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Variable-range hopping conductivity in the copper-oxygen chains of La3Sr3Ca8Cu24O41
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Institut za fiziku, P.O. Box 304, HR-10001 Zagreb, Croatia

B. Gorshunov,‡ P. Haas, and M. Dressel
1. Physikalisches Institut, Universita¨t Stuttgart, D-70550 Stuttgart, Germany

J. Akimitsu and T. Sasaki
Department of Physics, Aoyama-Gakuin University, Setagaya-ku, Tokyo 157-8572, Japan

T. Nagata
Department of Physics, Ochanomizu University, Bunkyo-ku, Tokyo 112-8610, Japan

~Received 13 December 2002; published 29 May 2003!

We show that the spin chain/ladder compound La3Sr3Ca8Cu24O41 is an insulator with hopping transport
along the chains. In the temperature range 35–280 K, dc conductivitysdc(T) follows Mott’s law of variable-
range hopping conduction; the frequency dependence has the forms(n,T)5sdc(T)1A(T)ns, wheres'1.
The conduction mechanism changes from variable-range hopping to nearest-neighbor hopping aroundTc

5300 K. The chain array thus behaves as a one-dimensional disordered system. Disorder is due to random
structural distortions of chains induced by irregular coordination of the La/Sr/Ca ions.
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One of the most outstanding properties of t
(La, Sr, Ca)14Cu24O41 family of quantum spin chain/ladde
compounds is the superconductivity~SC! established in
Sr0.4Ca13.6Cu24O41 at 12 K under pressure.1 The parent ma-
terial of this cuprate superconductor Sr14Cu24O41 is a charge
density wave~CDW! insulator with a spin gap.2–4 Substitut-
ing isovalent Ca for Sr suppresses the CDW insulat
phase,5 while the spin gap remains finite.4 The latter indi-
cates that SC is driven by the spin-liquid state, in accord w
theoretical expectations.6

In addition to the two-leg ladders, responsible for the co
ductivity and superconductivity, the system comprises o
dimensional~1D! CuO2 chains (c direction! and the~La, Sr,
Ca! layers. The chains are charge reservoirs from wh
holes are transferred into the ladders keeping the ave
copper valence unchanged. For the fully doped compo
Sr14Cu24O41, which contains six holes per formula unit, a
proximately five holes are observed in the chain subsyst
In this case, the antiferromagnetic dimer pattern is create
chains together with the charge order, both inducing gap
the spin and charge sectors, respectively.7,8 Spin dimers are
formed between those Cu21 spins that are separated by
localized Zhang-Rice singlet (Cu31), that is, by a site occu
pied by a localized hole.

No definite understanding has been reached yet on
nature of the spin/charge state and, in particular, on
charge dynamics in the chain subsystem for various dop
levels. The La62ySryCa8Cu24O41 compound provides a goo
opportunity for such studies since for intermediate dop
levels all holes reside on the chain sites9 and no spin gap is
observed.10 Both susceptibility and dc resistivity, measure
on polycrystalline samples, increase with lowering tempe
ture, while their absolute values show a strong decreas
strontium doping.10 In particular, the absolute value of th
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susceptibility is directly correlated with the number of Cu21

in chains, indicating that doped holes reside entirely
chains.

In order to understand the nature of the spin/charge s
in the spin chains with intermediate hole doping, there i
need to clarify the mechanism of the charge transport. In
paper we present conductivity measurements on single c
talline La3Sr3Ca8Cu24O41 in a wide frequency and tempera
ture range. We show that the conductivity measured betw
280 and 35 K obeys a true variable-range hopping law a
disordered noncrystalline insulators; in this way we exclu
the existence of the charge order pattern found in the fu
doped spin chains. In addition, we find no signature of
CDW-related dielectric response; this fact represents defi
evidence that the CDW insulating phase observed
Sr142xCaxCu24O41 is established in the ladder subunit.2,5

dc resistivity was measured between 35 and 700 K. In
frequency rangen50.1 Hz–1 MHz the complex conduc
tance was measured. Forn,100 Hz we used a setup fo
high-impedance samples while for 20 Hz,n,1 MHz a
Hewlett Packard HP4284A impedance analyzer w
utilized.11 The data at the lowest frequency match our fo
probe dc measurements. At frequenciesn56 –10 000 cm21

the complex dielectric function was obtained by a Krame
Kronig analysis of the reflectivity and by complex transm
sion measurements12 at the lowest frequencies 6–20 cm21.
All measurements were done along the crystallographic
axis of a high-quality single crystal.

