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Abstract. We have investigated theoretically the effect of oxygen deficiency (6) on normal state resistivity
~0) as well as its temperature dependence in YBa2CU3OT_ ~ superconductors. This has been based on a
potential which incorporates the structure factors and various interactions for double two-dimensional
(2-D) conducting CuO 2 plane. Using the Coulomb and electron-phonon terms of the interaction potential,
we have then worked out the coupling strength (~) for neighbouring electrons linked via 2-D acoustic
phonons (hw_). Furthermore, the scattering time (Z'e_ph) due to electron-phonon interaction is deduced. The
variations in "Ke_ph and Pe-ph are studied with oxygen deficiency (¢~) which is in the range of 0-0 < 6 < 1.0,
and the results thus obtained are found to be consistent with the earlier reported data. The residual resistivity
P0 obtained by extrapolation from experimental data together w i t h Pe-ph will predict the nearly-linear
behaviour of normal state resistivity at temperatures (T) [90 < T < 3 0 0 K] in YBa2Cu307_ ~ superconductors.
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Introduction

High temperature copper oxide superconductors of the
type YBa2fu307_ ~ (Wu e t a l 1987) have been the focus
of theoretical and experimental studies. Intensive experimental investigations have yielded the existence of
two-dimensional CuO 2 planes responsible for contributing
to the anomalous transport properties. The study of
YBa2Cu307_ ~ (YBCO) superconductors is of particular
interest because its crystal structure contains double
two-dimensional (2-D) CuO 2 planes as well as single
one-dimensional (I-D) CuO chains. The relative importance of chains and planes is still not clear. Efforts have
been made in the recent past to look for the pairing
mechanism as well as the anomalous physical properties
(Ginsberg 1990). As regards to the transition temperature,
YBCO possess a transition temperature (To) of 90 K
higher than that of LaSrCuO superconductor and has a
single 2-D CuO z plane in a unit cell. The study of
normal state transport properties as resistivity, is of
specific interest for it offers clues to the function of
their counterparts--the inelastic scattering rate mechanisms. The behaviour of normal state resistivity (p) as
functions of the oxygen deficiency (6) and temperature
(T) in the polycrystalline samples of YBCO super*Author for correspondence

conductors have earlier been investigated by several
experimental groups (Cava e t a l 1987; Tarascan e t a l
1987; Hariharan e t a l 1988).
Tarascan e t a l (1987) have reported the normal
state resistivity (0)
behaviour
of polycrystalline
RBazCU3OT_~ ( R = N d , Sm, Eu . . . . .
Lu and Y), and
obtained a roughly linear temperature dependence at high
temperatures. Subsequently, Hariharan e t a l (1988)
measured the normal state behaviour of resistivity for
oxygen and air-annealed samples (in single phase) of
YBaCuO superconductors and reported the behaviour of
p as a function of oxygen deficiency (6). They found
a correlation between the transition temperature ( T ) and
the resistivity, and showed that for lower values of
where the T is maximum, the resistivity is minimum;
and with the increase in ~ values, the T decreases while
p increases. The Bloch-Boltzmann theory (Ziman 1960)
explains the normal state transport properties of the
conventional superconductors. The linear temperature
dependence of the normal state resistivity of high T
cuprates has always been a puzzle for theorists, and one
of the checks for the theory to be correct was this
dependence. The linear temperature dependence of the
normal state resistivity can be explained on the basis of
different assumptions such as RVB (Anderson and Zou
1988) and spin fluctuations (Morita e t a l 1990). Recently,
Varshney and Singh (1995) have explained the behaviour
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of normal state resistivity as a function of doping concentration and temperature of mono CuO 2 layer LaSrCuO
superconductors, based on Bloch-Boltzmann theory
within the framework of a free electron layered electron
gas (FELEG) approach,
Recently, Singh et al (1996) and Varshney et al (1996)
have made efforts to develop an interaction potential for
YBaCuO superconductors with double 2-D conducting
CuO 2 plane in a unit cell. The approach incorporates the
structure factors and various interactions involved, and
predicts the oxygen deficiency dependence of transition
temperature. "Motivated from the earlier success of
superconducting state property on YBCO systems and
the normal state resistivity behaviour in LSCO superconductors, we thought it pertinent to understand the
reported behaviour o f p as a function of oxygen deficiency
(5) and temperature (T) in the YBCO systems. We have
used the electron-phonon interaction part of the interaction potential to obtain the expressions for the coupling
strength between the neighbouring electrons and the
inelastic scattering rate, to deduce the normal state
resistivity.
The plan of the present investigations are as follows.
In § 2 we briefly introduce the earlier developed interaction potential for YBCO systems with double 2-D
planes in a unit cell. In the analysis for normal state
resistivity, we have separated the electron-phonon and
electron-plasmon interactions and used the former
following the Bloch-Boltzmann theory to interpret the
reported behaviour. The expressions for coupling strength
linking between two electrons and the inelastic scattering
rate are then worked out to evaluate the resistivity due
to electron-phonon interaction. The expressions obtained
are computed numerically and the results thus obtained
are analysed and discussed in § 3.

