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Recent measurements on the resistivity of (La&uD, are shown to fit within the general framework
of Luttinger liquid transport theory. They exhibit a crossover from the spin-charge separated “holon
nondrag regime” usually observed, wigh, ~ T, to a “localizing” regime dominated by impurity
scattering at low temperature. The proportionality @f and p,, and the giant anisotropy follow
directly from the theory. [S0031-9007(96)01626-2]

PACS numbers: 72.10.Fk, 74.25.Fy

Recently Andoet al. [1] have measured the resistivity conductivity is that it follows, over most of the range, a
of two (La-Sr)CuQ, samples, one of them in the fully power law
metallic optimally doped range, in magnetic fields up
to 60 T, which completely destroys superconductivity.

The result confirms other measurements which showed@nd in Figs. 1 and 2 we plot the-axis results of Ando
that at sufficiently low temperature the resistivity of the €t al.[1] as Ino vs InT to show an approximate fit, with
cuprateab plane in the normal state crosses over to a@a = 0.35 (6 = 0.08) and 0.22(6 = 0.13). At higher
negative temperature derivative with an approximateljfemperaturesl’ > t,, o. eventually crosses over to a
logarithmicT dependence, as opposed to the conventiond?0sitive temperature coefficients, is several hundred
linear T behavior (at least where the spin gap does noflegrees K or greater according to band calculations [3].
intervene as it does in underdoped bilayer materials such There is some question in our minds whether the
as BISCO-2212 and YBCQ,_s9. What is new about expression (1) is valid over the whole range of tempera-
the Ando-Boebinger experiments is that theaxis and ture. Its source is simply the golden rule: the joint
ab-plane conductivities become proportional to each otheflensity of states for hopping between two Luttinger
at low temperature although with an extraordinarily largeliquids is <w>*, and the hopping rate is proportional to
anisotropy of the order 1000. the density of states. But when the density of states is

The c-axis conductivity in these measurements followsvarying rapidly compared to the calculated decay rate, it
a smooth extrapolation from the normal state values abowé Not obvious that the rate should continue to scale in the
T.. Itis reasonable to suppose that thaxis conductivity ~Same way. Some experimental data support the present
is therefore not crossing over to a new behavior; we muditerpretation, some the possibility that the rate scales to a
then suppose that theéh plane does so. constant.

We [2] have derived thec-axis conductivity as a
function of frequency and af = 0, for Luttinger liquid x = 0.08
planes or chains weakly coupled by a tunneling matrix ™[~ " " T

elementz |, presumed diagonal in the momentum parallel e,

to the chain or plane. We get Ty

/Q-cm
2 < 2 >2a ke

o, w2a’

A

where this is measured per electron and between one pair Ko
of planes: i.e., it is a conductance {f2)"'. « is the N .
Fermi surface exponent (considerably less than 1) giving

the power law fom(k) atkr, andA is a cutoff of order. pap/ 16°Q-cm ™.
This w dependence will be reflected in7a dependence e
since the derivation of (1) depends only on the scaling
properties of the one-particle Green’s function, which at x
finite temperaturesT > % w will have an infrared cutoff , m 100
~kT rather thaniw [no extraneous cutoff such &&/7) TK)

enters the expressions, since they converge at the lowsG. 1. Fit of 72 to resistivity of La_,Sr,CuQ, at 60 T:
frequency end]. Thus our interpretation of theaxis x = 0.08.
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x=0.13

at a ratex(kT,hw). The holons are then incoherently
scattered at a rate/ . with

kT > #/7e) > (KT)?*/EF, (2)

the latter being the rate of the inverse process haton
spinon— electron (by detailed balance). Under these
circumstances the holons lose their momentum before
they are able to recombine, and the rate of current decay is
simply kT. As shown in Refs. [5,6¢ has a small power-
law correction,o = »~'*2%; the expression is

2

~<~.._‘N*+ . o = e_ i(A/w)“z“. (3)
. h

1 . . Here as elsewhere we us@ andkT interchangeably in

' T h the power-law dependences. The dependence of (3)

is evident in the infrared data quoted in Ref. [5]. Note
that under the condition (2) this conductivity lsssthan
it would have been under impurity scattering alone; i.e.,

A second problem is that although the power law isspinon-holon decay is an extra dissipative mechanism. It
acceptable according to any reasonable estimate of the anomalous in that Matthiesson’s rule fails, and the two
errors of these quite complex experimental measurementg)echanisms are not additive.
it is not by any means the best fit, which appearstofle In  The other regime of interest here is the “localizing”

An additional experimental caveat is the gigantic mag+egime, wher&7 < #./7.;. Here the electron has no time
netic field the experimentalists find necessary to suppreds decay before scattering, so charge-spin separation is no
superconductivity. Experimentally, magnetoresistance ifonger relevant: The transport properties are those of elec-
this regime seems quite small, and this is rather a problerifons. However, we still assume that the Green’s function
for theory. The field, amounting toguH of about 20— in the absence of scattering would exhibit anomalous scal-
60 K, surely suppresses any tendency towards spin-chargeg with x, r or conversely witht, o,
separation below that temperature. However, we will ar-
gue that the intrinsic scattering rate is of the same order of
magnitude and has already suppressed spin-charge separa-
tion below the crossover from « T to p « T~%. (See
below.)

