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Linear temperature behavior of the resistivity in the new high-T, supereonductors
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We propose that the linear temperature behavior of the resistivity observed in the new high-T,
materials might be linked to their two-dimensional character for electron transport. For three-
dimensional electron transport a linear temperature law for the resistivity is obtained for tempera-
tures above the Debye temperature BD. For two-dimensional transport, however, such a linear
law holds above a characteristic temperature T* =2hspF which can be well below eo (s denoting
the sound velocity and pr the Fermi momentum) provided that pF «tr/a, which is the case for
these high-T, materials.

The recent discovery of high-T, superconducting ma-
terials by Bednorz and MCiller' was first of all followed by
worldwide initiatives in the search for even higher T,: ba-
sically material research. By now, sample preparation
and measurements have become refined enough to use
these experimental results to try to put together a sys-
tematic theoretical picture of these new materials.

One of the unusual features of these materials is the
linear temperature dependence of their resistivity ob-
served in a large temperature regime starting just above
T, and extending, in general, to several hundreds degrees.
These findings were reported, for both the first-generation

high-T, materials La-(Ba,Sr)-Cu-O (Refs. 2-7) having
T, = 35 K, as we11 as the second-generation materials Y-
Ba-Cu-0 (Refs. 8-13) having T, = 95 K.

Structural analyses ' and band-structure calcula-
tions' ' both indicate that electronically these materials
may be considered to consist of well-separated stacked
planes of Cu ions. It is therefore reasonable to examine
the problem of two-dimensional electrical conductivity
due to electron-phonon scattering.

Let us for this purpose write down the Kubo formula
for the electrical conductivity tensor in the limit of an ap-
plied homogeneous and static field:

where d denotes the dimensionality of the system, pk(t) indicates the kth (lth) component of the electron momentum p,
and h~ (It 2p2/2m) —p, where m is the electron mass and p the Fermi energy. The expression for the relaxation life-
time Il/I (h~) is given in Ref. 17.
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where N and fdenote the Bose and Fermi distribution functions, respectively. Without any loss of generality we consider
here only one type of phonon, longitudinal ones, having frequency co& «. v(p —q) denotes the electron-phonon scattering
matrix element.

Provided we are in a temperature regime P =ktt T «p, we can easily carry out the integral in Eq. (1) using the rela-
tion d/dh~[ —, tanh(Ph~/2)] =8(h~). In particular, for the isotropic contribution to the conductivity we obtain

(3)(p p) g (3)(() ())
e 2 h PF e An

(3)

(2)(p p) g (2)(p p) e An

m I-(»(p) '



4052 R. MICNAS, J. RANNINGER, AND S. ROBASZKIEWICZ

where we use 2(4n/3)pp =n and 2pgn(n/a) =n for d =3 and d =2, respectively; n denotes the number of electrons per
unit volume and p~ the Fermi momentum.

In order to show that for d =2 the linear law for the resistivity can hold well below k~&D, contrary to d =3, we shall
now carry out explicitly the evaluation of the inverse transport lifetime Eq. (2) for d =2 and d =3. For that purpose let
us suppose that the Fermi sea has a circular Fermi surface for d =2 and a spherical one for d =3. The volume integral in
Eq. (2) becomes for d =3 and d =2, respectively,

d q
=4zd—cos8q dq =2n(EdE/A s )d q~~,

d q=d8qdq =[E/(As) ][(E/As) —(p qadi) ] ' dqiidE
(4)

after introducing the new variables E =s
~ p

—q ~
and q~~ =q cos8, where s denotes the sound velocity. We thus obtain for

the inverse relaxation time
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For d=3, I (0)~kqT for T&8D, which is the well-
known result. For d =2, however, the square roots in ex-
pression I ~ ~(0) in Eq. (5) put upper limits on the E in-
tegration which are 2hpps —2ms = [vp —2s]2ms and
2Apps+2ms =[vp+2s)2ms, where v~ is the Fermi ve-
locity. For v~&&2s—which seems to be justified in these
new high-T, materials —we obtain

4zk T ~'r"'(0)= ', „dx ", „, Iv(xApF2s)I',
nA "0 1 —x

which is valid for ksT & 2Apps provided Ap~s&& Asm/a
=k~eD. Hence, we obtain a linear T law for the resistivi-
ty, which for d=2 is valid for k~T & 26pzs, well below
the Debye temperature.

