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Abstract. The complex conductivity of La,CuQ,.; has
been investigated for frequencies 20 Hz < v <4 GHz and
temperatures 1.5 K < T <450 K. Two single crystals
with 6 ~ 0 and § &~ 0.02 were investigated, using dc (four-
probe), reflectometric and contact-free techniques. At high
temperatures the dc conductivity is thermally activated
with low values of the activation energy. For low temper-
atures Mott's variable range hopping dominates. The real
and imaginary parts of the ac conductivity follow
a power-law dependence o ~ Vv*, typical for charge trans-
port by hopping processes. A careful analysis of the tem-
perature dependence of the ac conductivity and of the
frequency exponent s has been performed. It is not pos-
sible to explain all aspects of the ac conductivity in
La,CuQ,,; by standart hopping models. However, the
observed minimum in the temperature dependence of the
frequency exponent s strongly suggests tunneling of large
polarons as dominant transport process.

PACS: 72.20.Fr.; 72.80.Jc; 74.70.Vy

1. Introduction

Among the parent compounds of the high-temperature
superconductors, La,CuOy ;; has found most attention
due to its relative simple structure and the possibility to
change its electronic and magnetic behavior in a wide
range by the variation of the charge carrier density. This
can be achieved either by doping with an acceptor metal
like Ba or Sr, or by doping with excess oxygen, which can
easily be introduced by annealing procedures. Although
a large amount of experimental work on the electrical
properties of this system has been performed, results on
the ac response of La,CuQ, are still scarce and often at
variance to each other. Evidence for extremely heavy
‘charge carriers and a high dielectric constant has been
reported from millimeter-wave conductivity measure-
ments [ 1. However, these results are at odds with results
of ac conductivity measurements at audio and radio fre-
quencies [2, 3]. In these experiments a frequency depen-

dent ac conductivity characterized by a power law, ¢ ~ v*
with s < 1, has been found, which gives evidence for hop-
ping conductivity [4. 5]. Up to now the question of the
predominant hopping mechanism in La,CuQ, is still un-
resolved. For & = 0 Chen et al. [2] have found a highly
temperature dependent exponent s, which was the same
for both crystallographic directions. Their investigation
was restricted to temperatures T < 12 K where contribu-
tions of the electrical contacts can be neglected. By assum-
ing a contribution of multiple hops these authors
interpreted their resuits to be consistent with phonon-
assisted tunneling of electrons between localized states
{2]. Due to the higher measuring frequencies (up to
1 GHz) we were able to give information on the hopping
properties at temperature T > 25 K [3]. We found an
almost temperature independent and highly anisotropic
exponent s which seemed at variance with the results of
Chen et al. [2].

In order to clarify these discrepancies we carried out
measurements of the ac conductivity of single crystals of
La,CuO,; at temperatures 1.5 K < T < 450 K. For the
doped (6 = 0.02) and undoped (6 =~ 0) samples we found
o’ ~ V. We compare our results to the predictions of
various models on hopping conductivity. In addition, to
ensure the intrinsic nature of the hopping conductivity we
carried out contact-free measurements.

2. Experimental details

Single crystals of La,CuQy, ., ; were grown by slow cooling
using a rotating crucible. For details on the sample prep-
aration see [6]. In addition, to introduce excess oxygen,
some single crystals have been annealed under continuous
oxygen flow at T = 600°C for 12 h. § has been determined
from the lattice constants at room temperature [7] and
from the onset temperature of the phase separation pro-
cess (see below).

Reflectometric and contact-free measurement tech-
niques have been employed to determine the real part ¢’
and the imaginary part ¢” of the complex conductivity in
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the radiofrequency range. For the reflectometric measure-
ments the sample has been mounted at the end of a coaxial
air line, connecting the inner and outer conductors [8].
The complex reflection coefficient I' of this assembly has
been recorded using an HP4191 impedance analyzer for
frequencies 1 MHz < v < 1 GHz and an HP8510 network
analyzer for frequencies 100 MHz <v <4 GHz. The
complex conductivity can be calculated from I after
proper calibration using three standard samples to elimin-
ate the influence of the coaxial line and the sample holder.
For cooling, the end of the line with the sample holder has
either been connected to the cold head of a closed cycle
refrigerator [8] or brought into a *He cryostat.

