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We propose a microscopic theory of the normal state transport in copper oxides based on the
bipolaron theory which describes qualitatively the temperaturesT d and dopingsxd dependence of the
in-plane rab and out-of-planerc resistivity and the spin susceptibilityxs in underdoped, optimally
doped, and not very heavily overdopedLa22xSrxCuO4 for the temperature range fromTc up to
600 K. A free parameter relation between the anisotropy and the spin susceptibility is derived,
rcsT , xdyrabsT , xd , xyT1y2xssT , xd, which agrees quantitatively with the experiment. The normal
state gap is explained and its doping and temperature dependence clarified. [S0031-9007(96)01809-1]
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The absolute value and qualitatively different tempe
ture dependence of the in-plane andc-axis resistivity [1]
as well as the normal state gap observed with NM
neutron scattering, thermodynamic and kinetic meas
ments in the high-Tc cuprates are recognized now as t
key to our understanding of the high-Tc phenomenon
[2,3]. By the use of the room-temperature values of
ab and c-axis conductivities of the prototypical cupra
La22xSrxCuO4 at the optimal doping,x  0.15, sab .
2 3 105 V21 m21, andsc . 103 V21 m21 [4], one ob-
tains

EFt

h̄


p h̄dsab

e2 . 1.5 (1)

and the ratio of the mean-free path on thec directionlc to
the interplane distanced . 6 Å as small aslcyd , 0.01,
whereEF is the Fermi energy andt is the transport relaxa
tion time. This estimate as well as the semiconductor
behavior ofrcsT d contrasting with the linearrabsTd do not
agree with any Fermi-liquid description [2]. Another cha
lenging problem is a three-dimensional coherent super
ducting state of these quasi-two-dimensional conduc
which is hardly compatible with several phenomenolo
cal models [1,5], based on the assumption that thec-axis
transport isincoherent. To meet this challenge some a
thors [2] alleged the spin-charge separation, abando
the Fermi-liquid and Boltzmann approach.

At the same time the results of the kinetic and thermo
namics measurements [1] led us [6] to the conclusion
the so-called spin gap observed previously in the magn
susceptibility [7] (in the spin channel) could belong to t
charge carriers, which are intersite bipolarons. In part
lar, the explanation of the NMR linewidth and the line
in-plane resistivity as well as of the Hall effect was pr
posed [8,9]. The comprehensive analysis by Batlogg
co-workers [10] revealed transport features incompat
with the spin-charge separation and the doping depend
of the gap, as well as the semiconducting doping dep
dence of the resistivity. It appears that high-Tc oxides are
96 0031-9007y96y77(23)y4796(4)$10.00
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doped semiconductors rather than metals, irrespectiv
the level of doping [11].

In this Letter the normal theory ofrcsT , xd, xssT , xd
and of the normal state gapDsT , xd is developed based
on the bipolaron theory of high-temperature superco
ductivity by Alexandrov and Mott [6].

The small polarons are pairedaboveTc in strongly cor-
related Mott-Hubbard insulators with the electron-phon
coupling constant above an intermediate valuel $ 0.5
[12]. The ground and low-energy states are well d
scribed by the mixture of the intersite in-plane singlet pa
(small bipolarons) and thermally excited polarons [6]. S
glets tunnel along the plane with an effective massmpp

ab
of the order of a single-polaron massmp

ab as shown by
one of us [11]. However, theirc-axis tunneling can be
only Josephson-like involving simultaneous hopping
two holes. Therefore, the singletc-axis mass is strongly
enhanced,mpp

c ¿ mpp
ab , mp

ab. In that way we explain a
large transport anisotropys.103d of copper oxides at low
temperatures when polarons are frozen out. The cru
point of our theory is that polarons dominate in thec-axis
transport at intermediate and high temperatures beca
they are much lighter in thec direction than bipolarons
At the same time the polaron contribution to theab trans-
port is small at any temperature due to their low dens
compared with the bipolaron one. As a result we hav
mixture of thenondegeneratequasi-two-dimensional spin
less bosons and the thermally excited fermions, which
capable to propagate between the planes. Only pola
contribute to the spin susceptibility which leads to a fu
damental relation between the anisotropy and the magn
susceptibility.

