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Variable-range hopping conductivity in the copper-oxygen chains of LgSr;CagCu,,0,4
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We show that the spin chain/ladder compound$CagCu,,0,; is an insulator with hopping transport
along the chains. In the temperature range 35—280 K, dc conduatiyiyf) follows Mott’s law of variable-
range hopping conduction; the frequency dependence has theoftwiit) = oy T) + A(T) v5, wheres~1.
The conduction mechanism changes from variable-range hopping to nearest-neighbor hoppingTaround
=300 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 thesusceptibility is directly correlated with the number of?Cu
(La, Sr, Ca),Cuy, 0y family of quantum spin chain/ladder in chains, indicating that doped holes reside entirely on
compounds is the superconductivitpC) established in chains.

Sry.4Cay3 L0,y at 12 K under pressureThe parent ma- In order to understand the nature of the spin/charge state
terial of this cuprate superconductor, &u,,0,, is a charge in the spin chains with intermediate hole doping, there is a
density wave(CDW) insulator with a spin gap.* Substitut-  need to clarify the mechanism of the charge transport. In this
ing isovalent Ca for Sr suppresses the CDW insulatingdaper we present conductivity measurements on single crys-
phase, while the spin gap remains finifeThe latter indi-  talline LasSr;CaCy40,4, in a wide frequency and tempera-

cates that SC is driven by the spin-liquid state, in accord wittfure range. We show that the conductivity measured between
theoretical expectatiorfs. 280 and 35 K obeys a true variable-range hopping law as in

In addition to the two-leg ladders, responsible for the Cc,n_disordg,-red noncrystalline insulators; in this way we exclude
ductivity and superconductivity, the system comprises onelle existence of the charge order pattern found in the fully
dimensional1D) CuO, chains ¢ direction and the(La, Sr, doped spin Ch?‘”s- In addition, \_Ne _fmd no signature of _th_e
Ca layers. The chains are charge reservoirs from WhichCDW—reIated dielectric response; this fact represents definite

holes are transferred into the ladders keeping the avera gvidence that the CDW insulating phase observed in
ping %rm,XC@CUMO‘u is established in the ladder subuhit.

copper valence.unchanged. For the fully doped compound “ . resistivity was measured between 35 and 700 K. In the
Sr14(;u24041, ‘,Nh'Ch contains six holeg per formgla unit, ap- frequency rangev=0.1 Hz—1 MHz the complex conduc-
proximately five holes are observed in the chain subsysteqance was measured. For 100 Hz we used a setup for
In thls case, the a_nt|ferromagnet|c dimer pat'Fern is created iRigh-impedance samples while for 20 Hzv<1 MHz a
chains together with the charge order, both inducing gaps ilgywlett Packard HP4284A impedance analyzer was
the spin and charge sectors, respectiVélgpin dimers are tijlized! The data at the lowest frequency match our four-
formed between those €U spins that are separated by a probe dc measurements. At frequencies6—10000 cm®
localized Zhang-Rice singlet (€), that is, by a site occu-  the complex dielectric function was obtained by a Kramers-
pied by a localized hole. Kronig analysis of the reflectivity and by complex transmis-
No definite understanding has been reached yet on theion measuremeritsat the lowest frequencies 6—20 cfh
nature of the spin/charge state and, in particular, on th@ll measurements were done along the crystallograghic
charge dynamics in the chain subsystem for various dopingxis of a high-quality single crystal.
levels. The Lg ,Sr,CaCu,,04, compound provides a good Figure 1 shows the behavior of dc conductivity in the
opportunity for such studies since for intermediate dopingwide temperature range from 35 (the lowest temperature
levels all holes reside on the chain sitesid no spin gap is obtained in our experimentup to 700 K. Above T,
observed? Both susceptibility and dc resistivity, measured =300 K, the dc conductivity follows a simple activation be-
on polycrystalline samples, increase with lowering temperahavior o4 T)~exp(—2A/T) with 2A=3200 K (see inset
ture, while their absolute values show a strong decrease ohs directly seen from the lggoy(T) vs T2 plot, pre-
strontium doping® In particular, the absolute value of the sented in the main panel, belof down to 35 K the con-
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FIG. 1. dc conductivityry, of LazSrsCagCu,40.; single crystal g 50F
along the crystallographicdirection vsT ™2 4. follows a simple 50K
activation behavior abov€.=300 K (full line in the insej indicat- U S
ing nearest-neighbor hopping. BeloWw, the behavior oy ! | ! ! ! | ) L]
<exp(T~*?) is observedfull line) corresponding to the regime of 1012 10°1° 108 10 104 102 10° 102
variable-range hopping in one dimensidn. is determined by the Frequency (cm™)

