever, it is impossible (o obtain the analytical results for the
{cctive interaction potential that we have treated in the present
westigation. The random phase approximation (RPA) forms of
wiier polarizability [9] have also been widely used to describe
e collective excitation behaviour as well as the coupling effccts
1 a simple manner. As we oo aim to show the importance of
micand electrone excitations we use the RPA lorm ol P4, )
e (8)

In particular, in the long-wavelength limit (g — 0) the
olanizability for a single band model of hole cammiers with the 2D
ensity nand the effective mass m* yiclds

2

Dy
- &)

Plg.w)=

Here. [) = -

e
requency and n- =q

=2me’n 4 1 m* 1sthe 2-Delectron plasma
)

vi 12, v, being the Fermi velocity.

On the other hand, the 10nic polarization function is written

P(g.w)=" (10)

were D3 = a)f,,- =2me’n,Z*q/ M is the 2-D ionic plasma
‘quency. The sum of the ionic charge and the [rec electron
arge is denoted by Ze, n_ is the 1onic areal density and M is
s mass ol the CuO, plane.

Thus. the dynamic dielectric function becomes

&g.0) = I+[ot.(),2/(n2 —wz)—aﬂilwzl an

th a=gd . The symbols .Qf and .Q% are the squares of
I¢tened clectron and ion plasma frequencies.

The dynamic dielectric function ineq. (11) essentially yiclds
the inter-layer coupled modes of the polarized waves in the
layered electron gas spectrum at long wavelengths with gd as
an arbitrary parameter. The evolution of main input parameters
which determines the superconducting state, i.e., the dynamic
interaction potential V(q,w) or equivalently the dielectric

function appropriate to the specific system under consideration.

In particular, if the material is considered as a casc of holes
as carriers in a polar material then e"(q.w) is identified with
the inverse longitudinal dielectric function, it is thus associated
with diffcrent longitudinal modes, corresponding to exchange
of phonons and plasmons, having poles at the respective modes.

The individual contributions of € l(q,w) from different
longitudinal modes, 18 obtained from inversion of eq. (11) as

- )
'(qw)—|+z f(q 12)
where Q, denotes the frequencies of the two longitudinal
modecs. to be obtained from the solution of the coupled-mode
cquauon which follows by sciung £(q,w) = 0 atthe resonance
frequencics :
(n?-2*)Q* +a@} 2 -aQi(n?-Q%)=0. (3
Zeros of the model diclectric function which fulfil the
appropriate sum rules will yicld two modes of the polarized waves

and the frequencies of the coupled mode in the long wavelength
limit are obtained from solutions of eq. (13) as

20} = [(Q +Q, a+n ]

12
[(.Qf +.Q§)oz+n’]2 —4112.(2301} . (14)
The above eigenfrequencies arise from mode mixing in
hetween the acoustic phonon and plasmon modes in the layered
clectron gas spectrum. Further simplification is achieved by
treating the second term under the square bracket as small so
that, it is immediate o write

Qg =a Q] +n’ (15)

which is the dispersion relation of an acoustic plasmon mode in
harmonic approximation. The lowcr mode frequency is

. a@;n’  _oin’
Tl o+’ Q?

(16)

again the harmonic approximation and is a screened acoustic
phonon frequency.

Thus, it is shown that the model is equivalent to a description
of the system through a dielectric function in which both the
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1onic and electronic contributions arc summed in the random
phase approximation It is convenient to rewrite the cffective
interaction potential in the following form 5]

Qe -n?)

Vigw) = 2neld o
“ E. ((ul —.Qf)(.()f -.Q_")

Q@ -n’)

'(m-’-n?)(u? -?) (7

As an application of the above model, the transport
paramelers required for the description of normal state resistivity
are evaluated in the following subsection.