Quite generally the in-plane bipolaron,sab , c-axis
polaron,sc conductivities, and the uniform spin suscep
bility xs are expressed assh̄  kB  1d

sabsT , xd  24
Z `

0
dE sbsEd

≠fb

≠E
, (2)

scsT , xd  22
Z `

0
dE spcsEd

≠fp

≠E
, (3)
© 1996 The American Physical Society
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xssT , xd  22m2
B

Z `

0
dE NpsEd

≠fp

≠E
, (4)

wherefb  f y21 expsEyT d 2 1g21 andfp  f y21y2 3

expsEyT 1 Dy2T d 1 1g21 are the bipolaron and po
laron distribution functions, respectively, withy 
expfmsT , xdyT g, msT , xd the chemical potential, and
mB the Bohr magneton. The bipolaron binding ener
D is expected to be of the order of a few hundr
K [6]. Therefore polarons are not degenerate at a
temperatures. AboveTc bipolarons are also not de
generate, so thatfb . y exps2EyTd, and fp . y1y2 3

exps2EyT 2 Dy2Td. If the scattering mechanism is th
same for polarons and bipolarons the ratio of the diff
ential bipolaronsbsEd and polaronspcsEd conductivities
[13] is independent of the energy and doping

sbsEd
spcsEd

; A  const. (5)

There is a large difference in the values of thepps and
ppp hopping integrals between different oxygen sit
Therefore we expect a highly anisotropic polaron ene
spectrum [11] with a quasi-one-dimensional polaron d
sity of states as observed with the high resolution ang
resolved photoemission spectroscopy (ARPES) [14],

NpsEd .
1

4pda

µ
mp

2E

∂1y2

, (6)

wherea is the in-plane lattice constant. Then thec-axis
resistivity as well as the spin susceptibility are expres
as

rcsT , xd
rabsT , xd

 2Ay1y2 exp

µ
D

2T

∂
(7)

and

xssT , xd 
m

2
B

2da

µ
ymp

2pT

∂1y2

exp

µ
2

D

2T

∂
. (8)

The chemical potential,y  2pnbsT , xdyTmpp
ab, is calcu-

lated by taking into account the Anderson localization
bipolarons in a random potential [9]. The bipolaron de
sity nbsT , xd per cm2 appears to be linear in temperatu
and doping,nbsT , xd . xTyga2, in a wide temperature
range below the bipolarons,1ympp

aba2d and the impurity
sgd bandwidth. Then the temperature and doping dep
dence of the Hall effectRH , 1y2enbsT , xd as well as the
linearab resistivity are well described [9]. As a result w
find the temperature independenty , x [15] and

rcsT , xd
rabsT , xd

 C
x

T1y2xssT , xd
, (9)

xssT , xd  C0

µ
x
T

∂1y2

exp

µ
2

DsT , xd
2T

∂
, (10)

where C  2Am
2
Bs2pmpd1y2ygmpp

abaV and C0  m
2
B 3

smpygmpp
abd1y2yV are assumed to be constants, andV a

unit cell volume. We expect a strong dependence of
binding energy,D ; DsT , xd, on doping because of th
screening. Bipolarons are heavy nondegenerate part
y
d
y

r-

.
y

n-
e-

ed

f
-

n-

e

les

which screen very well the electron-phonon interacti
In fact, by the use of the classical expression for
inverse screening radius,qs  f16pe2nbsT , xdye0Tg1y2,
and the static dielectric constante0 . 30 one obtains the
value ofqs . 3 Å21 at room temperature which is abo
3 times larger than the reciprocal lattice vectorqd . Hence
the polaron (Franck-Condon) level shiftEp is suppressed
by the screening being proportional toq2

dyq2
s for largeqs

[12]. Consequently, the normal state gap depends on
bipolaron density asDsT , xd , TynbsT , xd, which yields
the temperature independent gap,

D  D0yx , (11)

whereD0 is doping independent, ifnbsT , xd , xT . This
estimate is applied in a restricted range of doping n
the optimum value,x  0.15. At small doping the
screening radius is larger than the lattice constant.
a result, we do not expect any doping dependence
D below x  0.05. On the other hand, at large dopin
the screening weakens the polaron orthogonality (pho
overlap) blocking of the tunneling. The (bi)polaron ba
widens and becomes comparable withEp. Then the
binding energyD, which is the difference between th
minimum of the polaronic and bipolaronic bands [s
Fig. 2(a) below], becomes smaller than bothEp and the
bandwidth. As a result, the doping suppression ofD is
expected to be more significant than Eq. (11) suggests
the overdoped samples.

One can describe all qualitative features of t
c-axis resistivity and the magnetic susceptibility
La22xSrxCuO4 by the use of Eqs. (9) and (10) an
Eq. (11) as the comparison of Figs. 1(a)–1(b) a
Figs. 1(c)–1(d) shows. The linear temperature dep
dence of theab resistivity has been explained within th
same approach [8,9]. Thus thec-axis resistivity is now
understood as well. The anisotropy is describedquantita-
tively by Eq. (9) with theexperimentalvalue of xssT , xd
[see Fig. 1(d)], allowing small sample variation of th
constantC within less than 15% as shown in Fig. 1(c
A temperature independent anisotropy of a heav
overdoped sample,x  0.3 in Fig. 1(c), is explained by
the fact that polarons contribute to theab transport when
the bipolaron binding energyD is below 100 K as shown
in Fig. 2(b). The normal state gapDsT , xd can be found
from Eq. (8) by the use of the experimental values
xssT , xd, Fig. 1(d). With the temperature independe
ysxd in agreement with a flat temperature dependence
the thermoelectric power ofLa22xSrxCuO4 one obtains