crossing of extrapolated fitting curves, with an error bar-df5 K.
FIG. 2. Upper panel: broad-band conductivity spectra of

ductivity perfectly follows the variable-range hopping L23SrsCagCu»40,; single crystal along the axis for four repre-

(VRH) behavior sentative temperatures. Hopping conduction of the fefins~1,
is found between 6 and 20 crh for T=75 K, while a frequency
oadT)=ooexd —(To /T)1/(1+d)] (1) independent behavior is found in the radio-frequency range for all

temperatures. The arrows denote the dc values. The full lines are fits
with the dimensionality of the systemi=1. These results to the forma(v,T)=oT) +A(T)»L. A pure power law contribu-
clearly demonstrate the hopping mechanism of charge transions with s=0.8 and 1 are shown féF=150 K by a dashed and
port in one dimension; af.=300 K it crosses over from dotted lines, respectively. At 50 K only & contribution(dashed-
nearest-neighbor hopping to variable-range hopping. Theotted line due to the low-energy phonon tail is observed. Lower
cross-over temperatur, is given by T.=A/(2ac).?®'*  panel: dieletric function of LgSr;CagCu,O,4; single crystals
Here the energy of sites near the Fermi energy available fatlong thec axis (open points The lines correspond to the fit of the
hops, has an uniform distribution in the range\ to + A, ¢ conductivity spectra shown in the upper panel as described in the
|s the dlstance between the nearest Cu Cha|n S|te&léh¢ text. At T=50 K, Only a phonon contribution to the dielectric func-
the localization length. By usingA=1600 K and ¢ tionis found.
=2.77 A, we finda ~1 A. Finally, the value of the VRH

activation energyl'gx'pzz.gx 10" K, obtained from the fit of =A(T)»® is found to contain a temperature dependent pref-
our data t% Eq(1), is very close to the one expected theo—actor A(T). The cross-over frequencyeo from the fre-
retically: To'=8Aca=~3.5x10f K, iy quency independent to the frequency dependent conductivity

_Figure 2 demonstrates the conductivit{»,T) and the 5, pe estimated from the condition that the ac hopping
dielectric functione’(»,T) spectra of LaSC&CWLO04  |ength has to be smaller than the dc hopping length in order
over the entire frequency range for different temperaturesy,, ~ . (»,T) to overcomeoy(T).X* For one-dimensional

. . al 1 C! .

We present here only the spectra up to 3506mcludmg 4  VRH, the dc hopping length is given BRy=(Ac/2aT)Y?
coupl_e of phonon lines. As,conflrmed by our(ﬁsge below, and the ac hopping length R, =1 In(vpn/vco), Where the
the kinks ino(v,T) and&’(v,T) on the left side of the  ,yempy frequency,, depends on the electron-phonon inter-
lowest-frequency phonon are of electrofimnphonon ori- action. Assumingr.,~ 10 5%, we find for the cross-over
gin and we assign this contribution to the hopping of holes infrequencyvco the Salues 0 15’ 0.015. and 0.0006 chfor

the chai'n§. Excluding the phonon component, the GIeCtroniﬁ\’=300, 150, and 75 K, respectively. These values coincide
conductivity can be expressed as the sum of two terms nicely with those obtained when the fits in 6 — 20 cnt?

range are extrapolated to lower frequendiesy. 2). In par-
ticular, the choice of the exponest=1 appears to be the
whereoy(T) is given by Eq(1). We note that the frequency most appropriate. For example, at=150 K we find vcq
independent behavior is found in the radio-frequency range=0.0027 and 0.013 cit, for s=0.8 and 1, respectively.
for all temperaturesopen symbols in Fig.)2 Similar depen-  Experimentally we are not able to distinguish between the
dences have been observed in a variety of disordered®® and v dependences because of the relatively narrow

systems?® The frequency-dependent componanidv,T)

o(v,T) =0y T)+A(T)r5, s~1, 2

184521-2



VARIABLE-RANGE HOPPING CONDUCTIVITY IN THE . .. PHYSICAL REVIEW B 67, 184521 (2003

Frequency (GHz) contribution due to hoppingshadedl is clearly identified in
0 500

