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Electric transport coefficients such as carrier type, density, and mobility are the important physical

parameters in designing functional devices. In this work, we report the study on the electric

transport coefficients of the highly epitaxial LaBaCo2O5þ d (LBCO) films, which were discussed as

a function of electric conductivity for the first time and compared with the results calculated by the

theory for mixed conduction. The mobility in the LBCO films was determined to be �0.85 and

�40 cm2/V s for holes and electrons, respectively, and the density of p-type carriers strongly

depends on the oxygen deficiency. Solid evidence is presented to demonstrate that the oxygen

deficiency cannot make LBCO materials changed from p- to n-type. The n-type conduction

observed in experiment is a counterfeit phenomenon caused by the deficiency in Hall

measurement, rather than a realistic transition induced by oxygen deficiency. In addition, the

temperature-dependent conductivity was discussed using the differential coefficients, which might

be useful in the study of the samples with magnetic transition. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4960688]

I. INTRODUCTION

La0.5Ba0.5CoO3 (LBCO), which derives from LaCoO3

by doping Ba ions at the A site in the ABO3 perovskite, is one

of the strongly correlated electron oxides. LBCO materials

exhibit a wide range of electric, magnetic, and optical proper-

ties that are scientifically interesting and technologically

important. LBCO materials are shared by three similar forms,

namely, the ordered, the nano-scale ordered, and the disor-

dered phases,1 depending on the cationic ordering or disor-

dering of Ba and La ions, thus exhibiting the diversity in

physical properties. For instance, the ordered LBCO with

space group P4/mmm is semiconducting, but the other two

phases with space group Pm�3m are semi-metallic.1 Due to

their catalytic activity, LBCO materials have been considered

promising for surface catalyst and chemical sensor,2 and the

leading material as the cathode of solid oxide fuel cells oper-

ating at intermediate temperatures.3–11 On the other hand, the

materials also have potential for the applications of functional

devices relevant to giant magnetoresistance (GMR) and spin-

tronics. Recently, epitaxial LnBCO films (Ln¼ lanthanoid)

were successfully deposited on the substrates with cubic lat-

tice, including MgO, SrTiO3 (STO), LaAlO3, and NdGaO3,

using a pulsed laser deposition (PLD) method,12–20 paving

the way for fabrication of functional devices. As a matter of

fact, the sheet resistance was reported changing over 99% in

a few seconds during switching between 4% H2þ 96% N2

and O2,12 and then highly sensitive gas sensors were demon-

strated in reducing/oxidizing environments.13,14

For applications of functional devices, a basic work is to

investigate the physical properties such as electric conductivity,

ferromagnetism, and GMR. In addition, electric transport

coefficients, such as carrier type, density, and mobility, are

significant for fabrication of widely used components like

metal-semiconductor contacts and p-n junctions, but such

data are still unavailable in the literature for LnBCO films.

Furthermore, LnBCO is one kind of materials extremely sen-

sitive to oxygen deficiency, which is usually a factor uncon-

trollable in the film preparation. Therefore, it is necessary to

study the influence of oxygen deficiency on the electric trans-

port coefficients. On the other hand, LnBCO are the materials

with intrinsic p-type conduction, but n-type conduction is fre-

quently observed in the Hall or Seebeck measurement.21–27

The p-to-n transition was attributed to the formation of oxy-

gen defects (or formation of Co2þ),23 contamination of impu-

rity elements,21,26 and/or deviation from the stoichiometry of

cationic compositions,27 whereas the true reasons need fur-

ther exploration. In this work, we report the study on the elec-

tronic transport properties of the highly epitaxial LBCO films

on MgO substrates, using Hall measurement along with char-

acterization of the films’ microstructure. To reveal the nature

of p-to-n transition induced by oxygen deficiency, the films

were deposited at similar thicknesses and annealed in the

atmospheres such as O2, H2, N2, or Ar, separately, and then,

the electric transport coefficients were systematically studied

using the theory for mixed conduction.

