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The authors studied the conduction mechanism in an uranium doped low dimensional magnetic system
Ca,CuO0;. This system exhibits the S=1/2 quasi 1D antiferromagnetic chains of -Cu-O- with strong magnetic
coupling, and demonstrates continuous semiconductor-like behavior with constant covalent insulator charac-
ter. This paper identifies the conduction is due to thermally activated phonon-assisted electron hopping between
dopant uranium sites. The parameter 4, the characteristic for hopping probability, was determined to be 0.18
AL, This value manifests a relatively stronger hopping probability for Ca,CuO; as compared with other ura-

nium doped ceramics.
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1. Introduction

Recently, uranium-doping studies in high 7. super-
conductors, pyroelectric ceramics, and oxide based optical
materials have shown significant improvements in the
desired properties of these materials, such as, higher
current densities, better resistance ranges, and optical
transitions in the visible region [1-5]. Furthermore, it has
been shown that doping with a small amount of the
oxygen-rich uranium oxide U;O; in the strongly aniso-
tropic S=1/2 quasi 1D antiferromagnetic system, induced
a relatively large change in its resistance but an unchang-
ed covalent insulator state [6]. Pure Ca,CuOj; possesses
an extremely low ordered moment (=0.05 xp) and a re-
duced Néel temperature (9 K) and its in-chain -Cu-O-
antiferromagnetic interaction is much larger than its inter-
chain coupling (J;= 0.2 eV, J, = 0.01 meV) [7]. An ab
initio study revealed only a small gap between HOMO
(Highest Occupied Molecular Orbitals) and LUMO (Lowest
Unoccupied Molecular Orbitals) in this case between
Cu(3d)-O(2p) bonding and antibonding molecular orbitals.
Thus, the activation energy from the insulation ground
state to the conduction band is expected to be small (of
the order meV), but the localization of HOMO’s electrons
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is a key factor that maintains the insulating status of
Ca,CuOs. In Fig. 1 we illustrate the HOMO and LUMO
obtained by ab initio calculation for the model cluster
Ca,Cu 0 in the ideal Ca,CuO; structure. The calcu-
lation was carried out using Gaussian 2003 software [8]
and was based on the Density Functional Theory using
the hybrid functionals B3LYP with the STO-3G wave
function basic set. The localization of HOMO mechani-
cally explains the covalent-insulator characteristics of bulk
Ca,CuOs. Furthermore, despite its low thermal activation
energy E, (<0.2 eV), the resistance of material is of order
100 MQ.. With increasing temperature, the number of
electrons that gain sufficient energy to jump across the
barrier grows exponentially, and thus, the macroscopic
manifestation of Ca,CuQ; is semiconductor-like. Three
different models are available for fitting R(T) data: the
band-gap model (In(p) < E,/kpT), the small polaron
hopping model (In(o/T) oc W/kpT) and the variable-range
hopping model (with or without magnetic localization [9],
log(p/p..) oc (ToT) *). Whereas the band-gap model yield-
ed an acceptable result, the other two offered the worse
least-square figure-of-merits.

The recently proposed percolative conduction grain
boundary system as a fractal conduction medium (1/7"
law) [10] produced a good result, but the physics of this
model do not comply with the covalent-insulator charac-
teristics of the samples studied, and thus, we can not be
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considered here. When uranium is introduced into the
Ca,CuOs structure, there is enough room to accommodate
uranium atoms in Ca** sites along the ¢ axis [1, 6], but
uranium might also be located at interstitial regions on
single crystals boundaries. The recently obtained Raman
scattering data of doped samples support this argument,
since this data was almost independent of uranium con-
tent [11]. However, for the analysis, we only needed
uranium atoms to be homogeneously distributed in the
bulk matrix. Under this presumption, the linear distance
between dopant atoms may be estimated according to the
classical law:

R=az"3 (N

where a is the lattice constant and z is the concentration
of dopant uranium. The lattice (Immm) in our case was
not cubic (@=3.25, h=3.77 and c=12.24 A) and the value
of a in (1) should be the average linear distance between
the two closest dopant sites, i.e. 3.25 A along the a axis.
This linear distance R is an exponential factor for the
probability of electron hopping between dopant sites:

p = vexp(—aR) )

where v is a factor dependent on phonon frequency and «
is a parameter of exponential distribution and a charac-
teristic of each dopant system. In systems where conduc-
tion is dominated by the thermally activated hopping of
electrons, the amplitude of dc-conductivity should be
proportional to hopping probability, so may be given as
oy = kvexp(—aaz "), where k is a scale constant.

Incorporating this into the expression o= oyexp(—E,/
ksT) for the dc-conductivity, we obtain:

p=1/o=Adexp(aaz’ ' + EksT) 3)

where p is the dc-resistivity, kg the Boltzmann constant,
E, the activation energy and A4 = 1/kv. The alternative
casting is the log-log form:

Inp=Ind + aaz""* + E /kgT 4)