e (q, q~, to) = 1 + 2P(q, to) S(q, qz)
+ p 2(q, o0) S (q, qz) S' (q),

(2)

with

P(q, t o ) = - -

27re2

qeo

I-I (q, to),

(3)

sinh (qd)
S(q, q,) = cosh (qd) - cos (qzd)"

(4)

S" (q) = cosh (qd) - cosh (qd')
sinh (qd)

(5)

and

Here, d" = 2d~ - d and d ' = d/3. The in-plane wave vector,
denoted as q and qz, is in the z-direction. Keeping in
mind the anisotropy in physical properties, we wish to
restrict ourselves to the a - b plane conduction and hence
averaging (1) over qz as
d t+=/d
V(q, to) = - ~ J-u/d V(q, q,, to) d q .

(6)

The integral can thus be evaluated by making use of
(1) and (6) to get

V(q, to) - 4:rteZ [ 1 + P (q, o0) S" (q) + R (q, to)] sinh (qd) ,
qeo
[I DZ (q; to) - 1 I] t/2

(7)
with
sinh [q (d - d,)] + D (q, o~) sinh (qd,)
R(q,o))=

sinh (qd )

(8)

and
2.

The model

D (q, to) = cosh (qd) + 2P (q, to) sinh (qd)

The single crystal of Y-based cuprate superconductors
is modelled to be an array of planes of Y, CuO 2, BaO,
oxygen-deficient CuO (chain), CuO2, BaO, CuO 2, and
Y. In a unit cell of the crystal, two conducting planes
are considered, and the non-conducting planes between
CuO 2 planes are regarded as an uniform dielectric medium
with a background dielectric constant, e 0. The unit cell
dimension along c axis is d.
The effective interaction potential for a single conducting CuO 2 plane is represented (Varshney and Singh
1995) as:

V(q, q~, o0) -

2u-'ge 2

qeoe(q, qz, o0)

S(q, qz),

(l)

where, e (q, qz, o0) is the dielectric response function, and
for a single band of charge carriers

+ p 2(q, o0) sinh (qd) S" (q).

(9)

The polarization function P(q, o0) is due to charge carriers
and ions as

P (q, to) = P (q, to) + Pi(q, o0),

(10)

nl
- A 2 _ o02

°°2 ,

(11)

where, ~t and ~2 are the 2-D electron and ion plasmon
frequency and are essentially expressed as:

~-

--2~n~e2q,

(12)

In $o

~-

2.rt:niZ2e2q
Me,°
,

(13)
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A 2 = q2V2/2.

(14)

Here, n, [cm-2], n i [cm-2l, m* [m¢1, M [amu], and Ze are
the 2-D charge carrier density, ionic areal density,
effective mass, mass of the unit cell and the sum of
ionic as well as electron bound charge lying on the
conducting CuO 2 plane, respectively. We represent VF
as the Fermi velocity.
Zeros of the longitudinal dielectric function will yield
the frequencies of coupled 2-D acoustic plasmon and
phonon modes. The resonant frequencies of the coupled
modes in the long wavelength limit (qz ~ 0) are described
as"

2o)2 = [(f~{ + g2~)a + A21
--+ [ { [ff~t2+ f14]
a 2 +A2} 2 - 4ocA2~1~.]'/2 ,

(15)
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z e 2 tt 2 (D" - A2)

~'e-ph
to

qe o

(21)

(D " - A 2) '

with
D" = a[a~ - a2~],

(22)

D" = d i n { - 2 ~ 1 .

(23)

and

A feature of the copper oxide superconductors is that,
at ~ , the inelastic scattering rate is very large. We have
deduced the mean time it takes to absorb or emit a
phonon of energy ~ t o ( q ) , which is included in the
resistivity expression. Thus, the mean time is expressed
as:

1

2J~ f2~- dZq

re-ph - / ~

j,~

(2~) 2 I ?'~_p, (q)21 (1 - cos 0)

with a = q d . Further simplification wilt yield the two
coupled modes, i.e. h o~+(q) and Ptto(q) as

to2 (q) _~a~2 [ 1 + a~2~ A- 2]- ,.