Reflectometric methods require two-point contact
configurations. Thus, to make electrical contacts the two
surfaces of the crystal normal to the field direction have
been covered with silver paint. Silver paint contacts have
the advantage of being easily removable which allows the
investigation of the same crystal in different crystallo-
graphic directions. However, such contacts have a large
resistance at low frequencies, which has to be accounted
for in the data analysis.

As the separation of contact and intrinsic contribu-
tions in the data analysis of the two-point measurements
is a rather difficult task it would be very desirable to
measure the pure sample response without contacts. For
this purpose, a contact-free measuring method has been
developed, which has been applied on the same single
crystals. The idea of the measurement is to determine the
resonance frequency v, and the quality factor Q of an LC
circuit at resonance conditions with and without sample.
In this experimental set-up the sample is placed between
two capacitor plates. The complex conductivity is then
evaluated measuring the changes of the resonator proper-
ties caused by the sample. Details of this method are given
elsewhere [9]. In addition, the dc conductivity has been
investigated using standard four-probe techniques.

All measurements have been performed along the
three crystallographic directions of the crystals. Hence,
the field was oriented within the CuQ, planes (Eia
or E|b) or perpendicular to them (Elic). As a result of
the twinning of the crystal it is not possible to distinguish
the two in-plane directions. For convenience in the follow-
ing the in-plane measurements are denoted as E | a.

3. Results and discussion
3.1. DC measurements

The temperature dependence of the dc conductivity for
the sample with 6 ~ 0 is presented in Fig. 1 for both field
directions. Here we have plotted the data using two alter-
native representations, namely: 1) log(¢) vs. 1/T and
ii) log(s) vs. 1/T Y/*. Using these representations, straight
lines indicate i) thermally activated behavior:

Gge ~ CXP(Ey/kBT) (1)
or i) Mott variable range hopping (VRH) [10]:

04c ~ exp(To/T)V* (2)

Here E,, is the activation energy which in a semiconductor
would correspond to the half width of the bandgap. In the
VRH model T, is proportional to «®/N(E}), with « the
inverse of the localization length and N(Ej) the density of
states at the Fermi level [10].

At low temperatures, T < 30K, the data are well
described by Mott's T'* law. At higher temperatures
only nearest-neighbor-hops become significant [10] and
the conductivity is simply thermally activated. The main
parameters resulting from the fits in Fig. 1 are given in
Table 1. They are in approximate agreement with litera-
ture data, which are also given in Table 1.

An activation energy of E, ~ 30 meV as inferred from
conductivity measurements seems rather small and is at
variance with the optical gap energy E ~ 2eV [14, 15].
La,CuO, can be regarded as a charge transfer insulator
with the two uppermost bands being the empty upper
{Cu 3d) Hubbard band and a filled O 2p band. From
infrared reflectivity measurements [16, 17] it is known
that in lightly doped La,CuQO, a midinfrared absorption
band appears at ~ 0.13 eV. The large difference between
the optical (0.13 eV) and the thermal (0.03 eV) activation
energy is believed to be due to polaronic impurity states
[17]. Adopting Mott’s picture for localization of charge
carriers [10], the mobility edge can be assumed near the
upper band edge of the O 2p band. At low temperatures
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Fig. 1. Dc conductivity of La,CuQ, ,; (5 =~ 0) for the field oriented
parallel (upper frame) and perpendicular (lower frame) to the CuO,
planes. The same data are plotted vs. T ~! (open symbols) and vs.
T ~'* (closed symbols). In certain temperature regions the curves
approach straight lines which indicates thermally activated and
VRH behavior respectively
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Table 1. Various parameters characterizing the electrical properties of La,CuOy,5(5 x> 0). T and E, are defined in (1) and (2). respectively.

6., and o, are the dc conductivities for Ell« and Elj¢
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Fig. 2. Temperature dependence of the dc resistivity of oxygen
annealed La,CuOy,,; (0 = 0.02) in linear a and Arrhenius repres-
entation b for E| ¢

only electrons within the localized states can be excited into
the impurity level, hence showing hopping conductivity.

In addition, Table 1 contains the absolute value of the
dc conductivity at room temperature. o,(300 K) of our
crystal agrees well with values from literature for both
field directions. However, 6,.(300 K) for E | a of the crystal
examined earlier [3] is approximately two orders of mag-
nitude lower than expected. For this finding we have no
explanation.