It is worth noting that while the fitting of Inp against 1/
T yields the activation energy E, in the slope, fitting at
fixed T of Inp against z'” yields aa in the slope. This
provides an efficient means of estimating the parameter
a, which is a characteristic of different hopping systems.
Since the factor 4 in equation (3) is inversely related to
phonon frequency which is corresponds to a larger hopp-
ing probability. For this reason, equation (3) illustrates the
hopping mechanism assisted by a phonon. The most
important outcome of (3)-(4) follows from the fact that
the final conductivity depends only on concentration of
dopant and not on the material composition, which provides
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Fig. 1. (Color online) 4b initio calculation of HOMO (a) and
LUMO (b) for the Ca,CuyO4y cluster (¢) in the ideal Ca,CuOs
structure (DFT/B3LYP/STO-3G [12]). In (c): the red (dark)
balls represent oxygen, the yellow (gray) balls calcium, and
the pink (half-dark) balls copper. In (a) and (b): the gray vari-
ations of molecular orbitals (MOs) depict orbital symmetry
differences. In HOMO, apical oxygens (i.e. O(1) atoms lying
along axis c¢) do not contribute to Cu bonding, and the in-chain
oxygens (i.e. the O(2) atoms lying along axis b) appear to have
only localized MOs with nearest neighbors. However, in
HOMO, Cu atoms form direct Cu-Cu couplings (bonds?)
(along axis a). HOMO does not contribute to Cu-O chain cou-
pling. The Ca,Cu,0y cluster has 122 bonding MOs in which
HOMO is orbital no.122, LUMO is orbital no.123, of the total
148 MOs. As seen in (b), LUMO consists of almost separate
atomic orbitals (AOs) that do not appear to involve Ca atoms.

a means of comparing the conductivities of various systems
despite differences in their chemical contents.

For Ca,CuO;:U, (z =0.00, 0.005, 0.02, 0.025, 0.05),
experimental resistivity data were taken from [6]. These
data were collected using the standard four electrode
technique using equipment from Bio-Rad that was capable
of detecting pico-ampere currents; it was cooled down
using a software-controlled closed-cycle He refrigerator.
The compounds themselves were prepared using a modi-
fication of a previously described sol-gel method [5],
which was used to prepare highly pure homogeneous
single-phase Ca,CuO; powder. Fig. 2 shows the results of
1/T fit, whereby we obtained E, =0.19 eV for the undop-
ed sample and £,=0.035 eV for doped samples. These
values are substantially smaller than the 1.70 eV obtained
via optical measurements [12], but correspond well to
0.18 eV reported in [13]. Uranium doping seems to sub-
stantially reduce the energy gap between the insulation
and conduction bands. The value E,=0.035 eV agrees
reasonably well with the HOMO/LUMO gap of 0.046 eV.
From ab initio calculation, both 0.19 and 0.035 eV fall
within the 0.46 eV range between the LUMO and HUMO
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Fig. 2. Fit results for uranium doped Ca,CuO; according to
equation (4). The inset shows the fit result for hopping param-
eter , in which the dark squares denote forecast values and
blank squares denote actual cases.

(Highest Unoccupied MO). Thus, for the ideal Ca,CuOs
structure if we consider HOMO the insulation ground
state, the conduction band may be located somewhere
between LUMO and HUMO. The ab initio result for the
small cluster Ca,CuyO4¢ did not explain the large gap 1.70
eV obtained by optical measurements; optical excitation
may be associated with electron-phonon coupling via some
charge transfer process along the -Cu-O- chain. Possibly,
larger clusters must be taken into account during studies
of optical processes. The high resisitivity and the small
activation energy make U-doped Ca,CuO; samples typical
covalent insulators. For comparison purposes, it should be
noted that the resistivity of (Mg, Nb)-PZT ceramics is
47.8 MQcm, while their activation energy is 0.34 eV [1].
U-doped Ca,CuOs had a resistivity of > 100 MQcm, but
and activation energy of 0.035 eV. In the inset in Fig. 2
we show the fitting for the characteristic hopping prob-
ability parameter a, the slope of which gave the result a =
0.18 A™'. This slope is independent of temperature T and
phonon frequency v and depends only on the linear di-
stance between dopant sites R, i.e. on the lattice constant
a. The equation (4) was used in [1] to determine the con-
stant o= 0.63 A™! for U-doped (Mg, Nb) PZT ceramics
(U concentration was ca. 0.005 mol U/1 mol Pb).

Fig. 3 shows the dependence of the normalized “pho-
non-frequency independent” probability pexp(a)/v on
dopant concentration z for two cases, i.e., a=0.18 A™
(U-doped Ca,CuO; system) and a=0.63 A™' (U-doped
Mg, Nb-PZT system [1]). At a doping concentration of z =
0.05, the curve for a=0.18 A" showed a 15 times greater
hopping probability than that of &= 0.63 A™'. The ratio of
non-normalized probabilities was even higher (~150 times
greater if the phonon frequencies are considered as equal).
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Fig. 3. The normalized hopping probabilities of two different
uranium doped systems: Ca,CuO; with =0.18 A™! and (Mg,
Nb)-PZT with «=0.63 A~ [1].

This effect is due purely to differences in the linear dis-
tances between dopant sites R. For doping concentration z
from 0.005 to 0.05 in Ca,CuOs:U., R reduced from 19.0
to 8.8 A (the smaller value is about 2.7a). To identify the
role of uranium in electron hopping from the insulation
ground state to the conduction band, the HOMO and
LUMO of U-doped cases should be constructed, at least
for the modified cluster Ca,U,Cu40,o. However, this could
not be done due to the absence of a basic wave function
set for atoms with atomic number greater than 54 (uranium
no. is 92). Most of the currently available basic sets are
applicable only for H-CI (almost all sets) except the STO-
3G set, which extends to H-Xe. This issue requires further
consideration.
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