Here, we have used an approximation that f2~ >> O2Also, the higher frequency mode to+(q) is
w2(q) = a ~ j2 + A:.
",

(17)

These modes follow the dispersion relations for 2-D
acoustic phonon and plasmon modes as:

to_(q) = cq,

x [nq6 (G+q - G - ~ to-) + (nq + 1)6 (G+q - ek +/~ ¢o_)] .
(24)

(16)

Here, the scattering of the charge carriers at the Fermi
surface is considered for all possible values of scattering
angle 0. The scattering angle between k and k + q is
denoted as cos0. The phonon occupancy factor is
represented as nq and in the high temperature limit it
is reduced to kBT/~ to_ as the Debye temperature YBaCuO
superconductors is of the order of 400 K (Sankar et al
1988). Using the exact form of (24) and substituting in
(21),

(18)

1 _m*kRT43 I2kF "~017~-ph12

Te-ph ffLr'~ kF o

and
(19)

to+(q) = a¢/2 + bq ,

with a , b and c as constants.
The normal state resistivity is well explained from the
linearized Bloch-Boltzmann transport equation where the
electron-phonon interaction is dominant (Ziman 1960).
The evaluation of electron-phonon scattering rate and
hence the resistivity essentially requires the coupling
strength )'e-ph(q) linking electrons at the frequencies
to_(q). Considering only the Coulomb and electron-phonon
interaction part of the interaction potential, we obtained
the coupling strength from the residue of V(q, to) at the
frequency to_ (Varshney and Singh 1995) as:
ze2/r 2 to2_(to2__ A2)

I Ye-ph(q) 12- - q~o

(,0 2_+to~)

which on simplification becomes,

(20)

Cdq
[ 1 - (q/2kF) 2] ~/2"

(25)

Integrating over the two-dimensional wave vector (q),
the final expression can be obtained as:

1

2:re2m*kB T [ V ' - V.~]
M

"t'e-N,

~ 3kce0

[ V " -- V2F] '

(26)

with

v ' -- (c~ - a~)dq-',

(27)

V" = (F~ - 2~2t)dq -~ .

(28)

and

Usually, the 6 function fixes the angle between the
energies in 2-D case and hence a nearly linear temperature
dependence is obtained o f the inelastic scattering rate.
The normal state resistivity due to electron-phonon
interaction in terms of scattering time is expressed as:
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P¢-ph = [m*]ne2] [ 1//'Z'e_ph ] ,

(29)

where n is the carrier density in cm -3. Using (26) and
(29), the temperature dependent part of the normal state
resistivity due to the scattering of 2-D acoustic phonons

Following the Bloch-Boltzmann theory of normal state
resistivity, we have obtained the temperature and oxygen
deficiency dependence of resistivity in YBaCuO superconductors. The analysis is presented and discussed in
the following section.

is obtained as:
3.

2rrm*2kBT [ V ' - V2]
Pe-ph -- }I 3kFgon [V" - V d] "

(30)

In cuprate superconductors, scattering of charge carriers
via phonons as well as scattering via defects and impurities exist. Moreover, the scattering of charge carriers
d u e to impurities is temperature independent. The
temperature dependent part of the resistivity is attributed
to electron-phonon scattering process.
The two-component model for resistivity can thus be
expressed as:
(31)

Ptotat(T) = p(O) + pe_p,(T ),

Results and discussion

To compute the normal state resistivity (p) as a function
of oxygen deficiency (6) and temperature (T) in YBaCuO
superconductors, we have used the value of effective
mass m* = 1-5 me which is in accordance with the specific
heat measurement data (Inderhees et al 1987). The background dielectric constant, e 0 is taken as 4-5 (Bozovic
1990) from the electron energy loss spectroscopy. Using
a=3.8136.A, b = 3 . 8 8 4 5 / ~ and c=11.6603 /k (Cava
et al 1990), we obtained n c as 2.38× 1014cm-2 and
n i = 6.74 × 1014 c m -2 for the condition of optimized pairing in cuprate superconductors. We make them oxygen
deficiency dependent as:

with p(0) as the residual resistivity developed due to
impurity scattering.

(32)