B. Normal state resistivity

The normal state resistivity is well explained from the hnearized
Bloch Boltzmann transport equation where the clectron-phonon
Mmitcraction 1s dominant |10]. We first deduce the coupling
strength ¥_ (g) linking hole carniers to the £2_(¢) mode from
the residue of V(g.w) as

v _2meta a2 +023)-n

Q £ a'(zu,’ ~03)- n

(18)

‘The temperature dependent part of the normal state resistivity
is included in the melastic scattering rate duc to clectron- phonon
mteraction The mean time to absorb or emit a phonon ol cnergy
h82_(q) s expressed as (9]

b} VR .
_ I ¢ ‘[yly—’ (1-cos0)
T.-ph h Jdo @m)-

x[nqﬁ(q v €= h_)+ (n, +1)8(e,,, - £, -h.Q_)] (19)

Here, ", s the phonon occupancy factor and for high
temperatures. n is reduced 10 & , 7'/ h§2_ . Polar angle @ is in
between A and A + ¢ Integraung over the angle ¢ between g
and &, we obtain

q'dq
92 12"
P e ]t @

l -—

m*A,,'I'J‘“: | 7|

33
Le ph 7!"! kl'

Integrating over the two-dimensional wavevector (¢) with
the use of eq. (20). we obtain the inelastic scattering rate as

L mmrk,t (7 -23)d 12k, -0}
Whee  (QF-203 )12k, -2

- (21
rh-ph )

Usually, § function fixes the angle between the energies |,
2-D casc and hence linear temperature dependence is obtaineg
of the inelastic scattering rate. The normal state resistivity dy,
to clectron-phonon interaction in terms of scattering time jg
expressed as

Pep = [,,,u«/,,l e!][]/f",,,,]. @)

The temperature dependent part of the resistivity is obtaineg
through clectron-phonon scattering within the framework of
layered clectron gas spectrum. In addition to this scatteriny
mechanism, other scattering mechanisms are also possible. Th,
clectrons also scatter off impurities, defects and disordereq
regions and thereby giving rise to a temperature dependen
contribution,

Knowledge of zero temperature scattering rate and the
plasma frequency will allow us to have an independent estmatiog
of zero temperature resistivity [11]. In a true sense, the Ferny
liquid bascd schemes are meaningful at absolute zero and for
the reason the 7, is rather low, we may usc the term loosely 1
charactenise the superconducting state where the tesislivnl) I8
minimum on the scale of measurements.

The in-plane resistivity is now modelled as the §um of /o
temperature resistivity and the temperature depepdent pan,
which 1s 1ndebted to the electron-phonon scaucrin'g process
Hence,

ptuml(T) = p(())+/)x'-»lrll(T) . (2%

Using the development expressions, for the normal stau
mplane resistivity. the numerical results on various model
paramelcers are presented along with discussions in the followine
seeuon.

3. Results and discussion

In the present work, we have emphasised on the screencd
phonon contribution for the description of normal state mn-plane
resistivity of opumizes doped 1a-Sr-CuO superconductors. For
this purpose, realistic values of some physical parameters e
derived from experimental data as follows. For a layered stacking
scquence well separated by an average spacing, d(= ¢/2). the
effective mass of the carriers along the conducting CuO, planc
is obtaincd from the clectronic specific heat coefficient ¥ using
the relation, m* = 307wl / & ,2, . Taking interplanar distance. d
=6.6Aand ¥ =5 mJ/mol/K? from the specific heat measurement
m* =4m, 1s obtained.

The behaviour of the multlayer systems critically depend:
only on the planar carricr density and the spacings between the
layers, and not on the form of single particle distribution function
the layer thickness, or the number of layers. For a stack of 2-D
conducting planes well-separated by an average spacing d, the |
condition for optimised pairing | 11] infers the 2-D charge carie! |
density and follows n‘_dz =1 to obtain n, = 23 x 10% em’
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The other parameters of the electrons are Fermi velocity
pp = LI 107 cm s~! and the screencd plasma frequency is
about 0.81 V.

Turning to the parameters related to the ions, a reasonable
value of the background dielectric constant is €, =4.5. The
Jonic areal density is the reciprocal of the unit cell projection
perpendicular to the c-axis and is n; =7x10'* cm~? from the
relation n, = 1/ab. The lattice parameters [12] a= b = 3.7793A
and ¢ = 13.226 A (for x = 0.15) arc used for the above purpose.
[he charge distribution in CuO, plane includes the ionic charge
and free electron charge, the ionic charge Ze being -2e.

