VOLUME 77, NUMBER 23 PHYSICAL REVIEW LETTERS 2 BCeEMBER 1996

Coherentab and ¢ Transport Theory of High- T, Cuprates

A.S. AlexandroV, V. V. Kabanov>? and N. F. Mott
'Department of Physics, Loughborough University, Loughborough LE11 3TU, United Kingdom
%Interdisciplinary Research Centre in Superconductivity, University of Cambridge, Cambridge CB3 OHE, United Kingdom
3Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, Dubna, Russia
(Received 10 June 1996

We propose a microscopic theory of the normal state transport in copper oxides based on the
bipolaron theory which describes qualitatively the temperatiifeand doping(x) dependence of the
in-plane p,, and out-of-planep, resistivity and the spin susceptibility, in underdoped, optimally
doped, and not very heavily overdopéch,_,Sr,CuO, for the temperature range from. up to
600 K. A free parameter relation between the anisotropy and the spin susceptibility is derived,
p(T,x)/pas(T,x) ~ x/T" 2 x,(T,x), which agrees quantitatively with the experiment. The normal
state gap is explained and its doping and temperature dependence clarified. [S0031-9007(96)01809-1]

PACS numbers: 74.20.Mn, 71.38.+i, 74.25.Fy

The absolute value and qualitatively different temperadoped semiconductors rather than metals, irrespective to
ture dependence of the in-plane andxis resistivity [1]  the level of doping [11].
as well as the normal state gap observed with NMR, In this Letter the normal theory gb.(T,x), xs(T,x)
neutron scattering, thermodynamic and kinetic measureand of the normal state gap(T,x) is developed based
ments in the high¥. cuprates are recognized now as theon the bipolaron theory of high-temperature supercon-
key to our understanding of the high- phenomenon ductivity by Alexandrov and Mott [6].
[2,3]. By the use of the room-temperature values of the The small polarons are pairethoveT, in strongly cor-
ab and c-axis conductivities of the prototypical cuprate related Mott-Hubbard insulators with the electron-phonon

La;—,Sr,CuO,4 at the optimal dopingx = 0.15, o4 = coupling constant above an intermediate value= 0.5
2x 100 Q 'm™ !, ando. = 10> Q" 'm~' [4], one ob- [12]. The ground and low-energy states are well de-
tains scribed by the mixture of the intersite in-plane singlet pairs
(small bipolarons) and thermally excited polarons [6]. Sin-
Epr _ mhdow _ | (1)  Ylets tunnel along the plane with an effective mass
h e? of the order of a single-polaron mass,, as shown by

and the ratio of the mean-free path on theirection/. to ~ one of us [11]. However, theic-axis tunneling can be
the interplane distancé = 6 A as small ag,/d < 0.01,  only Josephson-like involving simultaneous hopping of
whereE is the Fermi energy andlis the transport relaxa- WO holes. Therefore, the singletaxis mass is strongly
tion time. This estimate as well as the semiconductorlikenhancedin;™ > mg), ~ mgp. In that way we explain a
behavior ofp,(T) contrasting with the lineas, (7) donot  large transport anisotropy>10°) of copper oxides at low
agree with any Fermi-liquid description [2]. Another chal- temperatures when polarons are frozen out. The crucial
lenging problem is a three-dimensional coherent supercori0int of our theory is that polarons dominate in thexis
ducting state of these quasi-two-dimensional conductorfansport at intermediate and high temperatures because
which is hardly compatible with several phenomenologi-they are much lighter in the direction than bipolarons.
cal models [1,5], based on the assumption thatctasis At the same time the polaron contribution to tietrans-
transport isncoherent To meet this challenge some au- Port is small at any temperature due to their low density

thors [2] alleged the spin-charge separation, abandoningPmpared with the bipolaron one. As a result we have a
the Fermi-liquid and Boltzmann approach. mixture of thenondegeneratquasi-two-dimensional spin-

