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We investigate the structural, magnetic, and electrical properties of charge-spin co-doped

Ba1�x�yLaxþyTi1�xMxO3 (M ¼ Cr, Fe, and Co). For Ba1�x�yLaxþyTi1�xCrxO3, carrier doping

induces short-range ferromagnetism, and we find a large negative magnetoresistance in these

compounds. However, for Ba1�x�yLaxþyTi1�xMxO3 (M ¼ Fe and Co), the magnetism does not

seem to couple with the charge carriers. The transport properties of Ba1�x�yLaxþyTi1�xCrxO3 can

be described by a three-dimensional variable-range-hopping model that implies itinerant charge

carriers, whereas almost all the samples of Ba1�x�yLaxþyTi1�xMxO3 (M ¼ Fe and Co) exhibit high

resistivity. It is known that only the itinerant charge carriers can enhance the coupling of two

isolated magnetic ions. Therefore, there is almost no long-range ferromagnetism in the studied

system. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4790869]

I. INTRODUCTION

Spin electronics (also called spintronics or magnetoelec-

tronics) has received much attention and developed rapidly

through application of the charge and spin degree of freedom

of electrons. If the electronic charge and spin degrees of free-

dom can be controlled by design, it is possible to engineer a

next-generation device merging conventional electronics

with magnetoelectronics.1 Carrier-induced ferromagnetism,

such as that described by the Ruderman-Kittel-Kasuya-

Yosida (RKKY) interaction model,2–4 might be a solution.

According to the model, Katsufuji et al.5–8 designed the

system Sr1�x�yLaxþyTi1�xMxO3. The parent compound

SrTiO3 is a simple band insulator. Substituting La3þ for Sr2þ

introduces Ti3þ with 3d1 configuration, which offers electrons

to the conduction band (electron doping). Spins can be intro-

duced by substituting other transition metal ions for Ti. The

charge and spin degrees of freedom in the system are inde-

pendently controllable,6,8 and ferromagnetic (FM) coupling

between spins appears with increasing carrier concentration at

low temperatures. Yang et al.9,10 reported a similar system,

spin-charge co-doped Sr1�x�yLaxþyTi1�xCoxO3, which has an

unconventional magnetism at low temperatures. However,

no long-range FM state has been observed in spin-charge

co-doped bulk SrTiO3. Many researchers have, however,

observed room-temperature ferromagnetism in diluted

magnetic-ion doped conductive (La,Sr)TiO3 films.11–13 The

idea of independently controlling the spin and charge degrees

of freedom provides a new route in material design. Also,

some functional materials, e.g., diluted semiconductors, can

be made that way.

BaTiO3 is a perovskite ferroelectric insulator similar to

SrTiO3. High-temperature ferromagnetism can be found in

diluted ion- (Fe-, Mn-, Co-, etc.) doped BaTiO3,14–17 which

makes BaTiO3 a candidate for a high-temperature diluted

magnetic material. However, reported samples are insulators,

and there are no carriers coupled with the magnetism. What

happens if we introduce the carrier into BaTiO3? In this

research, we studied the system Ba1�x�yLaxþyTi1�xMxO3

(M¼Cr, Fe, and Co), where substituting La3þ for Ba2þ

introduces charge carriers and the doping of transition ions

introduces spins. We measured the structural, magnetic, and

electrical properties. In Ba1�x�yLaxþyTi1�xCrxO3, a short-

range FM appears upon doping of charge carriers. However,

for Ba1�x�yLaxþyTi1�xMxO3 (M¼Fe and Co), there is no

obvious coupling between charge and spin degrees of free-

dom, possibly because the system is localized by the doping

of Fe and Co, and electrons cannot mediate magnetic ions.