1000

_ b addition to the phonon parfdashed ling The insets show
La,Sr,Ca,Cu,0,, ] the difference between the total and the phonon-associated
Ellc ] components to the spectra®fande’, which is basically the
pure hopping contribution. The expected dying out of the
hopping contribution becomes more pronounced with lower-
ing the temperature and with increasing the frequency. The
latter is—to the best of our knowledge—observed for the

first time.

We now comment on the hopping transport found in the
chains of LgSrCgCu,y40,4; in comparison with disordered
noncrystalline insulators. First, for the latter compounds the
value of the exponent in Ed1) is commonly found to be
1/4, corresponding to hopping in three dimensions; it be-
comes 1/2 if the electron-electron interaction plays a dle.
However, electron-electron interactions are expected to have
a significant impact on the correlated many-electron hopping
only when the temperatur€ is larger thanTy, which is far
from the experimental range sindg=2.9x 10* K.1317The
situation is different for systems consisting of parallel chains
. . . . . . of finite length where small disorder leads to weakly local-
0 10 20 30 40 50 60 ized states® This model gives the temperature exponent 1/2

Frequency (cm™) as found in our experiment. We conclude that the exponent
1/2 confirms the one-dimensional nature of the electronic
structure of chains in Lg#r;CaCuwy40,4, Which is in accord
with the crystallographic structurd.Second, the obtained
alue forT, indicates the standard regime of the VRH where
e hopping distancRBy is larger than the localization length

—
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FIG. 3. Optical conductivityupper pangland dielectric func-
tion (lower panel of the La;Sr3CagCu,,0,; single crystal mea-
sured along the axis in the range 6—60 chl. The dashed lines
are the fits including only the contributions associated to phonon at

28 cmi'l. The full lines correspond to the fit which in additon = ~; 3
includes an electronic hopping conducti¢see text The insets & the extremely smalk*~1 A shows that the system

show (for a few selected temperatufethe conductivity and the is far from the metal-insulator transition. Following the usual
: . b

dielectric function due to hoppingphonons subtractedvhich die  Interpretation of the VRH law, fromlo=16a"/n(Eg) we

out at low temperatures and high frequencies. Full lines are fits t§ind the electronic density of states at the Fermi level

A(T)». At T=50 K, only a phonon contribution is detected. n(Eg)~5.5<107*eV-*cm™®. Finally, a straightforward
consequence of the observed VRH conduction is that its ex-