That these conditions are satisfied follows from the
various spectroscopic measurements' such as x-ray pho-
toemission spectroscopy (XPS), ultraviolet photoemission
spectroscopy (UPS), electron-energy-loss spectroscopy
(EELS), and bremsstrahlung isochromat spectroscopy
(BIS), all of which converge to the picture of a Fermi lev-
el which lies in a minimum of the density of states (having
about 1.3 states/eV cell). This, together with the mea-
surements of the dimension of the Fermi surface, ' leads
to very low carrier concentrations for these new high-T,
materials (—5X10 '/cm for Y-Ba-Cu-O, and slightly
higher for the Ba-La-Cu-0). Estimations of the Fermi
velocity vz and the eff'ective mass of the carriers m, p are
v~=10 cm/sec and m,a=5m„where m, denotes the
free-electron mass. We take for the sound velocity a typi-
cal value of s = 10 cm/sec which is in rough agreement
with the values of the Debye temperatures for these ma-
terials; i.e., 8D = 400-500 K for Ba-La-Cu-0 (Ref. 21)
and 8D= 330-400 K for Y-Ba-Cu-0 (Ref. 22). With
these values we find that the conditions assumed in deriv-

ing expression (6) are justified, i.e., vp»s and pp«n/a.
The latter inequality follows from the relation n =pox
x (4x/a) or pp =v n (a/n) ~ (4n) '~ (n/a), which for the
numerical values given above leads to pp=2. 6X10
(n/a). For the lattice constant a we have taken the value
3.8 A.

Experimentally the linear-in-T behavior of the resistivi-
ty is sometimes observed down to temperatures of the or-
der of 8D/2 or even 8D/3 although theoretically it is ex-
pected to hold only for T&BD. The fact that in those
new high-T, materials the linear-in-T law is observed
down to 8D/4 in Y-Ba-Cu-0 and to 8D/10 in Ba-La-Cu-
0 merits a serious questioning of the origin of this linear-
in-T behavior. We have shown above how such a behavior
can be explained within the standard electron-phonon dis-
sipation mechanism, provided the electronic structure is
bidimensional and the number of carriers is small. We
should note that a diA'erent mechanism based on
electron-electron scattering which also gives rise to a
linear-in-T law for the resistivity has been proposed.

In the present analyses we have totally neglected contri-
butions coming from umklapp processes. Umklapp pro-
cess only play a role provided that the Fermi radius pz is
bigger than half the Debye radius ~(n/a). This does
not seem to be the case for these high-T, materials and we
can restrict ourselves to normal processes only. For the
sake of completeness let us briefly examine the situation
for the low-temperature limit. For that purpose we have
to make some assumptions about the electron-phonon
scattering matrix element v(E). Within the picture of the
deformable potential approximation one can write

~
v(E)

~
=aE where a is a constant having dimensions of

energy. Using this expression for
~
v(E)

~
in Eqs. (5) we

can easily see that for k&T«k~BD for d=3 and for
kg T« 26pps for d =2 the integrations over E can be ex-
tended to infinity, yielding
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In conclusion, we have shown that the linear temperature behavior of the resistivity well below the Debye temperature
eD observed in the newly discovered high-T, superconductors is a consequence of the two-dimensional electronic charac-
ter of these materials and the fact that pF «x/a is due to the small number of carriers in these materials. We have
demonstrated that for kttT ) 2hp~s (being much smaller than ktteD) the resistivity p~ T/Jn, where n denotes the con-
centration of carriers, pF the Fermi momentum, and s the sound velocity.
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