II. EXPERIMENT

Polycrystalline Ba1�x�yLaxþyTi1�xMxO3 (0� x � 0.2,

0 � y � 0.2) was prepared with a conventional solid-state

method. Stoichiometric amounts of high purity BaTiO3,

La2O3, Ti2O3, M2O3 (M ¼ Cr, Fe, and Co) were mixed and

grounded, and then calcined at 900 �C for 7 days. The

obtained powders were ground, pelletized, and sintered at

1300 �C for 40 h with an intermediate grinding, and finally

the furnace was cooled slowly to room temperature. The

y¼ 0 samples were synthesized under air, whereas the y> 0

samples were sealed in an evacuated quartz tube during prep-

aration to introduce Ti3þ ions.

The crystal structure was determined with powder x-ray

diffraction (XRD) using Cu Ka radiation at room tempera-

ture. We determined the chemical composition of the sam-

ples with energy dispersive spectroscopy (EDS) quantitative

analysis using a scanning electron microscope (AMRAY

1000B). The microstructure was characterized with a field-

emission scanning electron microscope (FE-SEM, Sirion

200, FEI Company). The magnetic measurements were car-

ried out with a Quantum Design Superconducting Quantum

a)Electronic mail: jyang@issp.ac.cn.
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Interference Device (SQUID) (2 � T � 400 K; 0 � H � 5 T).

We used a Quantum Design Physical Property Measurement

system (PPMS) to measure electrical resistivity with a con-

ventional four-probe technique with sputtered gold as elec-

trodes (2 � T � 400 K; 0 � H � 9 T).

III. RESULTS

A. Ba12x2yLax1yTi12xMxO3 (M 5 Cr)

The powder XRD pattern at room temperature reveals

that samples with x � 0:2 and y � 0:2 are single-phase with

no detectable secondary phases (Fig. 1). We refined the struc-

tural parameters by using the program FULLPROF,18 and all sam-

ples can be indexed with a cubic lattice with the space group

Pm3m. The lattice parameter a decreases with increasing con-

centration of charge carriers, as shown in the inset of Fig. 1.

We confirmed the uniformity of the microstructure and com-

position for Ba1�x�yLaxþyTi1�xMxO3 (M¼Cr, Fe, and Co)

by using EDS (not shown here) and FE-SEM. All the samples

are relatively uniform and dense. As an example, Figs. 2(a)–

2(c) shows the surface morphologies of Ba0.7La0.3Ti0.9-

Cr0.1O3, Ba0.7La0.3Ti0.9Fe0.1O3, and Ba0.7La0.3Ti0.9Co0.1O3,

respectively.

We measured the temperature dependence of magnetiza-

tion, M(T), in the zero-field-cooled (ZFC) and field-cooled

(FC) modes at an applied field of 100 Oe. Figs. 3(a) and 3(b)

show the temperature dependence of magnetization of the

samples under an applied field of 100 Oe. All the samples

show a Curie-Weiss-like paramagnetism. Moreover, the ZFC

and FC susceptibility curves of each sample are nearly super-

posed. The susceptibilities are fitted with a modified Curie-

Weiss model

v ¼ v0 þ
C

T � h
; (1)

where v0 is the temperature-independent susceptibility, C is

the Curie constant, and h is the paramagnetic (PM) Curie

temperature. Table I lists the values of h. Note that LaCrO3

is an antiferromagnetic (AFM) insulator below 290 K.19 As a

result, the negative Weiss temperature observed for y¼ 0

can be attributed to a simple superexchange coupling

between Cr spins. When spin concentrations are fixed, the

doping of charge carriers enhances the magnitudes of mag-

netic susceptibility and h, implying that doping electrons

into the conduction band induces some FM interactions

between the localized spins on the Cr sites.

To characterize further the magnetic properties of

Ba1�x�yLaxþyTi1�xCrxO3 at low temperatures, we measured

the magnetic-field dependence of magnetization at 5 K (Figs.

3(c) and 3(d)). For the samples not doped with charge car-

riers (y ¼ 0), the M(H) plots exhibit a linear behavior, imply-

ing AFM characteristics. It seems that FM interactions
FIG. 1. XRD patterns of Ba1�x�yLaxþyTi1�xCrxO3 samples. The inset shows

the fitted lattice parameters.