At the same time the results of the kinetic and thermody!ess bosons and the thermally excited fermions, which are
namics measurements [1] led us [6] to the conclusion that@pable to propagate between the planes. Only polarons
the so-called spin gap observed previously in the magnetigontribute to the spin susceptibility which leads to a fun-
susceptibility [7] (in the spin channel) could belong to thedamental relation between the anisotropy and the magnetic
charge carriers, which are intersite bipolarons. In particuSusceptibility. . . .
lar, the explanation of the NMR linewidth and the linear Quite generally the in-plane bipolarons,,, c-axis
in-plane resistivity as well as of the Hall effect was pro-Polaron,o. conductivities, and the uniform spin suscepti-
posed [8,9]. The comprehensive analysis by Batlogg an8llity xs are expressed d& = kg = 1)

co-workers [10] revealed transport features incompatible L * afp
with the spin-charge separation and the doping dependence oap(T,x) = =4 0 dE o(E) 9E ° (2)
of the gap, as well as the semiconducting doping depen- B * afp
dence of the resistivity. It appears that higjhoxides are oo(T,x) = =2 0 dE 0pc(E) BE (3)
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” af which screen very well the electron-phonon interaction
o(T, =—22f EN,(E) =2, 4 y ron-p _ .
Xs(T, %) ot 0 dEN,(E) oE “) In fact, by the use of the classical expression for the
I R -1 inverse screening radiug, = [167re*n, (T, x)/€yT]"*,
\év;;;ie/; N [Ay/QT)e)ff]/le) arel]thea%(ijf glaroE]y and X ,. and the static dielectric constasg = 30 one obtains the
Lo . P . PO value ofg, = 3 A~! at room temperature which is about
laron distribution functions, respectively, withy =

. . 3 times larger than the reciprocal lattice veajgr Hence
exfu(T,x)/T], w(T,x) the chemical potential, and ;. polaron (Franck-Condon) level shi}, is suppressed

up the Bohr magneton. The bipolaron binding energyby the screening being proportional 4§/q§ for large g,

A Is expected to be of the order of a few hundred 12]. Consequently, the normal state gap depends on the
K [6]. Therefore polarons are not degenerate at an ipolaron density aa\ (7. x) ~ T /ny (. x). which yields

temperatures. Abovel. bipolarons are also not de- h ind d

generate, so that, = yexp—E/T), and f, = y!/2 x the temperature independent gap,

exp(—E/T — A/2T). If the scattering mechanism is the A= Ay/x, (11)
same for polarons and bipolarons the ratio of the differ
ential bipolarono, (E) and polarors,.(E) conductivities
[13] is independent of the energy and doping

‘WwhereA, is doping independent, i, (T,x) ~ xT. This
estimate is applied in a restricted range of doping near
the optimum value,x = 0.15. At small doping the
op(E) screening radius is larger than the lattice constant. As
0 pe(E) a result, we do not expect any doping dependence of

There is a large difference in the values of theo and A below x = 0.05. On the other hand, at large doping
ppm hopping integrals between different oxygen sites the screening _Weakens the po!aron orthog_onahty (phonon
Therefore we expect a highly anisotropic polaron energyVeriap) blocking of the tunneling. The (bi)polaron band
spectrum [11] with a quasi-one-dimensional polaron denWidens and becomes comparable wiih. Then the
sity of states as observed with the high resolution anglePinding energyA, which is the difference between the

resolved photoemission spectroscopy (ARPES) [14],  Minimum of the polaronic and bipolaronic bands [see
Fig. 2(a) below], becomes smaller than bdij and the

x\ 1/2
N,(E) = 1 <m > , (6) bandwidth. As a result, the doping suppressionAofs

. _ 4mda \2F _ expected to be more significant than Eq. (11) suggests for
wherea is the in-plane lattice constant. Then tb@xis  the overdoped samples.

resistivity as well as the spin susceptibility are expressed one can describe all qualitative features of the

= A = const. (5)

as c-axis resistivity and the magnetic susceptibility of
p(T,x) Ayl F<A> 7 La,_,Sr,CuO4 by the use of Egs. (9) and (10) and
panr(T,x) yUex 2T (7 Eq. (11) as the comparison of Figs. 1(a)—1(b) and
and Figs. 1(c)—1(d) shows. The linear temperature depen-
5 12 dence of theab resistivity has been explained within the
Yo(T,x) = MB < ym ) ex;{—A) (8 same approach [8,9]. Thus tleeaxis resistivity is now
2da \27wT 2T understood as well. The anisotropy is descrifadntita-

