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Incoherent charge dynamics of La2ÀxSrxCuO4:
Dynamical localization and resistivity saturation
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~Received 9 July 2003; published 2 October 2003!

We performed the systematic optical and transport experiment for La22xSrxCuO4 at high temperatures. The
in-plane resistivityrab(T) saturates not at the classical Ioffe-Regel-Mott limit but at much higher value. The
in-plane optical conductivitysab(v) exhibits at high temperatures a less characteristic, nearly flat spectrum
over a wide energy range up to 1 eV without a Drude peak, irrespective of the positive slope ofrab . For small
v, sab(v) even possesses a broad finite-energy peak at high temperatures, suggesting ‘‘dynamical’’ localiza-
tion. These characteristics are explained in terms of the breakdown of the quasiparticle picture due to strong
scattering.
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The problem of resistivity saturation,1,2 which was first
argued in 1970’s, has been revisited recently,3 because resis
tivity of a wide range of strongly correlated metals does
saturate at the Ioffe-Regel-Mott~IRM! criterionr IRM and can
increase to a far higher value thanr IRM . Although the recent
theoretical studies4–6 show that absence of resistivity satur
tion is not necessarily more mysterious than appearanc
the saturation, these studies simultaneously reveal that
ther behavior is well understood yet. The conventio
scheme of the charge transport, the semiclassical Boltzm
theory, should be updated. The problem of high-tempera
charge transport is essentially related to breakdown of
quasiparticle picture, which is the basis of the Boltzma
theory. For overall understanding, complex dielectric fun
tion ê(v) or optical conductivitys(v)5(v/4p)Imê(v) is
indispensable besides the dc value.

We made systematic measurements of in-plane reflect
Rab and resistivity rab at high temperatures fo
La22xSrxCuO4 ~LSCO! over a widex range 0.03–0.25. Al-
though LSCO does not exhibit resistivity saturation atr IRM ,
it shows the saturation at much higher resistivity, which is
proportion to 1/x. At high temperatures,sab(v) exhibits a
less characteristic feature up to 1 eV; a metallic Drude p
centered atv50 disappears and instead a broad fini
energy peak dominates the charge dynamics. The charge
riers are ‘‘dynamically’’ localized at high temperatures.

Single crystals of LSCO were grown by a travelin
solvent-floating-zone method.7 The superconducting trans
tion temperaturesTc determined by dc resistivity are 12 K
(x50.06), 24 K~0.08!, 30 K ~0.10!, 41 K ~0.15!, and 17 K
~0.25!. Temperature~T! dependence of the in-plane resisti
ity rab was measured at 4.2–1000 K using a four-pro
method. Resistivity above 300 K was measured in air fox
<0.10 or under flowing O2 gas forx>0.06. There is negli-
gibly small difference between therab(300 K) values mea-
sured before and after heating up to 1000 K. Forx
50.06–0.10, bothrab data measured under different atm
sphere were identical. In addition, for representative com
sitions we also measuredrab below 300 K on the sample
quenched from 1000 K to liquid N2 after annealing for 20
hours under the same atmosphere for the high-T resistivity
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measurement, but no difference was observed. These re
ensure that the oxygen content was not changed during
high-T resistivity measurement. For each composition,
measuredrab of several crystals in order to verify that th
scattering of the data was within the dimensional er
(64%).

Near-normal incident in-plane (E'c) reflectivity spectra
Rab(v) were measured using a Fourier-type interferome
~0.004–1.6 eV! and a grating spectrometer~0.8–6.6 eV!. As
a reference mirror, we used an evaporated Au film for
far-to-near-infrared~near-IR! regions and Ag film for the vis-
ible region. The experimental error of reflectivityDR deter-
mined by the reproducibility was less than 1% for the far-
to visible regions and less than 2% for the ultraviolet regio
We deduce optical conductivitysab(v) from Rab(v) via a
Kramers-Kronig transformation. For the extrapolation in t
low energy, we assumed a Hagen-Rubens~HR! formula. The
parameters in the HR extrapolations,sab(0), are roughly
identical to the measuredsdc values~Fig. 1!. Although dif-
ferences in the extrapolation procedures have a minor ef
on the absolute value ofsab at 4–8 meV, the qualitative
behavior (v dependence! of sab is not affected. Above 8
meV, sab is independent of extrapolation. We measuredRab
at each temperature up to 6.6 eV, and above 6.6 eV we
sumed room-temperature data in Ref. 8. Such a procedu
reasonable becauseRab exhibits negligible variation with re-
spect toT at 3–6.6 eV. The reflectivity spectra are not show
here, but they are shown in our previous report9 for x
50.08.