FIG. 2. SEM patterns of (a) Ba0.7La0.3Ti0.9Cr0.1O3, (b) Ba0.7La0.3Ti0.9

Fe0.1O3, and (c) Ba0.7La0.3Ti0.9Co0.1O3.
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appear in the carrier-doped samples (y > 0). Increasing the

doping level of charge carriers significantly enhances the

magnetization, which is consistent with the results from

Curie-Weiss fitting. In addition, the very small coercive field

(Hc) and remnant magnetization (Mr) indicate that only

short-range FM interactions exist in the samples with y > 0.

We measured the temperature dependence of the

resistivity, qðTÞ (Figs. 4(a) and 4(b)). The samples without

charge-carrier doping (y¼ 0) are insulators. The charge-

carrier doping efficiently improves the conductivity.

However, for the same concentration of charge carriers,

increasing the doping level of spins significantly increases the

resistivity. These tendencies are similar to what is observed in

Sr1�x�yLaxþyTi1�xCrxO3.5,7 Moreover, when applying a mag-

netic field of H¼ 5 T, we observed a negative magnetoresist-

ance (MR) (Fig. 4(c)). This indicates that the magnetic state

of Ba1�x�yLaxþyTi1�xCrxO3 dominated its transport proper-

ties. It should be noted that we found the most remarkable

negative MR in the sample Ba0.7La0.3Ti0.9Cr0.1O3 (x¼ 0.1,

y¼ 0.2), which has the largest fitting Weiss temperature and

the lowest resistivity. The MR decreases with increasing tem-

perature. The magnitude of MR, almost 15% at 5 K, is compa-

rable with that of Sr1�x�yLaxþyTi1�xCrxO3.5

To characterize further the electrical properties of

Ba1�x�yLaxþyTi1�xCrxO3, we fit the resistivities at low

temperatures by using the three-dimensional variable-range-

hopping (3D VRH) model: q � expðT0=TÞ1=4
. In this model,

T0 is related to the localization length, n, and the density of state

near Fermi energy level, NðEFÞ, i.e., kBT0 � 21=n3NðEFÞ.20

According to the model, a larger T0 indicates that the charge

carriers are more localized. Table II shows the fitting results.

The charge-carrier doping makes the carrier more itinerant, but

the spin doping makes the carrier localized.

B. Ba12x2yLax1yTi12xMxO3 (M 5 Fe and Co)

We refined the structural parameters of single-phase

Ba1�x�yLaxþyTi1�xMxO3 (M¼ Fe and Co) (Fig. 5) by using

the program FULLPROF, and all samples can be indexed with a

cubic lattice with the space group Pm3m.

We measured the magnetic properties of

Ba1�x�yLaxþyTi1�xMxO3 (M¼Fe, Co) under the same con-

ditions as Ba1�x�yLaxþyTi1�xCrxO3 mentioned earlier. For

Ba1�x�yLaxþyTi1�xFexO3, all the samples show a Curie-

Weiss-like PM behavior. The ZFC magnetic susceptibility

and the FC susceptibility curves of each sample are nearly

superposed (Figs. 6(a) and 6(b)). When the spin concentration

is fixed at x¼ 0.1, the doping of charge carriers enhances

the susceptibilities, which is similar to the case of

Ba1�x�yLaxþyTi1�xCrxO3. Increasing the spin concentration to

x ¼ 0.2 brings the susceptibilities of Ba0.7La0.3Ti0.8Fe0.2O3

(y¼ 0.1) and Ba0.6La0.4Ti0.8Fe0.2O3 (y¼ 0.2) very close to

each other, which indicates the carrier doping does not

affect the magnetism anymore. For Ba1�x�yLaxþyTi1�xCoxO3

(Fig. 7), we observed a spin-glass behavior for the sample

with x¼ 0.2 and y¼ 0, implying that a short-range FM inter-

action appears. Detailed information on the spin-glass nature

of this material has been reported elsewhere.21 The sample

FIG. 3. Temperature dependence of mag-

netization for Ba1�x�yLaxþyTi1�xCrxO3

samples measured at H¼ 100 Oe for (a)

x¼ 0.1 and (b) x¼ 0.2. The solid line is

the Curie-Weiss fit. Magnetization as a

function of field at 5 K for the samples

with (c) x¼ 0.1 and (d) x¼ 0.2.