Figure 1 shows the behavior of dc conductivity in th
wide temperature range from 35 K~the lowest temperature
obtained in our experiment! up to 700 K. Above Tc
5300 K, the dc conductivity follows a simple activation b
havior sdc(T)'exp(22D/T) with 2D53200 K ~see inset!.
As directly seen from the log10sdc(T) vs T21/2 plot, pre-
sented in the main panel, belowTc down to 35 K the con-
©2003 The American Physical Society21-1



g

an

Th

f

o

re

i
n

y
ng

re

ef-

ivity
ing
der
l

r-

ide

.
the
ow

f

of

all
e fits

er

e
the
-
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ductivity perfectly follows the variable-range hoppin
~VRH! behavior

sdc~T!5s0 exp@2~T0 /T!1/(11d)# ~1!

with the dimensionality of the systemd51. These results
clearly demonstrate the hopping mechanism of charge tr
port in one dimension; atTc5300 K it crosses over from
nearest-neighbor hopping to variable-range hopping.
cross-over temperatureTc is given by Tc5D/(2ac).13,14

Here the energy of sites near the Fermi energy available
hops, has an uniform distribution in the range2D to 1D, c
is the distance between the nearest Cu chain sites, anda21 is
the localization length. By usingD51600 K and c
52.77 Å, we finda21'1 Å. Finally, the value of the VRH
activation energyT0

exp52.93104 K, obtained from the fit of
our data to Eq.~1!, is very close to the one expected the
retically: T0

th58Dca'3.53104 K.
Figure 2 demonstrates the conductivitys(n,T) and the

dielectric function «8(n,T) spectra of La3Sr3Ca8Cu24O41
over the entire frequency range for different temperatu
We present here only the spectra up to 350 cm21 including a
couple of phonon lines. As confirmed by our fit~see below!,
the kinks in s(n,T) and «8(n,T) on the left side of the
lowest-frequency phonon are of electronic~nonphonon! ori-
gin and we assign this contribution to the hopping of holes
the chains. Excluding the phonon component, the electro
conductivity can be expressed as the sum of two terms

s~n,T!5sdc~T!1A~T!ns, s'1, ~2!

wheresdc(T) is given by Eq.~1!. We note that the frequenc
independent behavior is found in the radio-frequency ra
for all temperatures~open symbols in Fig. 2!. Similar depen-
dences have been observed in a variety of disorde

FIG. 1. dc conductivitysdc of La3Sr3Ca8Cu24O41 single crystal
along the crystallographicc direction vsT21/2. sdc follows a simple
activation behavior aboveTc5300 K ~full line in the inset! indicat-
ing nearest-neighbor hopping. BelowTc the behavior sdc

}exp(T21/2) is observed~full line! corresponding to the regime o
variable-range hopping in one dimension.Tc is determined by the
crossing of extrapolated fitting curves, with an error bar of615 K.
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systems.15 The frequency-dependent componentsac(n,T)
5A(T)ns is found to contain a temperature dependent pr
actor A(T). The cross-over frequencynCO from the fre-
quency independent to the frequency dependent conduct
can be estimated from the condition that the ac hopp
length has to be smaller than the dc hopping length in or
for sac(n,T) to overcomesdc(T).13 For one-dimensiona
VRH, the dc hopping length is given byR05(Dc/2aT)1/2