The chemical potentialy = 27n,(T,x)/Tm.y;, is calcu-  tively by Eq. (9) with theexperimentahalue of y,(T, x)
lated by taking into account the Anderson localization of[see Fig. 1(d)], allowing small sample variation of the
bipolarons in a random potential [9]. The bipolaron den-constantC within less than 15% as shown in Fig. 1(c).
sity n, (T, x) percm? appears to be linear in temperature A temperature independent anisotropy of a heavily
and doping,n,(T,x) = xT/ya?, in a wide temperature overdoped sample; = 0.3 in Fig. 1(c), is explained by
range below the bipolarot~1/m.,a?) and the impurity  the fact that polarons contribute to thb transport when
(y) bandwidth. Then the temperature and doping deperthe bipolaron binding energg is below 100 K as shown
dence of the Hall effecky; ~ 1/2en,, (T, x) as well as the in Fig. 2(b). The normal state gaj(T', x) can be found
linearab resistivity are well described [9]. As a result we from Eq. (8) by the use of the experimental values of
find the temperature independent- x [15] and xs(T,x), Fig. 1(d). With the temperature independent
y(x) in agreement with a flat temperature dependence of

p(l.x) _ X ) (9) the thermoelectric power dfa,,Sr,CuO, one obtains
pab(Tax) TI/ZXS(T’X) B
A(T,x) =2T In ———— 12
@) c’<x>1/2ex =) " S R
N ’-x = — - )
X T 2T where B., = u3[m*a’y(x)/27]"/?/Q shows only

where C = 24u3Qmm*) V2 /ym5aQ and C' = pu3 x  weak (if any) dependence on dopin@. = 5.46 X
(m*/ym:3)/2/Q are assumed to be constants, dhca  10"°emuK!/2/g. The simultaneous increase with dop-
unit cell volume. We expect a strong dependence of théng of y ~ x [15] and the decrease of the polaron mass
binding energy,A = A(T,x), on doping because of the m* due to screening maks.. practically doping inde-
screening. Bipolarons are heavy nondegenerate particlggendent. The values and doping dependenca(af, x),
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FIG. 1. Theoretical anisotropy (a) and magnetic susceptibility B} x,(7,x) + xo with yo = 0.4 X 1077 emy/g and with the
temperature independent gap, Eq. (14) = 55 K). The anisotropy ratio (c) [4] compared with the theory (lines) by the use of
Eqg. (9) and the experimentad(T, x) [7] (d). The lines in (d) are used to calculate the anisotropy (c) and the normal state gap in
Fig. 2(b).

determined with Eq. (12), Fig. 2(b), are about the sam®f the small polaron mass abol@im,. On the other hand,
as Batlogg's normal-state-gap temperatdt&x) [10].  thec-axis tunneling is only possible via a Josephson-like
The normal state gaj (T, x), Fig. 2(b), is the “spin gap” hopping. In that case one derives [12,17]

in the uniform spin susceptibility. For the finite wave

vectorg ~ (m, 7) the inverse of which is of the order of

the size of the intersite bipolaron, the bipolaron formation 1 - 4t2d2<2—77>1/2 ex;{—é <1 n 28%w ﬂ

affects y,(g) less thany,(0). Therefore the intersite m* wA 1)) A '
bipolaron picture alone might be insufficient to resolve all (13)
problems related to/7,T.

The proposed kinetics of high: cuprates is derived . ) )
from the generic Hamiltonian, which includes the pareHere(d) = T(d)e"*# is the interplane polaron hopping
hopping integral, the electron-phonon interaction, andnt€dral andw the optical phonon frequency. The ratio of
the direct Coulomb repulsion. It can be diagonalized the c-axis singlet mass to that of the polaron one is given
exactlyin the limit A = E,/Ep — [6,12]. The ground by
state bipolaron configuration is found by the use of

the lattice minimization technique [16] fully taking into ' 1 wA /2 .,
account the direct Coulomb repulsion. Then applyirig — = > <m> e > 1, (14)
perturbation theory the bipolaron effective mass tensor is e 7T

readily derived [11]. The in-plane oxygen-oxygen pairs

appear to be the ground state in perovskite structureor A = 2E, = 2g?w which justifies the proposed kinet-
Therefore the in-plane bipolaron tunneling is essentiallyics described by Egs. (2) and (3). The isotope effect on
one particle, and the in-plane effective mass is of the orddooth 7. [18] and on the Néel temperatufg [19] favors
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