Now we focus on the oxygen annealed crystal with
§ ~ 0.02. Figure 2a shows the temperature dependence of
the dc resistivity of this crystal for Ellc. Two distinct
features can be seen: i) The resistivity becomes zero at
T, ~ 30K, i.e. the sample becomes superconducting (at
least spurious amounts along a percolating path). ij) With
lowering of the temperature the resistivity falls about

a factor of 3 between 270 and 200 K. Such a step in p(T') of
oxygen annealed crystals has been found before
[18,19,20] and can be ascribed to a phase separation
occurring in La,CuOy ;5 for 0.01 < d < 0.055[18, 21, 22],
which is accompanied by the diffusion of oxygen ions. For
0 = 0.02 the sample should separate in two phases with
d ~ 0.055 and J = 0.01 [22]. In the phase separated state
the sample can be approximated by an equivalent circuit
of two resistors in parallel, which account for the highly
different resistivities of the oxygen-rich ad oxygen-poor
phase. Therefore at T < 200 K mainly the oxygen-rich
phase contributes to the observed resistivity. In Fig. 2b the
same data are shown in an Arrhenius representation. It
becomes obvious that the resistivity in the phase separ-
ated state follows a thermally activated behavior similar
to the results on the crystal with é = 0 in this temperature
range (Fig. 1). However, now the energy barrier is even
lower, E, = 4.8 meV. Such a low value has also been
found by Bazhenov [23] in oxygen doped crystals. This
indicates, that now the impurity states are almost at the
upper bound of the O 2p band. Hence, this compound
with 0 ~ 0.02 is very close to the insulator to metal
transition. Above the phase separation temperature, the
temperature dependence is much stronger but only rough-
ly follows an Arrhenius behavior with E; =~ 40 meV,
a value which lies in the same range as for the unannealed
crystal.

3.2. Ac measurements

3.2.1. Reflectometric method. Figure 3 shows the fre-
quency dependence of the real part of the conductivity ¢’
and of the dielectric constant &' for various temperatures
with E || c. ¢ has been calculated from ¢” by &' = ¢"/(w &o)
with ¢, the dielectric constant of the vacuum and
w = 2z v. At low frequencies ¢’(v) exhibits a steplike in-
crease while ¢'(v) shows a steplike decrease with increasing
frequency. For lower temperatures, both phenomena shift
to lower frequencies. This behavior completely is due to
the electrical contacts which usually can be described by
an equivalent circuit consisting of the contact resistance
R, (frequency independent but with a semiconducting
temperature behavior) parallel to the contact capacitance
C. (frequency and temperature independent). The fre-
quency and temperature dependent sample resistance Rj,
in series with this leaky capacitor accounts for the results
described above. The point of inflection of the ¢'(v) step is
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Fig. 3. Frequency dependence of the real parts of the conductivity
(upper frame) and the dielectric constant (lower frame) of
La,CuO, ; (3 = 0) for various temperatures with E | ¢ (double log-
arithmic plot).
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R
P o | — J— 3
"» = 2mC, I:RC * RJ ©)

which explains the observed shift of the contact phe-
nomena as both R, and R, are expected to exhibit
a semiconductor-like temperature dependence (compare
also Fig. 1).

At frequencies higher than the steplike increase of ¢'(v)
and higher than the steplike decrease of &'(v), the intrinsic
sample conductivity is measured with the contact resist-
ance being shortened by C.. At frequencies directly above
the step, o’ (v) shows a plateau which can be identified with
the dc conductivity o4. At higher frequencies ¢'(v) in-
creases continuously. This is typical for hopping conduc-
tion processes [4, 5, 24]. At high frequencies ¢'(v) is dom-
inated by the high frequency dielectric constant ¢, of the
crystal to which the electronic and ionic polarizability
contribute. ¢, can easily be read off in Fig. 3to be ¢,, = 28
( + 2). This is in agreement with the results of Reagor et al.
[1] and Chen et al. [2] (see Table 1).