The remarkable observation of And# al.is that as
T — 0 o, « o.. From the Luttinger liquid theory we
predict a crossover phenomenon dn,. The essence
of Luttinger liquid transport theory is summarized in
Ref. [4]. (See also [5].) There are 3 regimes (see Fig. 3
for in-plane transport, crossing over from one regime to
another with increasing elastic scattering rdtér.; or
decreasing temperatukd.

The regime characteristic of the usual normal state o
the cuprates is the “holon nondrag” regime, the middl
one of the three. In this regime the fastest dissipativ
process is the decay of the electron into spiremolon,

FIG. 2. Same as Fig. 1 except= 0.13.

X

G(r,t) =1 '"¢ F<7>,
' (4)
Glk,w) = 0 1@ F/<—>
w
The scattering processes are sufficiently frequent that
they can be treated as matrix elements connecting whole
electron states, i.e., simply as one-electron operators
etween different channels of electron propagation at
ifferent points on the Fermi surface.
We argue that in two dimensions, as opposed to one,
there is no severe renormalization of the actual scattering
otential such as was described by Kane and Fisher [7].
n one dimension, the singul@kr response enhances or
screens theky scattering matrix elements and leads to
an infinite renormalization, but this effect is not serious
for scattering around a 2D Fermi surface, where at the
general Q vector there is no singular response. The Kane-

h/Ta = kT h/Ta= (KT)2/ty Fisher effect is linear im, the phase shift caused by the
. -~ - interaction, hence is of opposite sign for attractive and
localizing -~ holon non-drag - holen drag  rapyIsive potentials and overwhelms in 1D the effect we
« » shall discuss.
h/ta - - T In 2D the effect of singular interactions is to modify
- _ the propagation of electrons between scatterings. In a

">~ crossovers—" sense, the Fermi surface exponantan be thought of as

FIG. 3. Regimes of transport theory of composite electronsmodifying the dimensionality of the scattering problem.
T increases to the right, /7., to the left. For smally it is always positive and proportional tg’.
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Localization in a Luttinger liquid is a complex problem, The result of that treatment is
and the following is only a first attempt at a discussion, o o (ho, KT)™
expected to be valid only in the “classical” limg = ’ ’
oh/e* > 1 of weak scattering (fortunately this condition as for thec-axis conductivity. This can be normalized to
is satisfied in our case). the value of conductivity at the crossover temperature to
In this limit we can draw a close analogy betweengive us a quantitative formula,

the calculation by Clarke and Strong [2] of theaxis e a [Arey\ (kT \2®
conductivity, and the impurity scattering problem of Oap = %;( % ><K> . (6)
ab-plane conductivity, using the generalized Landauer
formula [8] In Figs. 1 and 2 we give a log-log plot of theb-
5 plane conductivity observed by Anda al., showing the
o= Z It:;1%, (5)  crossover (measurements at higlare inferred from other
hoG work) [9]. Figure 5 shows data, also agreeing roughly

where}’;; is a sum over outgoing and incoming channels,wIth (6), on the one-layer BISCO compounds, taken by

respectively. In any system approaching macroscopi9&}?es‘sgrzqr:lltlj'?/a[lllucg'S quzwls)also seems 1o fit Eq. (6) but with
dimensions, any one matrix elemenf is small, since q Comparing (6) and al' we obtain an expression for the
every incoming channel connects randomly with every . paring (6) @) EXpressi :

outgoing one: the electrons are certain to have beefi"'soropy (factors of order 1 are possibly missing, since

scattered. In the weak scattering case we can think cﬁle have no reason to assumeis the same in the two

the channels as labeled by directiohs on the Fermi ormulas), )
surface. oap _ 1 (AT \ 1) 7
The question then is: After scattering, what is the am- o, a\ h /3

plitude for the electron to arrive in the final channel as
a coherent entity? The final, outgoing channel will nor- 1€ extra facto7e1/fi = A /(KT )crossover = 100 accounts

mally be at a different vector on the Fermi surface from for the enormous numerical_ value of the anisotrop_y, which
the initial one, so the strong forward-scattering interactiorl far t00 great to be a ratio of masses or Fermi surface
which causes spin-charge separation and anomalous @f€as- o
mensionality does not act between initial and final states, A final note on the crossover to localization. At
The relevant diagram is as shown in Fig. 4, with no vertexNis crossover the mechanism we have proposed for the
connections ta;;. But this is the identical diagram to that €MPerature-dependent Hall effect, which, when analyzed,
calculated by Clarke and Strong. In essence, we think di€duires that the spinon and holon. c_urrents'be noncolinear,
the impurity scattering as a barrier between ingoing and©2Ses to hold, and in the localizing regime we expect
outgoing channels, in exact correspondence to the barrier

between layers, with a weak transmission coefficignt T -0.105 Bi 2201 Sample A

which can be treated in lowest-order perturbation theory.
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FIG. 4. Diagram for conductivity in the “holon nondrag” FIG. 5. Another example of fit of ~2¢ to resistivity. Data
regime. of Onget al. on BISCO 2201.
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