II. EXPERIMENTAL DETAILS

The LBCO films were deposited on (001) MgO sub-

strates in the size of 5� 5 mm under the optimized condi-

tions of 800 �C and 1� 10�4 Pa by a PLD method, using

Nd:YAG laser (k¼ 355 nm, 10 Hz, and 58 mJ/pulse) focused

on a ceramic LBCO target. The deposition was carried out

for 2 h, producing a film thickness of �200 nm. Beforea)Author to whom correspondence should be addressed: qyzhang@dlut.edu.cn
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cooling down to room temperature (RT), the films were in
situ annealed for 15 min at �1� 10�4 Pa. In order to mini-

mize any non-uniformity, the as-grown films were first

annealed at 900 �C for 3 h in a tube furnace with oxygen

atmosphere prior to other annealing treatments, subsequently

annealed at 350 �C for 30 min separately in pure H2, Ar, or

N2 for producing oxygen deficiency in the films, and then

slowly cooled down to RT. For convenience in description,

the as-grown film was named as S0, and the samples

annealed in O2 were labeled as S-O. The samples undergoing

another annealing process in N2, Ar, or H2 were labeled as

S-N, S-Ar, and S-H, respectively. To study the recoverability

of the electric conduction, one of the S-N samples was

annealed again in O2 at 900 �C for 3 h, thus was labeled as

S-N/O. The LBCO films were characterized by a transmis-

sion electron microscopy (TEM, JEM-ARM200F) and

high-resolution x-ray diffraction (XRD, Bruker D8 and

Panalytical X’Per MRD). The electric transport coefficients,

namely, carrier density, mobility, and conductivity, were

measured at RT by the Swin Hall 8800 system with a mag-

netic field of 6100 Gauss. The resistance at the temperatures

ranging from RT down to 10 K was measured using a four

probe system via Agilent B2900A. The electrodes were

made by the method similar to the report in the literature.28

III. RESULTS AND DISCUSSION

A. Microstructures of the LBCO films

XRD and TEM examination showed that all of the films

are single-crystalline, with the epitaxial relationship of

[100]LBCO//[100]MgO and (001)LBCO//(001)MgO, as shown in

Figs. 1(a) and 1(b), which were taken from the S-O and S-N

samples, respectively. We can see that the annealing process

did not lead to great damage to the films except for making a

change in the lattice parameters, which could be deduced

from the peak shifts in the XRD patterns, as shown in Fig. 2.

It is known that the ordered LBCO phase has the symmetry

with space group P4/mmm and the other two phases have the

symmetry with space group Pm�3m. For the film samples,

however, identifying the two microstructures by XRD and

electron diffraction is impossible, because the atomic scatter-

ing factors of La3þ and Ba2þ ions are very close to each

other in one hand. On the other hand, the tiny difference

between the lattice parameters of a and c, corresponding to

the in-plane and the out-plane lattice constants, respectively,

is blurred out by the film strains imposed by the substrates.

Therefore, we used the structure with cubic perovskite to

index the XRD patterns of the LBCO films in this study. All

the XRD peaks could be indexed by (00 l), illustrating the

c-axes of the films oriented normal to their surfaces.

The XRD peak shifts revealed the out-plane lattice con-

stants strongly dependent on the oxygen content in the films.

For example, the XRD peaks of the sample annealed in O2

were shifted to the high angle with respect to the as-grown

film (S0), indicating that the oxygen incorporation into the

film leads to a shorter c. When the sample was annealed in

the ambient absent of oxygen, such as in N2, Ar, or H2, the c
value was increased. The increase in the out-plane lattice

parameter can be essentially ascribed to the enhancement in

FIG. 1. Cross-sectional TEM photographs of the LBCO films annealed in O2

(a) and N2 (b). The insets are the selected area electron diffraction taken at the

interfaces, as indicated in Fig. 1(a). The structure is indexed by cubic perovskite.