In order to study the hopping conductivity of
La,CuQ, ;s in more detail, investigations at lower tem-
peratures are necessary. Results obtained at temperatures
5.6 < T < 81K are shown in Fig. 4. The step in ¢'(v) and
the maximum in ¢”(v) are caused by the contacts as
discussed above. For the lowest temperatures and in the
frequency window investigated the intrinsic sample re-
sponse is dominant. Therefore the measurements on
La,CuQ, ;s single crystals reported in Ref. [2] have been
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Fig. 4. Frequency dependence of real and imaginary part of the
conductivity of La,CuO,, ; (0 ~ 0) for various temperatures below
81 K with field direction E | ¢. The lines are the results of fits using
the equivalent circuit indicated. For the intrinsic sample conductiv-
ity the validity of the UDR has been assumed

restricted to low temperatures. The frequency dependence
of the intrinsic sample conductivity can well be described
by the so called universal dielectric response (UDR) [24]:

O'/ =O'dc+0'0(l)s (4)

There is a vast number of theoretical approaches to de-
duce this behavior from the microscopic transport proper-
ties of various classes of materials. Processes involving
hopping over, or tunneling through an energy barrier
separating different localized states have been considered
for various kinds of charge carriers [4, 5, 24]. However,
common to all theories is the result that ¢’ ~ V5, which
holds true at least in a limited frequency range. However,
the UDR assumes an exact v* behavior (with frequency
independent s) as it has been found experimentally for
most hopping systems. Within this model ¢” can be writ-
ten as:

" = gow’tan(sn/2) + gpe, w (5

The first term follows from the Kramers-Kronig trans-
formation of (4) [25]. The second term takes the high
frequency dielectric constant into account and leads to
a slope of one for high frequencies in the double logarith-
mic plot (Fig. 4).

In order to describe the frequency dependence of ¢’
and ¢” at higher temperatures, the equivalent circuit in-
dicated in Fig. 4 has been used. As mentioned above, the
contacts are accounted for by a leaky capacitor in series to
the sample. For the sample the UDR has been assumed



including g, (described by a frequency independent resis-
tor) and &, (a capacitor in parallel). In addition, all induc-
tive contributions which may arise from the sample itself,
from the contacts, or from the sample holder are described
by an inductance placed in series. This equivalent circuit is
the same as that used in our previous report [ 3] with the
addition of ¢, &, becomes increasingly important at low
temperatures and therefore cannot be omitted in the pres-
ent analysis.

The results of fits using this circuit which have been
carried out simultaneously on ¢’(v) and ¢”(v) are shown as
solid lines in Fig. 4. Data and fit agree almost perfectly.
The model involves seven parameters which e.g. for 30 K
have values of 64 = 148 (mQcm)™ !, 6, =74-10"1!
(Qem)™1s%77, s =077, R, = 2.7kQ, &, = 24, C, = 90 pF,
and L = 3 nH. The values of g, extracted from the fits
are in agreement with the four-point data of Fig. 1.

Important information concerning the microscopic
hopping process can be gained from the absolute value
and the temperature dependence of the frequency expo-
nent s. Coming from low temperatures, s decreases signifi-
cantly and shows a minimum at about 50 K. This is at
variance with the results obtained by us on a single crystal
from a different source being reported in [3]. In [3] fits
using the equivalent circuit of Fig. 4 yielded an s(7) which
was very small (s = 0.2) and almost temperature indepen-
dent down to the lowest temperature available to us at
that time (T =~ 25 K). However, the fits in Fig. 4 of [3]
show large deviations at low frequencies as already men-
tioned there. We now have solved these problems by
taking into account a distribution for the leaky capacitor
representing the contacts. For the frequency dependent
impedance of the leaky capacitor, Z = R /(1 + (iwt)* 7%
has been assumed with 0 <« < 1 and = = R.C,. The ex-
ponent o > 0 leads to a broadening of the contact step in
a'(v) and of the corresponding maximum in ¢”(v) which
can be regarded as arising from a distribution of relax-
ation times 1, called Cole-Cole distribution [26]. The case
o =0 corresponds to a single relaxation time. Fits using
this distribution are shown as solid lines together with the
data from [3] in Fig. 5. Now the agreement of fit and data
is very good yielding an s(T') which decreases with de-
creasing T.

The frequency exponents s as function of temperature
as deduced from these experiments are shown in Fig. 6. To
check the error of s, we fixed s at various values above and
below the result of the “free” fit until the deviations be-
tween data and fit were significantly larger than the error
of the data. This procedure reveals large error bars of s at
temperatures T > 20 K which is due to the dominance of
o, and the contact contributions at high temperatures.
Within these error bars the results from both measure-
ments match together well thereby corroborating the sig-
nificance of the minimum in s(T).