The mass of aunitcell is M = 12.77 amu. The attraclive range
ol the interaction potential are important for small ¢d values and
the layering effects arc insignificant for higher ¢d valucs as the
mode merge from each other. Since our focus is on the long-
wavclength (g = 0) behaviour of the collective modcs, we have
considered the long-wavelength limit in the intermediate
(@@ = qd =0.1) coupling limit.

For the sake of simplicity. onc oscillator for holes as carriers
and 10ns are considered. Since the system contains 7 aloms in a
unit cell, various modes developed can be understood by adding
morc oscillators in the model dielectric lunction. With the above
values for the input parameters. the upper and lower mode
fiequencies h€2, , and 7€2_ arc then estimated. The inter-layer
acoustic plasmon is estimated as 0.46 ¢V and the (requency ol
the dressed phonons with electronic excitations s about 17.6
meV With the use of lattice parameter «. and the screencd phonon
energy  h€2_. the long-wavelength sound velocity
1 (= aky$2_ [ hm) is estimated as 4 x 10° cm sec™.

The scaltering of charge carriers at Fermu surface is
consadered for all possible values ol scattering angle @ . The 2-
1) wave vector g(= 2k, sinB8) can, therclore, take maximum
values up to 2k,. The scattering processes involve 2k,
scattering across the Fermi surface and the scattering rate due
to clectron-phonon interaction is dircctly proportional to the
iemperature, We estimate T, p as 2.4 x 107 secat 7= 100K
for the present La-based system. The reflectance spectra data
[13] on single crystal thin films of La-Sr-CuO for the best fits to
the Drude model yields the scattering rate as 0.86 x 10~ sec. It
s further stressed that 1 increases from underdoped to optimally
doped and in the over-doped region (1 =03, 7 = 1.3x 10" sec)
and 1t becomes almost Sr concentration independent.

We may also refer to the work of Kim et al (5] who have
¢valuated the electron-phonon contribution to the transport
life time by solving the Boltzmann transport equation
variationally and the Eliashberg function o* F(w) . The inclastic
scattering rate from transport data is approximately 5 x 1074 sec
a7 = 100K in La, ;.Sr,,sCuQ, system. The present model
demonstrates that the scattering life time from the electron-
phonon interaction is roughly 3 times larger than the reflectance
data (13] and is smaller by a factor of 2 from the theoretical

estimation [5]. It is expected that due to mass enhancement
(m*=4m,) of carriers in La-Sr-Cuo, the inelastic scattering
rate cxceeds kT and we estimate r~' =3kyT . We recognize

the low frequency screened phonons as the primary source of
transport liletime.

In typical metals, the inelastic scattering rate is related to the
electron-phonon coupling strength through r™' =27 4,,k5T .
For the estimated 7.' | of about 0.42 x 10" sec™! at 7= 100K,

e-ph

we find A4, =0.5. The striking fcature observed in the resistivity
saturation [ 10] at high temperatures allows an esumation of the
upper bound on A as ().1. The authors [7] pointed out that the
weakly coupled phonon could not yield high-T and
superconductivity must be non-phonon in nature for cuprates.
We shall also refer to the work of Kim et al [ 5] who have proposed
that upper bound of inelastic electron-phonon coupling constant
isroughly 0.2 ~ 0.4 in La-Sr-CuO systems which is significantly
different from the previous estimates of ranges [ 14] trom 0.65 o
2.0. These numbers are in excess of the upper bound imposed
by ac conductivity Drude fits. Precisely, it is commented that
the clectron-phonon couphng appears to be oo weak for the
primary mechanism although their participation cannot be ruled
out and we therefore address this issue

The clectron-phonon coupling strength detcrmines well the
superconducting 7, in Eliashberg theory. Using the deduced
A, value as 0.5, one could not meet 7, of 40K and higher. There
arc two points (o be made herc. First, the electron-phonon
couphing constant ( 2 ) appears low and hence reflects the weak
mteraction between hole carriers and the screened phonons.
Furthermore, the inelastic scattcring rate is several time k,Tand
is consistent with the nelastic ncutron scattering data, as the
gap ratio 2A(0) = 6kgT, and A(0) = 1,7,,' (T) . It seems thal
the deduced coupling constant does not account for high-T,
value with phonon mechanism alone and essentiality of
incorporation of collective excitations in order to predict the
superconducting T,. Sccondly, for materials with nested Fermi
surface, the phonon scattering involves 2k, scattering across
the Fermi surface, which dissipates momentum, and hence there
cxists a significant difference in A,, and 4,, . It is thus believed
that for any operative mechanism in copper oxides, the normal
state transport data provides a constraint and must be
recognised in first step in revealing the superconducting state
paramcters.