and the ac hopping length isRn5 1
2 a ln(nph/nCO), where the

attempt frequencynph depends on the electron-phonon inte
action. Assumingnph'1012 s21, we find for the cross-over
frequencynCO the values 0.15, 0.015, and 0.0006 cm21 for
T5300, 150, and 75 K, respectively. These values coinc
nicely with those obtained when thens fits in 6 – 20 cm21

range are extrapolated to lower frequencies~Fig. 2!. In par-
ticular, the choice of the exponents51 appears to be the
most appropriate. For example, atT5150 K we find nCO
'0.0027 and 0.013 cm21, for s50.8 and 1, respectively
Experimentally we are not able to distinguish between
n0.8 and n1 dependences because of the relatively narr

FIG. 2. Upper panel: broad-band conductivity spectra
La3Sr3Ca8Cu24O41 single crystal along thec axis for four repre-
sentative temperatures. Hopping conduction of the formns, s'1,
is found between 6 and 20 cm21 for T>75 K, while a frequency
independent behavior is found in the radio-frequency range for
temperatures. The arrows denote the dc values. The full lines ar
to the forms(n,T)5sdc(T)1A(T)n1. A pure power law contribu-
tions with s50.8 and 1 are shown forT5150 K by a dashed and
dotted lines, respectively. At 50 K only an2 contribution~dashed-
dotted line! due to the low-energy phonon tail is observed. Low
panel: dieletric function of La3Sr3Ca8Cu24O41 single crystals
along thec axis ~open points!. The lines correspond to the fit of th
conductivity spectra shown in the upper panel as described in
text. At T550 K, only a phonon contribution to the dielectric func
tion is found.
1-2
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frequency range in whichs;ns behavior is detected. AtT
<50 K the hopping vanishes because the charge carriers
frozen out, and we observe only then2 contribution to the
conductivity associated with the low-energy phonon~Lorent-
zian! tail.

Next, we estimate the dielectric constant«8 associated
with the hopping conduction. In order to do so we fit t
conductivity spectra using the Drude term for the frequen
independent plateaus below 106 Hz and a set of Lorenztian
to smoothly describe the increase ofsac(n) at higher fre-
quencies. The results are shown by solid lines in Fig. 2;
low-frequency dielectric constant is about 170 at 300 K a
decreases with lowering the temperature. We were not
to extract the«8 values from our radio-frequency measur
ments since the accuracy in determination of«8 is 6300 for
the geometry of the samples used.

Finally, we want to point out that no signature of th
CDW-related features of dielectric response in the rad
frequency range is found. Since in this system all holes
side on chains, this result yields definite evidence that
CDW insulating phase observed in Sr142xCaxCu24O41 is es-
tablished in the ladder subunit.3

Figure 3 shows a blow-up of the optical conductivity a
dielectric function at frequencies 6 – 60 cm21 where a cross-
over from hopping to phonon-related response is observe

FIG. 3. Optical conductivity~upper panel! and dielectric func-
tion ~lower panel! of the La3Sr3Ca8Cu24O41 single crystal mea-
sured along thec axis in the range 6–60 cm21. The dashed lines
are the fits including only the contributions associated to phono
28 cm21. The full lines correspond to the fit which in additio
includes an electronic hopping conduction~see text!. The insets
show ~for a few selected temperatures! the conductivity and the
dielectric function due to hopping~phonons subtracted! which die
out at low temperatures and high frequencies. Full lines are fit
A(T)n1. At T550 K, only a phonon contribution is detected.
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contribution due to hopping~shaded! is clearly identified in
addition to the phonon part~dashed line!. The insets show
the difference between the total and the phonon-associ
components to the spectra ofs and«8, which is basically the
pure hopping contribution. The expected dying out of t
hopping contribution becomes more pronounced with low
ing the temperature and with increasing the frequency. T
latter is—to the best of our knowledge—observed for t
first time.