FIG. 2. X-ray diffraction patterns (a) and rocking curves of (002) diffraction

(b) of the LBCO films annealed in O2, N2, Ar, and H2 in comparison with

the as-grown sample. The inset zooms in the (002) peaks of the LBCO films.
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the Coulomb repulse between the cations due to the removal

of O ions, in accordance with our previous study.5 For the as-

grown film, the full width at half maximum (FWHM) of (002)

XRD rocking curve is as large as 1.57�. After annealing in O2

at 900 �C for 3 h, the FWHM decreases to 0.72�, as shown in

Fig. 2(b), indicating the improvement in crystallinity.

However, the crystallinity went worse when the films under-

went another annealing process in the ambient absent of oxy-

gen, even at the temperature as low as 350 �C, suggesting that

oxygen deficiency produced relatively large lattice strain.

The lattice parameters were further studied using the

reciprocal space maps (RSMs) recorded at the (204) reflec-

tions of the LBCO films and the MgO substrates, as shown in

Fig. 3. Using the RSMs, we calculated the lattice parameters

and the expansion with respect to the unit cell of the LBCO

bulk material with stoichiometry,1 as listed in Table I. We

found that the in-plane parameters of all films are similar

(Da/a0¼ 1.0 6 0.2%) and a change is observed in the parame-

ters normal to the film surfaces (Dc/c0¼ 1.1%–4.4%). With

consideration of the annealing processes, we have a conclusion

that the lattice strain in the LBCO films is increasing with the

increase in oxygen vacancies (VO), and the volume of unit cell

is indicative of the oxygen deficiency, which could be tailored

from d � 0.2 to d � 0.9 in LnBCO materials.29 Therefore, we

further deduce that the oxygen vacancies in the samples

annealed in O2 and H2 are the lowest and the highest, respec-

tively, and the samples annealed in N2 and Ar have the similar

VO concentrations.

B. Electric transport coefficients

Room-temperature Hall measurement showed that the

electric conductivity is highly sensitive to the oxygen contents

in the films, changing from �1.4� 10�2 to �3.6� 102 S/cm,

more than 4 orders of magnitude. The as-grown films exhibit

p-type conduction with a relatively low conductivity. After

annealing in O2 at 900 �C for 3 h, the p-type conduction is sig-

nificantly improved due to the incorporation of oxygen in the

films. These p-type films conformably changed to be “n-type”

when they were annealed in the ambient absent of oxygen, as

depicted in Table II. These “n-type” films could be recovered

to be p-type after undergoing another annealing process in O2,

again demonstrating that the oxygen content controls the

electric transport properties of LBCO films. Similar p-to-n
transitions have been observed in Hall or Seebeck measure-

ment of LnBCO bulk materials and other perovskite

oxides.21–27 Usually, such a p-to-n transition was simply attrib-

uted to the formation of oxygen defects (or formation of

Co2þ),23 contamination of impurity elements,21,26 and/or devi-

ation from the stoichiometry of cationic composition.27

However, no one challenges to the validity of Hall measure-
ment as well as Seebeck measurement.

As shown in Table II, there are many doubts in the

“n-type” LBCO films determined by Hall measurement. (1)