n(i) = no ) {6 = 0.0} [exp - ( 6 / 6 J ] ,

with 6 =0.4. The sum of ionic and bound electronic
charge Z e = - 2 e . M denotes the reduced mass of Cu
and O in CuO 2 plane and is 12.77 amu indicating that
the vibration considered is the CuO vibration.
The 2-D acoustic plasmon frequency, co+ and phonon
frequency, o~ were plotted from (17) and (16) as a
function of wave vector ( q = 2k F sin0) in A-' along the
a - b plane for YBaCuO superconductors in figure 1. The
higher frequency mode ho.(q) displays a characteristic
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Figure 1. Variations of 2-D acoustic plasmon (phonon) energy
/ioJ+0~ro..) as a function of wave vector (q) [A-I].
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Figure 2. Variations of electron-phonon scattering time (Tph)
as a function of oxygen deficiency (6).
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square root behaviour for small wave vector and becomes
linear for higher values of q. This is consistent with the
2-D acoustic plasmon dispersion relation. The plot of
h to (q) as a function of q is characterized by the low
acoustic phonon frequencies. Using the relation
= akBto_/hzc, the long wavelength sound velocity was
estimated.
Using
a = 3.8136/~
and o~ = 46 meV,
V = 6-2 x 10Scm sec -1 was deduced, which is higher than
the reported data on single crystal of YBaCuO superconductors with the ultrasound velocity measurements as
5 . 0 x 10Scmsec -' (Saint Paul et al 1989).
It is evident from (26) that the scattering rate between
electrons and phonons is inversely proportional to the
temperature (T). The calculated value of re-ph is plotted
for different oxygen deficiency values in figure 2 at
T = 100K for the YBaCuO systems. The figure shows
that the electron-phonon scattering time r~_ph is high for
the lower values of 6 and decreases with the increased
value of oxygen deficiency. Timusk and Tanner (1989)
had pointed out that the inelastic scattering rate is very
large and of the order of T in cuprate superconductors.
We deduced "/~e-ph : 8"0 X 10-14 sec at 6 = 0-0. The obtained
variation of T ph with 6 could not be compared due to
paucity of data. Furthermore, the scattering time due to
electron-phonon interaction is rather insensitive for higher
oxygen deficiency as the system approaches the insulating
phase. Besides this, the presence of multiple scattering
mechanism lowers the scattering time value and oxygen
deficiency independently. Earlier, Kim et al (1989, 1991)
had evaluated the electron-phonon life time by solving
the Bloch-Boltzmann transport equation variationally and

the Eliashberg function in LaSrCuO superconductors.
Their analysis predicts that ~re_ph is rather insensitive in
the metallic region in La based cuprates. In YBaCuO
superconductors, the result on lre_ph dependence with 6
is consistent with those obtained by Kim et al (1989,
1991).
The normal state resistivity due to electron-phonon
interaction at room temperature is plotted with oxygen
deficiency (6) in YBaCuO superconductors along with
the reported data (Hariharan et al 1988) on pellets in
figure 3. The Pe-ph includes the extrapolated value of
residual resistivity P0- It is noticed from the graph that
at low oxygen deficiency level, Pe-ph is lower and is
almost 6 independent. For 6 > 0.4, Re ph increases and it
increases further monotonously for ~ > 0.7. The lower
value of Pe-ph in the range 6 < 0.4 signified the metallic
origin. The deduced results on the variation of p with
6 are consistent with those reported earlier by
Hariharan et al (1988) for oxygen-annealed YBaCuO
superconductors.
In figure 4, we have plotted the behaviour of normal
state resistivity as a function of temperature for YBaCuO
superconductors with 6 = 0.0. For this purpose, we have
used the developed expression (30) and compared them
with the experimental data (Tarascan et al 1987). It is
found that the temperature dependence of p is almost
linear at high temperatures in the range 90 < T < 3 0 0 K
and is consistent with the experimental data. The higher
values of resistivity is indeed due to the large inelastic
scattering rate. It may be pointed out that for a inelastic
scattering rate of = 10 t4 sec -I one obtained p of the order
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Figure 4. Variations of normal state resistivity (p) of YBaCuO
superconductors as a function of temperature. Experimental data
(.) refer to Tarascan et a l (1987).
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of rn,Qcm. Furthermore, the above analysis yields a.
finite intercept at a temperature when p is extrapolated
to zero. The intercept is interpreted in terms of residual
resistivity that is temperature independent, and arises
from the impurity scattering mechanism. We have estimated p ( 0 ) = l . 1 4 m ~ c m
from the extrapolation of
experimental data. We believe that in YBaCuO superconductors the nearly linear behaviour of normal state
resistivity with temperature is definitely due to the inelastic scattering of electrons via phonons.

4.

Conclusions

In the present investigation, we have made an effort to
understand the observed behaviour of normal state
resistivity with oxygen deficiency as well as temperature
in YBaCuO superconductors. We have used the earlier
developed potential which properly incorporates the structure factors and various interactions for double 2-D
conducting CuO 2 planes. For the purpose of normal state
resistivity we have used the Coulomb and electronphonon part of the interaction potential and BlochBoltzmann theory. We have succeeded in understanding
the reported behaviour of p with ~ and T in YBaCuO
systems within a two-component model. The appropriateness of the above approach is attributed to the proper
care of layered structure and the estimation of the model
parameters as tt to_, 'Ye-ph and re_ph based on the realistic
physical parameters. The consistency of the normal state
resistivity data with the experimental data strongly supports the earlier proposed approach for pairing mechanism
and transition temperature in YBaCuO superconductors.
The estimated value of long wavelength sound velocity
and inelastic scattering rate are consistent with the earlier
reported data and favours the strong participation of
phonons. In conclusion, the two-component model based
on Bloch-Boltzmann theory for normal state resistivity
in YBaCuO superconductors can explain fairly well the
reported data on polycrystalline samples.
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