We now comment on the hopping transport found in t
chains of La3Sr3Ca8Cu24O41 in comparison with disordered
noncrystalline insulators. First, for the latter compounds
value of the exponent in Eq.~1! is commonly found to be
1/4, corresponding to hopping in three dimensions; it b
comes 1/2 if the electron-electron interaction plays a role16

However, electron-electron interactions are expected to h
a significant impact on the correlated many-electron hopp
only when the temperatureT is larger thanT0, which is far
from the experimental range sinceT052.93104 K.13,17 The
situation is different for systems consisting of parallel cha
of finite length where small disorder leads to weakly loc
ized states.18 This model gives the temperature exponent 1
as found in our experiment. We conclude that the expon
1/2 confirms the one-dimensional nature of the electro
structure of chains in La3Sr3Ca8Cu24O41, which is in accord
with the crystallographic structure.19 Second, the obtained
value forT0 indicates the standard regime of the VRH whe
the hopping distanceR0 is larger than the localization lengt
a21; the extremely smalla21'1 Å shows that the system
is far from the metal-insulator transition. Following the usu
interpretation of the VRH law, fromT0516a3/n(EF) we
find the electronic density of states at the Fermi le
n(EF)'5.531024 eV21 cm23. Finally, a straightforward
consequence of the observed VRH conduction is that its
trapolation indicates a zero conductivity atT50, in accord
with the theory developed for disordered noncrystalline
sulators.

Generally, a frequency-dependent conductivity varying
A(T)ns, where s'1, does not necessarily imply hoppin
conduction.13 However, we suggest that dc VRH conductio
as well as the power-law ac conduction are attributed to
same set of localized states near the Fermi level. The v
of the exponent close to one indicates that the observe
conductivity is due to phonon-assisted hops between s
tially distinct sites similarly to the dc contribution, and not
the photon absorption for whichs'2 is usually found.13

Note that we did not find the latter in the whole measur
frequency range, despite the theoretical prediction that w
increasing frequency there is a cross-over from the reg
dominated by phonon-assistedshopping'ns, s<1 to that
dominated by photon-assisted conduction which varies asns,
s'2. The conductivity observed at 50 K, which follows an2

behavior, is in our case simply a phonon tail, and is not d
to hopping. Further, the observation of a strong
T-dependentshopping (10 cm21)/sdc ratio confirms the idea
that the hopping transport involves localized states near
Fermi energy. In addition, we find that the prefactorA(T)
follows the linearT dependence forT>60 K. This indicates
that the thermal energykBT is small compared to the energ
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range over whichn(EF) may be taken as the constant,13 in
agreement with the estimates for the bandwidth associ
with chains.20 However, in this caseA(T)50 for T,60 K
which implies no phonon-assisted contribution tos(n) at
low temperatures. This seems surprising since we obse
the VRH law for the dc conductivity down to at least 35 K
The other possibility is thatA(T) follows a T1.8 law at all
temperatures. We note that the exponents51.8 is larger than
0<s<1 expected13 for conventional disordered noncrysta
line insulators. Finally, we want to comment on a decre
of the phonon-assisted hopping conductivity observed
high frequencies 6 – 20 cm21 ~insets of Fig. 3!. In the the-
oretical two-site hopping model, at frequencies of the or
of nph'1012 s21, the frequency dependence ofshoppingsatu-
rates due to the fact that the exponents decreases logarith
mically with increasing frequency.21 Our observation is in
line with this theoretical prediction. Moreover, the final fa
ing out of the phonon-assisted hopping at very high frequ
cies is intuitively expected and deserves more theoret
attention.

At microscopic scale, we propose that strong local dis
tions of the chains due to irregular coordination of La31,
Sr21, and Ca21 ions19 induce a nonperiodic potential i
which holes reside. The finding of the VRH law in the me
sured conductivity can be then viewed as a result of disto
distribution of microscopic conductivities, as predicted
Anderson localization theories. Therefore, copper-oxyg
chains in partially doped La3Sr3Ca8Cu24O41 can be consid-
ered as a system in which disorder, associated with ran
distribution of holes, causes the Anderson localization. T
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