TABLE I. Fitted Weiss temperature of Ba1�x�yLaxþyTi1�xCrxO3.

y¼ 0 y¼ 0.1 y¼ 0.2

x¼ 0.1 h ¼ �5:13 K h ¼ 1:02 K h ¼ 1:76 K

x¼ 0.2 h ¼ �8:70 K h ¼ �1:13 K h ¼ �0:67 K
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with x¼ 0.2 and y¼ 0.1 exhibits a Curie-Weiss-like PM again.

The magnetizations increase with increasing y, whereas Hc and

Mr are still very small. Table III lists the fitted Weiss tempera-

tures found with Eq. (1). Except for Ba0.8La0.2Ti0.8Co0.2O3,

whose Weiss temperature is denoted by the spin-glass freezing

temperature, 10.1 K, all other samples’ Weiss temperatures are

negative. Obviously, the doping of charge carriers does not

affect Weiss temperature much.

We measured the temperature dependence of the resis-

tivity. All samples except Ba0.7La0.3Ti0.9Fe0.1O3 have a very

large resistance, and the data overflowed during the measure-

ments. Fig. 8 shows the resistivity of Ba0.7La0.3Ti0.9Fe0.1O3.

We again fit the resistivity at low temperatures with the 3D

VRH model, and obtained T0 ¼ 25 924:45 K. The MR of the

sample is very small and can be neglected.

IV. DISCUSSION

In the RKKY model, the sign of the magnetic interaction

depends on the relation between the Fermi wave number of

conduction carriers and the distance between neighboring

magnetic moments. The numbers of spins and carriers are

the most important parameters for the coupling between spin

and charge degrees of freedom. Theoretically, the RKKY

interaction can be described by22

JRKKY
ij ¼ J0r�4½sinð2kFrÞ � 2kFr cos ð2kFrÞ� ; (2)

where r / n�1=3
s is the spatial separation between the mag-

netically coupled magnetic atoms, corresponding to the spin

density, ns, which is decided by x; kF / n1=3
c is the Fermi

wave vector corresponding to the carrier density, nc, which

is decided by y; J0 is the RKKY coupling strength and is pos-

itive. So the magnetism is fully decided by x and y. This

magnetism requires itinerant charge carriers. The longer the

itinerant distance of a carrier is, the easier it is the separated

local magnetic ions can be mediated magnetically.

Let us recall the magnetic and transport properties

of Ba1�x�yLaxþyTi1�xMxO3 described earlier. For

Ba1�x�yLaxþyTi1�xCrxO3, the T0 obtained from VRH fitting

shows a variation in the localization of each sample. For a

fixed spin concentration, the carrier doping makes the system

FIG. 4. Temperature dependence of

resistivities for Ba1�x�yLaxþyTi1�xCrxO3

samples for (a) x¼ 0.1 and (b) x¼ 0.2.

(c) Magnetoresistance of Ba1�x�yLaxþy

Ti1�xCrxO3 and (d) 3D VRH fit for

Ba1�x�yLaxþyTi1�xCrxO3.

TABLE II. Fitted T0 of VRH model for Ba1�x�yLaxþyTi1�xCrxO3.

x¼ 0.1 x¼ 0.2

y¼ 0.1 T 0¼ 9787.79 K T0¼ 224 006.34 K

y¼ 0.2 T0¼ 404.51 K T0¼ 175 259.65 K
FIG. 5. Fitted lattice parameters of Ba1�x�yLaxþyTi1�xMxO3 (M¼Fe and Co).
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less localized. But when the charge carrier concentration is

fixed, the spin doping makes the system more localized. The

localization of carriers may originate from the disorder intro-

duced by doping. The maximum Weiss temperature appears in

the sample with x¼ 0.1 and y¼ 0.2. In this case, the sample

exhibits the minimum resistivity and the largest localization

length, implying that the charge carriers in this sample are most

itinerant. The magnetic results for Ba1�x�yLaxþyTi1�xCrxO3 are

qualitatively consistent with the sum of the carrier-independent

superexchange AFM interaction and the carrier-dependent

RKKY interaction.