The density of free electrons in these “n-type” films is not

reasonable if oxygen vacancies are the major donors. For

instance, the density of free electrons in the S-Ar sample is

much higher than that in the S-H sample, conflicting with the

conclusion from the structural characterization. (2) It is

rather abnormal that the mobility in some “n-type” samples

is much smaller than that in p-type samples. It is well known

that the mobility is a function of the effective mass of

carriers30 and the free electrons should have the mobility

larger than that of holes. (3) It is not acceptable that the two

as-grown samples as well as the two S-H samples undergo-

ing the same annealing process have rather different electric

transport coefficients. As a matter of fact, similar doubts are

frequently observed in determination of the electric transport

coefficients in other semiconducting films, but do not receive

enough attention. When plotting the data in Table II as a

function of electric conductivity, we found that the carrier

density and mobility strongly depends on the electric con-

ductivity, as indicated by the symbols in Fig. 4. The films

with high conductivity are p-type. When the electric conduc-

tivity decreases to a low level, the films change to be “n-

type”. The abnormal electric transport coefficients, both the

carrier density and the mobility, are only observed in the

vicinity of �1� 10�1 X cm. As all of the films were depos-

ited at a thickness of �200 nm with good crystallinity, the

reasons originating from the film quality and the thickness

can be excluded. Therefore, we believed that the

conductivity-dependent coefficients are related to the princi-

ple of Hall measurement.

FIG. 3. Asymmetric RSMs at (204) diffraction of the LBCO films and the

MgO substrates. The color in the RSMs represents the XRD intensity vary-

ing in logarithmic scale, and the maximum scales for LBCO (204) and MgO

(204) are 102 and 107 in counts, respectively. The dotted squares indicate the

deviation of S-O, S-N, and S-H with respect to S0.

TABLE I. Lattice parameters and expansion of the LBCO film samples with

respect to the stoichiometric bulk materials (a0¼ 0.38977 and c0¼ 0.77158 nm

(Ref. 1)).

Sample a (nm) c (nm) D a/a0 D c/c0 D V/V0

S0 0.3946 0.7828 0.0124 0.0145 0.0398

S-O 0.3943 0.7802 0.0116 0.0112 0.0348

S-N 0.3928 0.7896 0.0078 0.0234 0.0393

S-Ar 0.3929 0.7886 0.0080 0.0220 0.0385

S-H 0.3946 0.8055 0.0124 0.0440 0.0700
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For a semiconductor in thermal equilibrium, free elec-

trons coexist with holes. In experiment, however, Hall or

Seebeck coefficient is given by assuming that there is one

kind of carriers. This assumption is valid only when the den-

sity of major carriers is sufficiently high. In an intrinsic semi-

conductor or an extrinsic semiconductor with heavy

compensation, both electrons and holes can be participated

in the conduction process; thus, the mixed conduction pre-

vails in the carrier transport.30 In this case, Hall coefficient is

expressed by30

RH ¼
npl2

p � nnl2
n

e nplp þ nnlnð Þ2
; (1)

where nn and np are the realistic densities of electrons and

holes, respectively, and ln and lp are the corresponding

mobilities. If RH> 0, the sample will commonly be assigned

to be p-type. Conversely, if RH< 0, the sample is n-type.

The apparent carrier density, which is measured in experi-

ment, is calculated by Hall coefficient, or

n ¼ 1

RHe

�
�
�
�

�
�
�
�
¼

nplp þ nnlnð Þ2

npl2
p � nnl2

n

�
�
�
�
�

�
�
�
�
�
: (2)

The apparent Hall mobility is given by

lH ¼ jRHrj ¼
npl2

p � nnl2
n

nplp þ nnln

�
�
�
�
�

�
�
�
�
�
; (3)

where r is the conductivity. It is clear that the apparent car-

rier density and the mobility are close to the realistic values

for the samples with npl2
p � nnl2

n or npl2
p � nnl2

n. For a

sample with npl2
p � nnl2

n, however, the apparent carrier den-

sity will go to extremely high, up to infinite, with the appar-

ent mobility approaching to zero. This conclusion is highly

in accordance with our observation in experiment.

Therefore, we concluded that the electric transport coeffi-

cients directly measured from the samples with low conduc-

tivity are not realistic.