Figure 1 showsrab(T) for LSCO. At the low tempera-
tures,rab gradually changes from insulating (dr/dT,0) to
metallic (dr/dT.0) behavior, with increasingx, and shows
the superconducting transition forx50.06–0.25. At the
moderate and high temperatures,rab exhibits the metallic
character forall x. However, we observe a decrease in t
slope ofrab at high temperatures. Although this feature b
comes less pronounced upon Sr doping, it is still noticea
even for x50.10. A correction from the constant-pressu
resistivity rp , obtained from experiments, to the consta
volume resistivityrv , used for theoretical consideration
makes the decrease in the slope more obvious;10 the reduc-
©2003 The American Physical Society01-1
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tion of the slope becomes confirmable even forx50.25 after
the correction~Fig. 2!. We may call this reduction of the
slope resistivity saturation. Saturation does not necessar
mean that the resistivity becomesT independent.1,4

First, we discuss whether this resistivity saturation can
explained within the classical framework. Before discuss
the main subject, we consider the physical meanings of
IRM criterion. Concerning Anderson localization at low tem
peratures,r IRM is defined as the resistivity value atl;lF ( l ,
mean free path;lF , Fermi wavelength!. Around this value,
the Boltzmann transport picture breaks down and the con
of mean free path loses its physical meaning. Concern
resistivity saturation at high temperatures, on the other ha
there is another definition ofr IRM , that is, the resistivity
value atl;a (a, interatomic spacing!. The latter definition is
unrelated to the breakdown of the Boltzmann picture, b

FIG. 1. In-plane resistivityrab(T) of La22xSrxCuO4 up to 1000
K. ~a! x50.03–0.10;~b! x50.08–0.25.

FIG. 2. In-plane resistivity of La22xSrxCuO4 at constant volume
(rv , solid line! and at constant pressure (rp5rab in Fig. 1, dashed
line!.
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originates from the more intuitive argument, namely,
terms of a tight-binding approximation the shortest me
free path that we can envisage is the interatomic spaci2

However,lF becomes comparable toa when the carrier den-
sity n is one per unit cell and, therefore, both quantities
not much different except for extremely smalln. In addition,
the phenomena of localization and saturation are not sh
and the estimation contains ambiguity. Therefore, these
definitions have not been strictly distinguished.2 Here, we
define r IRM as the resistivity value atl;lF even for the
argument on the high-T charge transport, following Emery
and Kivelson.11 This definition is more closely and directl
related to the breakdown of the quasiparticle picture. R
member, we can estimate ther value atl;lF but, by con-
trast, it is difficult to determine the absolute value ofl and
hence ther value atl;a. The resistivity upturn triggered by
Anderson localization provides ther value atl;lF . It be-
comes the universal value for two-dimensional~2D! case, as
is described afterward.

In the Boltzmann theory, the 2D resistivity is given asr
5(h/e2)(d/kFl ) (kF , Fermi wave number;d, interplane dis-
tance!. For LSCO, r IRM is estimated to be
1.5–1.7 mV cm.12,13In 2D metals, the IRM criterion divided
by the interplane distance,r IRM /d, is the universal shee
resistanceh/e2525.8 KV/h, independent ofkF or n. At
high temperaturesrab becomes much larger thanr IRM , es-
pecially for the slightly doped region, and hence the Bol
mann picture does not seem valid, thoughrab possesses the
positive slope. The resistivity saturates, but the saturated
sistivity rsat is larger thanr IRM in LSCO.

Because the Hall-effect study suggestsn}x,14 one may
think that LSCO is an exceptional case in whichn is ex-
tremely small (lF is much longer thana) and hence the large
rsat is reconciled with the classical picture of saturation al
;a.12 However, the following argument suggests that t
explanation within the classical framework is not approp
ate. Therab value at 1000 K, which may be regarded asrsat,
is in proportion to 1/x ~Fig. 3!. On the contrary, the classica

FIG. 3. In-plane resistivity value at 1000 K~solid square! vs Sr
concentrationx. Correction fromrp to rv does not affect the 1/x
relation. Open triangle represents the critical resistivity value
disappearance of the Drude peak insab(v) defined as the inverse
of sab(4 meV) at crossover temperatureT* ~250 K, 295 K, and
500 K for x50.06, 0.08, and 0.10, respectively!. It is comparable to
r IRM ~dashed line!.
1-2
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picture predicts thatrsat}1/x1/2 because ofkF}x1/2 in the 2D
case. Although the correction fromrp to rv produces a dif-
ference of at the most 15% in the estimate ofrsat, it does not
affect the 1/x relation. The enhancement ofrsat and the rela-
tion rsat}1/x seem to be more reasonably ascribed to
correlation effect and/or the characteristic scattering mec
nism in LSCO. Calandra and Gunnarsson15 argue thatrsat
can be enhanced by a factor of 1/x(12x) ~or 1/x for smallx)
due to reduction of the kinetic energy by strong correlat
effect. The kinetic energy involves a hole hopping to a nei
boring site and back. The correlation effect enables this p
cess only when the neighboring site has no hole. Theref
its probability is in proportion to the product ofx ~hole oc-
cupancy! by 12x ~hole empty!.