Now we turn to our results with the field directed
parallel to the CuO, planes. Figure 7 shows the frequency
dependence of ¢° and ¢” for various temperatures
T <79 K. Due to the higher dc conductivity for E|a
(see Fig. 1) the contact steps are now shifted to higher
frequencies. A purely intrinsic response is only observed
for temperatures 7 < 10 K. The maximum observed in
o'(v) at 79 K is due to the inductive contributions men-
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Fig. 5. Frequency dependence of real and imaginary part of the
conductivity of a La,CuQy, ; (6 ~ 0) single crystal from a different
crystal grower as already published in [3]. The results are shown for
various temperatures with field direction E || c. The solid lines are fits
using the equivalent circuit indicated in Fig. 4. In contrast to Ref. [3]
for the relaxation time of the leaky capacitor which describes the
contacts a Cole-Cole distribution has been assumed

10 30 100 300
temperature (K)

Fig. 6. Temperature dependence of the frequency exponent s deter-
mined from fits as described in the text. Shown are results from
reflectometric measurements on two different single crystals ({3, )
and from contact {ree measurements (x). The lines have been
calculated using various models for hopping conductivity, namely:
dotted - QMT, solid - OLPT, dash-dotted-CBH

tioned above and is, at the highest frequencies investi-
gated, accompanied by negative values of ¢”. The solid
lines included in Fig. 7 are the results of fits using the same
equivalent circuit as for Ec¢ but with the inclusion of
a Cole-Cole distribution for the contact relaxation time.
Again very good fits have been obtained. The parameters
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Fig. 7. Frequency dependence of ¢’ and ¢” of La,CuO, . ; (6 = 0) for
various temperatures T < 79 K with field direction E | a. The lines
are the results of fits using the equivalent indicated in Fig. 4 with the
inclusion of a Cole-Cole distribution for the contact relaxation time

for T=29K are: 64, = 12.8 (mQcm) ™!, 65 =1.5-10"°
(Qem)~1s%7%  5=0.74, R.=18kQ, C,=230pF,
L=10nH, « =0.21. 0,(T) is in accord with the dc
results presented in Fig. 1. The exponent s(T') is shown in
Fig. 8 (triangles). Again s decreases significantly with T at
low temperatures and exhibits a minimum at about 20 K.
The s values at three low temperatures reported by Chen
et. al. [2] which are also shown in Fig. 8 (diamonds) match
well with our data. It is interesting to note that the
measurements of Chen et al. have been carried out at
frequencies 1 kHz < v < 10 MHz while our results have
been obtained at 10 MHz < v < 1 GHz. This fact implies
that s is frequency independent over 6 decades of fre-
quency (i.e. it follows the UDR prediction). Such a behav-
ior is at variance with the predictions of most theories on
hopping conductivity {4, 5], but has nevertheless been
found in many materials [24].

In addition, in Fig. 8 we included the results on the
single crystal from a different crystal grower with E{a
which already have been reported [3] (squares). Here it
was possible to determine s(T') successfully up to room
temperature, which was due to the contact step occurring
at much lower frequencies than in the more recent
measurements. The latter is mainly due to the untypical
high dc resistance of this sample (compare Eq. (3)).

Now we turn to our results on the ac conductivity of
the oxygen annealed crystal (0 = 0.02). Figure 9 shows the
frequency dependence of the real and imaginary part of
the conductivity for Elfc. Contact effects dominate in
most of the frequency range, which is due to the lower
resistance of this sample (compare Eq. (3)). Before p(T)
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resulting from fits as described in the text. Shown are results from
reflectometric measurements on two different single crystals (A, 1)
and results obtained using a contact free measuring technique ( x ).
In addition, the s-values reported by Chen et al. [2] are included (#).
The lines have been calculated using various hopping models, name-
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Fig. 9. Frequency dependence of ¢’ and ¢” of La,CuQ, ,; (§ =~ 0.02)
for various temperature with E | ¢. The solid lines are the results of
fits using the equivalent circuit indicated in Fig. 4 with a Cole-Cole
distribution for the contact relaxation time

rises high enough to shift the contact effects out of the
frequency window the sample becomes superconducting.
The solid lines in Fig. 9 are the results of fits using the
same equivalent circuit as described above. Data and fit
agree very well but, however, the resulting s of approxim-
ately s &~ 0.5 has large error bars of As =~ 0.3. Therefore no
statement on the temperature dependence of s can be
made. However, the data can only be satisfactorily de-
scribed assuming hopping conductivity for the intrinsic



response of the sample. This is correct either for temper-
atures above or below the phase separation. This finding
implies that also in the more metallic phase with 0 = 0.05,
which dominates the conductivity in the phase separated
state [22], localization of charge carriers is important.