In principle, Hall measurement cannot determine the

realistic electric transport coefficients in the case of npl2
p

� nnl2
n. To give a reasonable estimation of these coefficients

in the LBCO films, we calculated the apparent Hall mobility

(lApp) and the carrier density (nApp) as a function of the elec-

tric conductivity, and compared them with the experimental

data, as shown in Fig. 4, in which the sharp peaks correspond

to the critical point (npl2
p ¼ nnl2

n) for apparent “p-to-n” tran-

sition in the films. The calculations were carried out under

the assumption that the mobilities of free electrons and holes

are constants in these samples, because all the LBCO films

exhibited the single-crystal feature with good crystallinity.

In our calculations, we used lp¼ 0.85 cm2/V s, which is the

value determined in the p-type films with a hole density

sufficiently high, and ln¼ 40 cm2/V s, which was estimated

from a H-annealed LBCO film on STO substrate. We found

that the calculated lApp and nApp, as well as the apparent

conduction type determined in experiment, highly in confor-

mity with most of the experimental data when the density of

free electrons was set to nn¼ 3.5� 1014 cm�3 (the thick

TABLE II. Conductivity, carrier type, density, and mobility of various LBCO films determined by Hall measurement at room temperature.

Sample Carrier type Conductivity (S/cm) Carrier density (cm�3) Hall mobility (cm2/V s)

S0-1 p 0.5096 4.31� 1018 0.7377

S0-2 p 0.1379 3.32� 1020 0.0026

S-O p 14.94 1.10� 1020 0.8468

S-N/O p 364.7 2.67� 1021 0.8512

S-H1 n 0.0137 �1.78� 1018 0.0481

S-H2 n 0.0784 �7.53� 1017 0.6494

S-Ar n 0.0840 �1.80� 1019 0.0291

S-N n 0.2082 �1.86� 1018 0.6993

FIG. 4. Electric transport coefficients plotted as functions of conductivity, in

which the solid squares are the experimental data listed in Table II, and the

curves are calculated by the theory for mixed conduction. The calculations

were carried out under assumption of ln� 40 cm2/V s, and lp¼ 0.85 cm2/V

s by setting nn¼ 3.5� 1014 cm�3 (the thick solid lines) and nn¼ 2.0� 1014

or nn¼ 5.0� 1014 cm�3 (the thin dotted lines), respectively. The vertical

thick dashed line is plotted at the critical point for the apparent p-to-n transi-

tion in Hall measurement.
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solid lines in Fig. 4). If setting nn¼ 2.0� 1014 cm�3 or

nn¼ 5.0� 1014 cm�3 (the two thin dotted lines in Fig. 4), an

obvious discrepancy between the calculated curves and

experimental data could be observed, indicating that the

critical point for the apparent “p-to-n” transition is very sen-

sitive to the density of free electrons, and a small deviation

in the density of free electrons will produce a quite large

change in lApp and nApp in the vicinity of the critical point.

Therefore, we are convinced that the calculated carrier

density (nCalc
p and nCalc

n ) and the mobility (lCalc
p and lCalc

n ) are

closer to the realistic values in these samples, rather than the

data directly determined in experiment.

As shown in Fig. 4, the calculated density and mobility

of holes (nCalc
p and lCalc

p ) in the p-type samples with high

conductivity are very close to that determined by Hall exper-

iment (nExpt
p and lExpt

p ), because holes are dominant in these

samples. For the p-type samples in vicinity of npl2
p � nnl2

n,

nApp � nExpt
p � nCalc

p , and the discrepancy between nCalc
p and

nApp or nExpt
p could be as large as several orders of magni-

tude. For example, nExpt
p is more than two orders of magni-

tude larger than nCalc
p in one of the as-grown samples,

leading to lExpt
p �lCalc

p . After correction by the mixed-

conduction theory, the densities of holes in the two as-grown

samples are similar, thus more acceptable than the results

directly determined in experiment. As for the “n-type” sam-

ples, our calculations showed that the realistic density of

holes is 2–3 orders of magnitude higher than that of free

electrons, though Hall coefficients are negative due to

npl2
p < nnl2

n. Therefore, the p-type conduction (rp¼ enplp)

in these “n-type” samples is still dominant, larger than

97.5% in the total conductivity. Based on our calculations,

we have a confident conclusion that oxygen deficiency can-

not make a p-to-n transition for the LBCO films, at least at

room temperature, even for the samples with the large

amount of oxygen vacancies.