For the compounds with M¼ Fe or Co, Ba0.7La0.3Ti0.9

Fe0.1O3 (x¼ 0.1, y¼ 0.2) has the minimum resistivity and

most itinerant charge carrier. The parameter T0 of the sample

obtained from VRH fitting of this sample is 25924.45 K, which

is almost 60 times larger than that for Ba0.7La0.3Ti0.9Cr0.1O3.

Also the other Ba1�x�yLaxþyTi1�xMxO3 (M¼ Fe and Co) sam-

ples are insulators with very large resistance. It suggests that

FIG. 6. Temperature dependence of

magnetization for the samples

Ba1�x�yLaxþyTi1�xFexO3 measured at

H¼ 100 Oe for the samples with (a)

x¼ 0.1 and (b) x¼ 0.2. The solid line is

the Curie-Weiss fit. Magnetization as a

function of field at 5 K for the samples

with (c) x¼ 0.1 and (d) x¼ 0.2.

FIG. 7. Temperature dependence of mag-

netization for Ba1�x�yLaxþyTi1�xCoxO3

samples measured at H¼ 100 Oe for (a)

x¼ 0.1 and (b) x¼ 0.2. The solid line is

the Curie-Weiss fit. Magnetization as a

function of field at 5 K for (c) x¼ 0.1 and

(d) x¼ 0.2.
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the carriers in these samples are completely localized. Why

is there such a difference between M¼Cr and M¼ Fe/Co

samples?

Note that the spin configurations of Ti3þ, Cr3þ, Fe3þ, and

Co3þ are 3d1; 3d3; 3d5, and 3d6, respectively. respectively.

Maybe the Fe and Co doping leads to a larger Hubbard U,

which makes the system more localized than the Cr-doped

samples. The Ti3þ in Ba1�x�yLaxþyTi1�xMxO3 (M¼Fe and

Co) should be considered as localized spins instead of charge

carriers. This means that there are two kinds of magnetic Ti3þ

and M3þ ions randomly distributed in the sample. Therefore,

we suggest that the magnetism for Ba1�x�yLaxþyTi1�xMxO3

(M¼Fe and Co) originates from the contributions of both

superexchange interaction between the magnetic ions and the

PM of isolated magnetic ions. For Ba0.8La0.2Ti0.8Co0.2O3, the

spin-glass behavior implies a short-range FM in this sample.

With further increase of the La doping level, lattice shrinking

and Ti3þ doping possibly change the environment of Co3þ,

which in turn affects the spin state of Co3þ and suppresses

FM while enhancing AFM interactions.

According to the analysis above, a long-range FM may

appear in Ba1�x�yLaxþyTi1�xMxO3 with a large y and an

appropriate x. Unfortunately, if y is too large, a La2Ti2O7

phase begins to occur. However, a larger y implies that there

are more Ti3þ ions, which can easily reduce the M3þ ions to

the simple substance M. Nevertheless, this still gives us an

idea of how to design a functional material with a long range

FM, in which the magnetism comes from the coupling

between charge and spin degree of freedom. The doping ions

must be similar to the ions of the matrix to avoid a large

Hubbard U, which can make the system localized. Moreover,

the ions must have a stable oxide state to prevent reduction

and oxidation.