3.2.2. Contact-free measurements. Contact-free measure-
ments have been performed for the crystal with é ~ 0 at
three measuring frequencies. The results are shown in
Fig. 10, together with the dc data from Fig. 1. At high
temperatures, T > 40K, for both field directions the
measured ¢'(T) closely follows the dc behavior. At lower
temperatures ¢’ deviates from the dc curve thereby exhibi-
ting a clear increase with frequency. The frequency de-
pendence of ¢’ can well be fitted using eq. (4). The fits yield
an s(T)(crosses in Figs. 6 and 8) which is in fair agreement
with s(T) from the reflectometric measurements. Of
course, it is quite difficult to extract quantitative informa-
tion on s(T) from three frequency-points only. Hence, the
error bars are large. However, having in mind that up to
now all experiments performed on the ac conductivity of
La,CuO, measured the response of the sample and the
contacts our results are a convincing confirmation of the
intrinsic nature of the power-law behavior, ¢ ~ v°. They
also corroborate the validity of the evaluation procedure
which we applied on the “contact-data”.

3.2.3. Discussion of the ac results. In the following we will
compare our results on s(T') and o,.(T') to the predictions
of various models for hopping conductivity.

' T *n
La,Cu0,,, (6~0) ="

Eilc

—-5L /__ 4—probe dc

1 1

3 10 30 100 300
temperature (K)

Fig. 10. Temperature dependence of the conductivity of La,CuOy . 5
(6 = 0) for three frequencies with field directions E||c (upper frame)
and E | a (lower frame). The data have been obtained using a contact
free measuring technique. Also shown are dc results from conven-
tional four point measurements

513

Taking together all data collected on La,CuQ, , ; with
0 = 0 (Figs. 6 and 8) a quite clear picture for the temper-
ature dependence of s(T') arises: (T} exhibits a minimum
at T~ 50K for E|lc and at T ~ 20K for E| a which at
least for E || ¢ can be regarded as significant. For T - 0K
the exponent increases strongly, which for E|a has al-
ready be seen in the low temperature measurements of
Chen et al. [2] (closed diamonds in Fig, 8). In regard of the
temperature dependence of the dc conductivity these
authors interpreted their data as being characteristic for
quantum-mechanical tunneling (QMT) of holes. However,
as this model predicts a temperature independent expo-
nent s (indicated as dotted line in Figs. 6 and 8) [4, 5],
multiple hopping [27] had to be assumed to explain the
observed strong temperature dependence, at least quali-
tatively. Multiple hopping is predicted to occur at high
temperatures and low frequencies and leads to a lowering
of the frequency exponent s [27]. For higher frequencies
hopping should occur between two neighbouring sites
only and therefore s should increase. However, experi-
mentally s seems to be constant from 1 kHz to 1 GHz and
hence it is unlikely that multiple hops play an important
role in La,CuO,. In addition, s(T) does not approach
a limiting value of 0.8 for T — 0 K as assumed by Chen et
al. but increases further up to values of 0.9 for the lowest
temperatures investigated by us (Figs. 6 and 8). Even then
no saturation can be seen, but s seems to approach a limit-
ing value of 1 for T - 0 K. Such high values of s can
hardly be obtained in the QMT model [28] which clearly
shows that QMT is not the dominant conduction process
in La,CuQO, at low temperatures.

Alternative explanations for the observed hopping
conductivity including the approach of a value of 1 for
T - 0K are given by the “Overlapping Large Polaron
Tunneling” (OLPT) model and by the “Correlated Barrier
Hopping” (CBH) model [4, 5].