The good agreement between the theoretical and the

experimental results reveals an important fact that the density

of free electrons in these films is relatively low, and maintains

at a level approximately constant in the LBCO films with dif-

ferent oxygen contents. This conclusion excludes the possi-

bility of oxygen vacancies as donors in LBCO materials,

because the difference in oxygen deficiency is rather large in

these films. Though oxygen vacancies make few contribu-

tions to the density of free electrons, oxygen deficiency is a

crucial factor controlling the density of holes in the LBCO

films, probably by changing the valences of Co ions. For

instance, removal of O ions from the lattices leads to a

change from Co3þ to Co2þ and reduces the density of holes

in the materials. As shown in Fig. 4, the as-grown films usu-

ally exhibit p-type conduction, but the density of holes is rela-

tively low (�1018 cm�3), which can be attributed to the large

amount of oxygen vacancies in the samples. After annealing

in O2, reduction in oxygen vacancies produced an obvious

increase in the density of holes, up to 2.67� 1021 cm�3. For

the samples undergoing another annealing process in the

ambient absence of oxygen, the electric conductivity was

decreased to a level lower than that of the as-grown samples

because more oxygen vacancies were created, and then the

apparent “n-type” conduction was detected in the Hall experi-

ment. The “n-type” conduction is a counterfeit phenomenon

induced by both the relatively high mobility of free electrons

and the low density of holes, rather than originating from the

increase in the density of free electrons. As a matter of fact,

the nearly constant density of free electrons in the LBCO

films is an indication that the free electrons originate primar-

ily from the thermal excitation of electrons from the valence

band to the conduction band, and/or the impurity donors, but

cannot be ascribed to oxygen vacancies. This conclusion is of

significance for fabrication of LBCO-based devices. More

importantly, the conductivity-dependent plot is a practical

method to determine the realistic electric transport coeffi-

cients in intrinsic semiconductor or extrinsic semiconductor

with heavy compensation.

C. Temperature-dependent conductivities

To further explore the electric transport properties of the

LBCO films, the electric conductivities were measured as a

function of temperature, as shown Fig. 5(a), in which the

temperature-dependent conductivity of the ordered LBCO

bulk material with stoichiometry was plotted after the work

of Rautama et al.1 for comparison. With respect to the LBCO

bulk material, the films exhibit much lower conductivities,

which can be essentially ascribed to the decrease in the den-

sity of holes induced by oxygen deficiency. On the other

hand, the film thickness is at a level of �200 nm, as shown in

Fig. 1; thus, the scattering of carriers by the surface and inter-

face31 is considerably enhanced, leading to the increase in the

film resistivity, especially at low temperatures. Though the

electric conductivities of the films change as large as 4 orders

FIG. 5. (a) Conductivities and (b) their

differential coefficients (1
r

dr
dT) plotted as

a function of temperature for the

LBCO films annealed in O2, N2, and

H2. The data of LBCO bulk material

with stoichiometry after the work of

Rautama et al.1
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of magnitude with the increase in oxygen deficiency, their

temperature dependence suggests that these films could be

regarded as heavy-doping semiconductors.