DsT , xd  2T ln
B`

T1y2xssT , xd
, (12)

where B`  m
2
Bfmpa2ysxdy2pg1y2yV shows only

weak (if any) dependence on doping,B` . 5.46 3

1026 emu K1y2yg. The simultaneous increase with do
ing of y , x [15] and the decrease of the polaron ma
mp due to screening makeB` practically doping inde-
pendent. The values and doping dependence ofDsT , xd,
4797



VOLUME 77, NUMBER 23 P H Y S I C A L R E V I E W L E T T E R S 2 DECEMBER 1996

of
ap in
FIG. 1. Theoretical anisotropy (a) and magnetic susceptibility (b)x  xssT , xd 1 x0 with x0  0.4 3 1027 emuyg and with the
temperature independent gap, Eq. (11)sD0  55 Kd. The anisotropy ratio (c) [4] compared with the theory (lines) by the use
Eq. (9) and the experimentalxsT , xd [7] (d). The lines in (d) are used to calculate the anisotropy (c) and the normal state g
Fig. 2(b).
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determined with Eq. (12), Fig. 2(b), are about the sa
as Batlogg’s normal-state-gap temperatureTpsxd [10].
The normal state gapDsT , xd, Fig. 2(b), is the “spin gap”
in the uniform spin susceptibility. For the finite wav
vectorq , sp , pd the inverse of which is of the order o
the size of the intersite bipolaron, the bipolaron format
affects xssqd less thanxss0d. Therefore the intersite
bipolaron picture alone might be insufficient to resolve
problems related to1yT1T .

The proposed kinetics of high-Tc cuprates is derived
from the generic Hamiltonian, which includes the ba
hopping integral, the electron-phonon interaction, a
the direct Coulomb repulsion. It can be diagonalize
exactlyin the limit l . EpyEF ! ` [6,12]. The ground
state bipolaron configuration is found by the use
the lattice minimization technique [16] fully taking int
account the direct Coulomb repulsion. Then applying1yl

perturbation theory the bipolaron effective mass tenso
readily derived [11]. The in-plane oxygen-oxygen pa
appear to be the ground state in perovskite structu
Therefore the in-plane bipolaron tunneling is essentia
one particle, and the in-plane effective mass is of the or
4798
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of the small polaron mass about10me. On the other hand
the c-axis tunneling is only possible via a Josephson-l
hopping. In that case one derives [12,17]

1
mpp

c
. 4t2d2

µ
2p

vD

∂1y2

exp

∑
2

D

v

µ
1 1 ln

2g2v

D

∂∏
.

(13)

Here tsdd  T sdde2g2
is the interplane polaron hoppin

integral andv the optical phonon frequency. The ratio
the c-axis singlet mass to that of the polaron one is giv
by

mpp
c

mp
c

.
1
2

µ
vD

2pT2sdd

∂1y2

e3g2

¿ 1 , (14)

for D . 2Ep  2g2v which justifies the proposed kine
ics described by Eqs. (2) and (3). The isotope effect
both Tc [18] and on the Néel temperatureTN [19] favors
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FIG. 2. The theoretical normal state gap as a function
temperature and doping (b) defined according to (a).

the electron-phonon coupling as the origin of the pola
and bipolaron formation in cuprates. The pair-distributi
analysis of neutron scattering [20] also suggests that
spin gap is consistent with the formation of a bipolaron
local singlet state. However, our transport theory may
applicable beyond a pure electron-phonon model of p
formed pairs.

In conclusion, we have developed a microscopic tra
port theory of copper based highTc oxides, which de-
scribes the doping and temperature dependence of
ab and c-axis resistivity and the magnetic suscep
bility as well as the normal state gap. A free para
eter expression for the anisotropy is derived which
well the experimental data. No question arises with
three-dimensional superconductivity. The Bose-Einst
condensation of bipolarons explains the high value ofTc

because its dependence on a hugec-axis singlet mass is
only logarithmic [21]. At very low temperatures polaron
are frozen out, so we expect the temperature indepen
anisotropyrcyrab whenT is low. In a magnetic field the
normal state gap becomes smaller due to the spin split
of the polaron level, Fig. 2(a), so a negativec-axis magne-
toresistance is expected. Both features have been rec
observed [22]. The unusual logarithmic divergence of
sistivity [22] is explained by one of us [23] as the result
the resonance Wigner scattering of nondegenerate car
by the attractive random potential.

This paper is inspired by Mott’s original idea th
doped Mott insulators are nondegenerate semiconduc
in the normal state in which randomness plays an esse
role. We highly appreciate enlightening discussions w
Y. Ando, P. P. Edwards, J. Cooper, R. Haydock,
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