In the OLPT model [4, 5, 29] the charge carriers are
assumed to be large polarons. “Large” means that the
lattice distortion around a site of a charge extends over
several atomic distances which causes an overlap with the
distortions on neighboring sites. This gives rise to an
energy barrier which is a function of the site separation. In
the OLPT model the frequency dependence of the con-
ductivity can be expressed by ¢ ~ v°. The temperature
dependence of s is given by [4]:

_ 8aRy + 6BW go(ro/Rw)

[20Rw + BW go(ro/Rw)]*
with 8 = 1/(kgT ). W o 1s the barrier height for infinite site
separation, rq is the polaron radius, « is the spatial extent

of the localized state wavefunction and Ry is the hopping
distance, given by

(6)

S =

1
Ry = I {[In(1/wze) — BW ol + ([In(1/we) — W kol*

+ 8aro BW o)’} Y

To 18 the characteristic relaxation time, which should be of
the order of a typical phonon frequency. The solid lines in
Figs. 6 and 8 have been calculated using (6) and (7). The
main parameters were: Wyo = 45meV, 1, = 107125,
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aro = 0.68 for E|c and Wy = 12meV, 15 = 10",
are = 1.6 for E | a. It should be noted that for high temper-
atures, s as deduced from the OLPT model, approaches
the constant value as predicted by the QMT model. This
behavior is documented in Fig. 8. Obviously the OLPT
model can explain the temperature dependence of the
frequency exponent s in La,CuQ, within the error bars.
We want to emphasize that, to our knowledge, the OLPT
model is the only model that predicts a minimum in the
temperature dependence of the frequency exponent which
strongly suggests polarons as charge carriers in La,CuO,.
Note that Wy, lies in the same order of magnitude as the
gap energy deduced from the temperature dependence of
the dc conductivity (see Table 1). The difference of
W o for E||a and E | b which leads to a different position
of the minimum of s(7') (it is located at approximately
0.1- W yo/kg [4]) is in accord with the observed anisot-
ropy of the absolute value of the conductivity. Both, the
smaller values of Wy, and of 7, should lead to a higher
conductivity for Efla as observed experimentally. The
larger ar, for Ela, which leads to a less pronounced
minimum for this direction [4] points to a large polaron
radius. This can be understood having in mind the higher
¢4, for E| a (see Table 1) which implies a higher polariza-
bility of the lattice in this direction.

The polaron coupling constant is proportional to
1/e. — 1/e,, [30]. Here &, is the electronic contribution to
the dielectric constant (g, ~ 5 [31], for ¢, see Table 1).
This difference is rather high in La,CuQ, and the occur-
rence of polarons as charge carriers seems reasonable [2].
Evidence for polarons in La,CuQ, has also been reported
by Falck et al. [15] from the temperature dependence of
the charge-transfer spectrum. In addition, experimental
evidence for polaron hopping has been reported in a large
number of superconducting cuprates [32] and in semicon-
ducting Bi,Sr,Ca;Cu,O, [33] and PrBa,Cu;0,_; [34].
In this context it is interesting to note that there are
speculations that the superconductivity in the cuprates
could be due to the condensation of bipolarons
[35, 36,37]. .

The OLPT model also makes predictions on the tem-
perature dependence of the ac conductivity g,,:

_n* N(Ep)*(ksT)*e*0R}

= . 8
Cac 12 2ak3T + WHoro/R%y ( )

Here N(Ey) is the density of states at the Fermi level
Figures 11 and 12 show the temperature dependence of o,
at three frequencies for E | ¢ and E || q, respectively. o, has
been calculated by subtracting o, from the measured
o(T). o, has been taken from the fits of o(v) (see para-
graph 3.2.1). In Figs. 11 and 12 the temperature range has
been restricted to T < 25 K. At these low temperatures
contact contributions can be neglected (compare Figs.
4 and 7). The solid lines in Figs. 11 and 12 are the results of
fits using equations {6) and (7). Considering that addi-
tional errors may be introduced due to the subtraction of
04, Which occur especially at low frequencies, the fits are
acceptable for E | c. However, if all parameters are allowed
to vary, W yo tends to zero yielding simple (non-polaron)
QMT. However, as mentioned above, neither the min-
imum in s(T) nor the high s values exceeding 0.8 at low
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Fig. 11. Temperature dependence of the ac conductivity of
La,CuO, (6 = 0) with E|| ¢ for various frequencies. The lines have
been calculated using the OLPT model (solid lines) and the CBH
model (dash-dotted lines)
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Fig. 12. Temperature dependence of the ac conductivity of
La,CuO, ,;(é = 0) with E | a for various frequencies. The lines have
been calculated using the OLPT model (solid lines) and the CBH
model (dash-dotted lines)