A tcmperature dependence of in-plane resistivity of
La, ¢,Sr, ,sCuO, in Figurc | is explained by the zero temperature
limited resistivity and contribution from inelastic hole carrier-
scattering. The calculated values of in-plane resistivity are
although smaller than the single crystal data [3] but lies in the
same range qualitatively. We believe that the upper critical
magnetic field, H_,(0), and the screcned plasma {requency
represents a good set of the physical parameters for the
estimation of zero temperature resistivity as p(0) = 0.058 mQ
cm. This is consistent with single crystal data |3].
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We find that calculated P1=p(0)+p,. ()] does not
exceed the measured p,,, 1n whole temperature range (7, < T<
30). It is natural (o comment that the displayed temperaturc
dependence of normal state resisuvity (P) 1s well explained
qualitatively by inter-layer screened phonon mechanism within
the fremework of layered electron gas approach

05"
0 ‘)q

—,

04 e -

MmO cmy
<
w
O,
hY
\\3:
N

(=]
N
NY
\\

0.1

4 P — T

0 O0 50 100 150 200 250 300

T(K)
Figure 1. Vanation of normal state m-planc tesistivity with T(K) fot
La, S, CuO, along with the smgle crystal [3] data()
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4. Conclusion

In this communication, we have devoted our efforts to study
the normal state in-planc resistivity ol La, ((Sry CuO,
superconductors within the framework of Fernmi hiquid
description. The model dynamic dielectric function associated
with polarizability of hole as carriers and ions in the conducting
plane properly mcorporate the form tactor of the stacked layer
sequence. Confining the conduction along the plane with
suitable transformation, an effective two dimensional interaction
potential 1s set up for the carriers in the CuO, layers. The hole-
screened phonon (low frequency) coupling constant 1s worked
out from the residues at-the poles ol the interaction potential
and hence the inclastic scattering rate

The appropriateness of the developed approach is mamly
duc 1o the attention on CuQ, planc n the layered {luid of holes
and 1n the underlying 10mic lattice. We believed that the Fermi
curve has nested states and as a result, we dealt with 2k,
scattering across the Fermu surface. The inelastic scattering rate
due (o clectron-phonon interaction 1s then cstimated roughly
3k,T duc 1o the mass enhancement of hole as carriers. We
estimate the coupling constant as one half, which points towards
the weak inter-layer, hole carrier-phonon interactions, The
backward scattering of holes i the nested Fermi surface
enhances the transport coupling constant by a factor of two
and the significant difference in 4, and 4, puts constraints
on any operative superconducting mechanism.

Dinesh Varshne, P Vakil, P Vyas and R K Singh

An important feature of the above analysis is the validity of
the Mott-loffe-Regel criterion for metallic conduction in cuprates
The mean free path at 7= 100 K is scveral times larger than the
copper oxide bond-length. A comparable value of mean free
path with zero temperature coherence length essentially points
towards the clean limit of optimally doped La-based cuprates.
The quantitative estimation ol zcro temperature scattering rates
from upper critical magnetic field indicates smaller plasma
frequency and the Fermi velocity. Further, we find that the
magnitude ol inclastic scattering rate increases with temperature
The zero temperature resistivity thus estimated with the above
said formations 1s consistent with single crystal data.

In conclusion, the large magnitude of resistivity at room
temperature as well as the temperature dependence of optimised
la-based cuprates is well understood with low [requency
screencd phonon mechanism as ariscs from inter-laye
interactions in the framework of Fermi liquid description. The
present model can casily be extended to the other members o
the fanuly of cuprate superconductors having a larger numbe
of CuQ, layers. Multiple layers can be incorporated in the
effective nteraction potential and one may cxpect afiditional
cxcitation branches.
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