The more direct and convincing evidence supporting
breakdown of the classical picture is obtained from the o

FIG. 4. Temperature-dependent in-plane optical conducti
sab(v) of La22xSrxCuO4 for x50.06 ~a!, 0.08 ~b!, and 0.10~c!.
Inset shows the integrated spectral weight defined by Eq.~1!.
13450
e
a-

n
-

o-
e,

e
i-

cal conductivity~Fig. 4!. Three sharp peaks in far-IR regio
are ascribed to optical phonons16 and the contribution from
the charge carriers is a remaining part below 1 eV. At h
temperatures, a Drude peak centered atv50 disappears and
instead a broad peak centered at 10–30 meV characte
the low energysab(v), even for the metallic (dr/dT.0)
compounds;sab even increasesas a function ofv in the
far-IR limit. The spectral weight at the low energies d
creases with increasingT and the missing spectral weight
transferred to the higher-energy region. Effective carrier d
sity defined as

Neff* ~v!5
2m0V

pe2 E
0

v

s~v8!dv8 ~1!

(m0, bare-electron mass;V, unit-cell volume! suggests that
the f-sum rule is fulfilled finally at 2–3 eV~insets of Fig. 4!.
Consequently,sab(v) becomes less characteristic up to 1 e
at high temperatures. These features are hardly describe
l in the classical picture. In that picture, a Drude pe
s(v)5sdc/(v2t211) (t5 l /vF , relaxation time; vF ,
Fermi velocity! still peaks atv50 and the integrated spec
tral weight remains the same, no matter how strong the s
tering becomes. The energy scale of the peak width~or 1/t)
is at most several times ofkBT and the sum rule is fulfilled
around that energy.

The less characteristic conductivity spectrum dem
strates the incoherent electronic states in which the quas
ticle picture breaks down.5,17–20 The strong correlation ob
structs the growth of the coherence and hence the effec
the inelastic scattering becomes so strong that the period
itself is no longer well defined even at accessible high te
peratures in experiments. Consequently, the spectral we
which is condensed atv50 when the coherence grows,
dispersed over a widev region. This is the strong scatterin
limit opposite to the weak scattering limit in which the sca
tering mechanisms are treated as small perturbations ag
a well-defined periodicity. In such an incoherent state,
concept of mean free path is no longer valid and we sho
turn back to full quantum-mechanical consideration of t
electron self-energyS(v), which is interpreted to be invers
of the relaxation time~or life time! in the quasiparticle pic-
ture. The proper language is not a short mean free path, b
broad spectral function~large ImS).5 Whether resistivity
saturates depends on the scattering mechanism determ
S(v), andr can saturate atr larger thanr IRM according to
circumstances.

Then, we discuss the conduction process in the higT
incoherent region. An important clue is the broad finit
energy peak insab(v) at high temperatures. This sugges
that a certain collective phenomenon barely survives eve
such an incoherent state. Generally, a far-IR peak ins(v) is
an indication of localization. Indeed, the Drude peak insab
disappears whenrab becomes comparable tor IRM ~Fig. 3 of
Ref. 9!. The charge transport gradually changes from lowT
metallic to high-T hopping character. The positive slope
r(T) does not necessarily mean the coherent motion of
quasiparticles. With increasingx ~and decreasingrab), the
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characteristic change inrab and sab occurs at higher tem
perature and becomes inaccessible by experiments.

This high-T localization is different from Anderson loca
ization because at high temperatures inelastic scatterin
strong. Anderson localization is formation of the standi
waves by the quantum interference effect. Inelastic scatte
disturbs this interference. At high temperatures, the co
lated charge carriers are ‘‘dynamically’’ localized. With in
creasing temperature, the scattering becomes strong an
collapse of the periodicity becomes violent. Therefore,r has
the positive slope in spite of localization. Similar behavio
have been reported also for other bad metals.21–25 Since this
dynamical localization is arising from loss of the periodic
and is independent of the details of the respective scatte
mechanism, it is more essential than whether the saturatio
observed in measuredr.

A finite-energy peak insab has been reported from othe
groups for LSCO and assigned to polaron,26 disorder,27 or
the charged stripes.28–30The present argument of dynamic
localization is based on the universality of the finite-ene
peak, that is, this peak is commonly observed for mater
with different electrical and magnetic properties, includi
materials without the charged stripes and good metals w
low resistivity.31

Lastly, we refer to the argument related to the charg
stripes.32 Ando et al.33 proposed that the microscopic pha
separation into the metallic paths~charged stripes! and the
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rab has a positive slope. The present optical study shows
limitations of their approach, which is persistently based
the Boltzmann picture. However, the charged-stripe mo
itself deserves further investigation because it may be a c
crete example of the dynamical localization; the thermal
bration in the stripes destroys the metallic path itself as w
as scatters the carriers.

In summary, we have verified the high-T incoherent state
in which the quasiparticle picture breaks down and discus
the charge transport there based on the systematic resis
and optical conductivity data of La22xSrxCuO4. In the high-
T incoherent region, the charge carriers are dynamically
calized, irrespective of the positive slope of the resistiv
due to strong inelastic scattering. The resistivity saturate
high temperatures, but the saturated resistivity is much la
than the classical Ioffe-Regel-Mott limit, enhanced by stro
correlation effects.
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