For heavy-doping semiconductors, we cannot use the

temperature-dependent conductivity to determine the physi-

cal parameters related to the materials, such as the activation

energy of carriers, mainly due to two heavy-doping effects.30

The first consideration is that the Fermi-Dirac statistics must

be employed to calculate the carrier density, instead of using

the Boltzmann statistics. The second heavy-doping effect is

related to the band gap narrowing. The two heavy-doping

effects obstruct us deeply discussing the physical parameters

related to the materials because of the absence of adequate

theory. However, we found that the temperature-dependent

conductivity could be further discussed using its differential

coefficient (1
r

dr
dT), which provides us the massages relevant

to the magnetic transition in the LBCO films, as shown in

Fig. 5(b). Despite the difference in the differential coeffi-

cients between the LBCO films and the bulk material, we

could take a transition temperature below room temperature

in these samples. For the sample annealed in O2, the transi-

tion takes place at a temperature of Tc� 180 K, very close to

the Curie temperature of ferromagnetic transition observed

in the highly epitaxial LBCO films (�170 K)16,18 or in the

LBCO bulk material (�178 K).1 A similar change in resistiv-

ity has ever been reported in the LnBCO bulk materials with

metal-insulator (MI) transition, such as GdBaCo2O5þd and

HoBaCo2O5þd,
32 but is rarely observed in the materials with-

out MI transition. Therefore, we have a deduction that the

magnetic transition in the materials might lead to a change in

conductivity due to the variation in spin scattering.33 For the

samples annealed in N2 and H2, the transition temperatures

are at �208 and �220 K, suggesting that oxygen deficiency

seems to result in the increase in transition temperature, but

this phenomenon needs a deep exploration along with mag-

netic measurement.

We found the value of 1
r

dr
dT is strongly dependent on the

oxygen deficiency in the sample. To give a confident conclu-

sion, the differential coefficient was discussed using the the-

ory of semiconductors. In a semiconductor, the differential

coefficient of conductivity can be expressed by

1

r
dr
dT
¼ 1

r
drp

dT
þ 1

r
drn

dT
: (4)

When p-type conduction is dominant (r�rp¼ nplpe) and

the mobility slowly varies with temperatures, which is true

for most of semiconductors, we have

1

r
dr
dT
� 1

np

dnp

dT
þ 1

nn

dnn

dT

lnnn

lpnp
: (5)

As 1
np

dnp

dT � 1
nn

dnn

dT and
ln

lp
is approximately constant, Eq. (5)

reveals a fact that the density ratio of free electrons to holes

(nn/np) plays a crucial role in determining the differential

coefficient. At a given temperature, the density of free elec-

trons determined by thermal excitation maintains at an

approximate constant in all of the samples; thus, the ratio of

nn/np varies with the density of holes in the samples. In the

LBCO films, the density of holes is a function of VO concen-

tration; thus, the value of 1
r

dr
dT is increasing with the increase

in oxygen deficiency. This conclusion is highly in accor-

dance with our observation that 1
r

dr
dT in the sample with a

high conductivity is smaller than that in the sample with a

low conductivity. More importantly, our results demonstrate

that the differential coefficient of conductivity or resistivity

might be a useful tool to study the electric transport in the

materials with magnetic transition.

IV. CONCLUSIONS

The electric transport coefficients of highly epitaxial

LBCO films with oxygen deficiency were studied using Hall

measurement and discussed for the first time using the theory

for mixed conduction. The quantitative calculations demon-

strated that oxygen vacancies unlikely act as donors contrib-

uting to the n-type conduction; thus, oxygen deficiency

cannot make LBCO materials changed from p- to n-type.

The observed p-to-n transition induced by oxygen deficiency

is essentially ascribed to the deficiency in the principle of

Hall measurement, rather than a realistic transition. At a

given temperature, the density of holes in the highly epitaxial

LBCO films depends strongly on the oxygen content, main-

taining the density of free electrons approximately constant

in the samples with different oxygen contents. The LBCO

films with oxygen deficiency exhibited the electric transport

properties close to heavy-doping semiconductor, with a

room-temperature mobility of �0.85 and �40 cm2/V s for

holes and electrons, respectively. Our results reveal a fact

that electric conductivity is an important factor that should

be considered in analyzing transport coefficients of semicon-

ductors. In addition, the differential coefficients were

found highly sensitive to the variation in the temperature-

dependent conductivity and thus are useful for investigating

the influence of magnetic transition on the electric transport

properties.
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