temperatures can be explained by the QMT. Therefore we
carried out fits with Wy, fixed at non-zero values. The
highest value that still leads to acceptable fits (shown in
Fig. 11)is Wyo = 9 meV. However, such a low Wy, does
not lead to a satisfactory description of the minimum in
s(T) (Fig. 6). For E | a the situation is even worse. The fits
to the experimental data at 12 Mhz and 109 MHz, shown
as solid line in Fig. 12, clearly deviate, especially at high
temperatures. In addition, the resulting Wy, again is
almost zero (Wpyo = 7 peV). Hence, the OLPT model
does not satisfactorily describe the temperature depend-
ence of 6, for E | a. The above evaluation of the data has
also been carried out using the modified OLPT model,
which takes into account intersite correlation effects [4].
However, no better description of the data could be
achieved.

We now turn to the CBH model, which was introduc-
ed by Pike [38] to account for the dielectric loss in
scandium oxide films and later has been applied by Elliott
[28] to explain the ac loss in chalcogenide glasses. In this
model thermally activated hopping of the charge carriers
over the energy barrier separating two localized sites is
assumed. The energy barrier is of simple coulombic type



and reduced due to overlapping coulomb potentials as
a function of site distance (i.e. the barrier height is “corre-
lated” to the distance). In the single electron CBH model
the temperature dependence of the ac conductivity is
given by:

Gp = 13/24N%eco R 9)

The hopping distance Ry is:

e2

Ry = neeo [Wam — kgT In(1/wto)]

W,, is the barrier height for infinite intersite separation
and thus corresponds to the energy to take the charge
carrier from the defect state to the continuum. The results
of fits using equations (9) and (10) are shown as dash-
dotted lines in Figs. 11 and 12. The agreement of data and
fit is clearly better than for the OLPT model. The resulting
parameters are: W,, = 53 meV, t=19-10"'?s for E|c
and W,, =29 meV, v =18-10"'%s for E|a. Note that
W, lies in the range of the gap energy deduced from
04(T) (Table 1).

If the frequency dependence of the conductivity is
parameterized as ¢ ~ v* the result of the CBH model for
s(T,v) is:

(10)

6k T
W, — ksTIn(l/wty)

A decrease of s from unity with increasing temperature is
predicted by this model. However, eq. (11) cannot produce
a minimum in s(T') restricting the application of the CBH
model in La,CuQ, .4 to temperatures T < 40 K for E| ¢
and T <20 K for E}a. In Figs. 6 and 8 the dash-dotted
lines have been calculated using the CBH model with the
parameters obtained from the fits to ,.(T') (see above). An
acceptable agreement of the theoretical calculations with
the experimental results at low temperatures can be stated
at least for Ell¢. However, for higher temperatures the
model becomes pathological predicting negative s values.
The reason for this behavior lies in the rather low value of
W,, which is necessary to take account of the steep de-
crease of s at low temperatures.

(11)

s=1-—

4. Conclusions

The dc and the complex ac conductivity of La,CuQOy,.;
single crystals with d =~ 0 and 6 = 0.02 have been investi-
gated at temperatures 1.5K <T <450K. For both
oxygen contents we find hopping conductivity as the
dominant charge transport process which leads to a con-
ductivity ¢ ~ v*. For the first time information about the
temperature dependence of the frequency exponent s in
a broad temperature range could be obtained. In addition
we carried out contact-free measurements which corrob-
orate the intrinsic nature of the hopping conductivity in
La,CuO,.s. We find for é ~ 0 and for both field direc-
tions an exponent s that reaches a value of 0.9 for low
temperatures, which excludes simple QMT as dominant
hopping mechanism. At higher temperatures s(T ) exhibits
a distinct minimum for both field directions. To our
knowledge, such a minimum can only be explained as-
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suming tunneling of large polarons as dominant charge
transport process [4, 5]. The formation of polarons in
La,CuQ,,; seems reasonable if one has in mind the
rather big difference between ¢, and ¢, leading to a high
polaron coupling constant. In addition, evidence for po-
larons in La,CuQ, ., has also been found by Falck et al.
[15]. However, the temperature dependence of the ac
conductivity, the discrepancy between dc (VRH) and ac
results (no QMT), and the finding of a frequency indepen-
dent exponent s over 6 decades of frequency are still
unresolved and cannot be accounted for by standard
hopping models.

This research was supported by the Sonderforschungsbereich 252
(Darmstadt/Frankfurt/Mainz/Stuttgart).
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