frequency range in whiclr~ v° behavior is detected. AT trapolation indicates a zero conductivity &0, in accord
<50 K the hopping vanishes because the charge carriers avéth the theory developed for disordered noncrystalline in-
frozen out, and we observe only thé contribution to the sulators.
conductivity associated with the low-energy phoribarent- Generally, a frequency-dependent conductivity varying as
zian) tail. A(T)»®, wheres~1, does not necessarily imply hopping
Next, we estimate the dielectric constant associated conduction:> However, we suggest that dc VRH conduction
with the hopping conduction. In order to do so we fit theas well as the power-law ac conduction are attributed to the
conductivity spectra using the Drude term for the frequencysame set of localized states near the Fermi level. The value
independent plateaus below®18z and a set of Lorenztians of the exponent close to one indicates that the observed ac
to smoothly describe the increase @f(v) at higher fre- conductivity is due to phonon-assisted hops between spa-
quencies. The results are shown by solid lines in Fig. 2; théially distinct sites similarly to the dc contribution, and not to
low-frequency dielectric constant is about 170 at 300 K andhe photon absorption for whick~2 is usually found?
decreases with lowering the temperature. We were not ablote that we did not find the latter in the whole measured
to extract thes’ values from our radio-frequency measure- frequency range, despite the theoretical prediction that with
ments since the accuracy in determinatiors bfis + 300 for  increasing frequency there is a cross-over from the regime
the geometry of the samples used. dominated by phonon-assistaghpping~»°, s<1 to that
Finally, we want to point out that no signature of the dominated by photon-assisted conduction which varies' as
CDW-related features of dielectric response in the radios~2. The conductivity observed at 50 K, which follows/4
frequency range is found. Since in this system all holes rebehavior, is in our case simply a phonon tail, and is not due
side on chains, this result yields definite evidence that théo hopping. Further, the observation of a strongly
CDW insulating phase observed in;$r,CaCly,Oy; is es-  T-dependentrpgpping (10 cm 1)/ oy ratio confirms the idea
tablished in the ladder suburit. that the hopping transport involves localized states near the
Figure 3 shows a blow-up of the optical conductivity andFermi energy. In addition, we find that the prefach(T)
dielectric function at frequencies 6 — 60 chwhere a cross- follows the linearT dependence fof =60 K. This indicates
over from hopping to phonon-related response is observed. that the thermal energys T is small compared to the energy
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range over whicm(Eg) may be taken as the constdfin is in contrast to the observations for a chain subunit in fully
agreement with the estimates for the bandwidth associatedoped Sy,Cu,,O,;, Where a charge gap opens due to the
with chains?® However, in this casé\(T)=0 for T<60 K  charge order developed in conjunction with the antiferro-
which implies no phonon-assisted contributiond¢r) at  magnetic dimer pattern. We propose that the copper-oxygen
low temperatures. This seems surprising since we observeshain subunit behaves similar to a one-dimensional disorder-
the VRH law for the dc conductivity down to at least 35 K. driven insulator for the whole range of intermediate hole
The other possibility is thaf\(T) follows a T*® law at all  counts 0<n,<6,% and crosses over into a charge-ordered
temperatures. We note that the_ expon;mil.S is larger than gapped insulator at full doping,=6. Note that the latter
0=s=1 expectetf for conventional disordered noncrystal- phase is established in chains concomitantly with the CDW

Ii?erilnsulﬁltors. Finally, Wehwar)t to comment on a decreasganned state in ladders. Moreover, both phases are sup-
of the phonon-assisted hopping conductivity observed aloqqeqd by calcium doping at seemingly similar rates, indi-

high frequencies 6 — 20 cnt (insets of Fig. 3. In the the- - : -
oretical two-site hopping model, at frequencies of the ordef:atlng a profound interplay between chain and ladder

1,8
of vpy~10? s 1, the frequency dependence ®foppingSatu- Subunits:

rates due to the fact that the exponerdecreases logarith- In conclusion, the investigations of the frequency and
. g . p logartt temperature dependent conductivity yield clear evidence for
mically with increasing frequency. Our observation is in

line with this theoretical prediction. Moreover, the final fad- variable-range hopping transport in chains of a spin-chain/

; . ; ; ladder system RCaCu40,4,. The absence of holes in
Ing out Qf th_e_ phonon-assisted hopping at very high frequ_enl- dders ¥or inteﬁegdia?te urz{é)lél counts eliminates the CDW
cies is intuitively expected and deserves more theoretic hase in ladders, and suppresses the charge-ordered gapped
attention. !

: . . state in chains in favor of disorder-driven insulating phase.
At microscopic scale, we propose that strong local distor-

tions of the chains due fo irreqular rdination offt These results reveal an intriguing possibility for the exis-
S?Zf Oan d ng+aioSr1 Slg';' ?n d(ilceegun%ngg(r)io dica p%te(r)ltialain tence of a phase transition closertg=6 in the phase dia-
which holes reside. The finding of the VRH law in the mea-9' o of (La,Sr,CalCu0qy compounds. Further experi-

sured conductivity can be then viewed as a result ofdistorte(g1 ents _on materials with very low La content, which

distributi : . - . . ~corresponds tm,<6 should elucidate our proposal.
istribution of microscopic conductivities, as predicted in

Anderson localization theories. Therefore, copper-oxygen We thank G. Untereiner for the samples preparation. This

chains in partially doped L&r,CgCu,,0,; can be consid- work was supported by the Croatian Ministry of Science and

ered as a system in which disorder, associated with randofechnology and the Deutsche Forschungsgemeinschaft

distribution of holes, causes the Anderson localization. ThisDFG).
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