V. CONCLUSION

In summary, we prepared a series of independent spin-

and carrier-doped samples of Ba1�x�yLaxþyTi1�xMxO3

(M¼Cr, Fe and Co) and studied their structural, magnetic

and transport properties. In Ba1�x�yLaxþyTi1�xCrxO3, a

short-range FM appears upon charge-carrier doping. How-

ever, for Ba1�x�yLaxþyTi1�xMxO3 (M¼Fe and Co), there is

no obvious coupling between charge and spin degrees of

freedom, perhaps because the samples are localized by the

doping of Fe and Co ions, making charge carriers too local-

ized to be the interaction media of magnetic ions.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science

Foundation of China (Grants Nos. 10904150 and 11274313),

the Anhui Provincial Natural Science Foundation (Grant No.

1208085MA06), and the Joint Funds of the National Natural

Science Foundation of China and the Chinese Academy of

Sciences’ Large-Scale Scientific Facility (Grant No.

U1232138). Y. P. Sun acknowledges support by the National

Key Basic Research (Grant No. 2011CBA00111).

1S. A. Wolf, D. D. Awschalom, R. A. Buhrman, J. M. Daughton, S. von

Molnar, M. L. Roukes, A. Y. Chtchelkanova, and D. M. Treger, Science

294, 1488 (2001).
2M.A. Ruderman and C. Kittel, Phys. Rev. 96, 99 (1954).
3T. Kasuya, Prog. Theor. Phys. 16, 45 (1956).
4K. Yosida, Phys. Rev. 106, 893 (1957).
5J. Inaba and T. Katsufuji, Phys. Rev. B 72, 052408 (2005).
6H. Iwasawa, K. Yamakawa, T. Saitoh, J. Inaba, T. Katsufuji, M. Higashiguchi,

K. Shimada, H. Namatame, and M. Taniguchi, Phys. Rev. Lett. 96, 067203

(2006).
7D. Satoh, K. Okamoto, and T. Katsufuji, Phys. Rev. B 77, 121201 (2008).
8H. Iwasawa, S. Kaneyoshi, K. Kurahashi, T. Saitoh, I. Hase, T. Katsufuji,

K. Shimada, H. Namatame, and M. Taniguchi, Phys. Rev. B 80, 125122

(2009).
9J. Yang, Y. P. Lee, and B. W. Lee, Appl. Phys. Lett. 91, 052502 (2007).

10J. Yang, Y. P. Lee, and B. W. Lee, J. Korean Phys. Soc. 53, 958 (2008).
11Y. G. Zhao, S R. Shinde, S. B. Ogale, J. Higgins, R. J. Choudhary, V. N.

Kulkarni, R. L. Greene, T. Venkatesan, S. E. Lofland, C. Lanci, J. P.

Buban, N. D. Browning, S. Das Sarma, and A. J. Millis, Appl. Phys. Lett.

83, 2199 (2003).
12S. X. Zhang, W. Yu, S. B. Ogale, S. R. Shinde, D. C. Kundaliya, W.-K.

Tse, S. Y. Young, J. S. Higgins, L. G. Salamanca-Riba, M. Herrera, L. F.

Fu, N. D. Browning, R. L. Greene, and T. Venkatesan, Phys. Rev. B 76,

085323 (2007).
13G. Herranz, R. Ranchal, M. Bibes, H. Jaffrès, E. Jacquet, J.-L. Maurice,

K. Bouzehouane, F. Wyczisk, E. Tafra, M. Basletic, A. Hamzic, C.

Colliex, J.-P. Contour, A. Barth�el�emy, and A. Fert, Phys. Rev. Lett. 96,

027207 (2006).
14J. S. Lee, Z. G. Khim, Y. D. Park, D. P. Norton, N. A. Theodoropoulou, A.

F. Hebard, J. D. Budai, L. A. Boatner, S. J. Pearton, and R. G. Wilson,

Solid State Electron. 47, 2225 (2003).
15F. Lin and W. Shi, J. Alloys Compd. 475, 64 (2009).
16S. Ray, P. Mahadevan, S. Mandal, S. R. Krishnakumar, C. S. Kuroda, T.

Sasaki, T. Taniyama, and M. Itoh, Phys. Rev. B 77, 104416 (2008).
17B. Xu, K. B. Yin, J. Lin, Y. D. Xia, X. G. Wan, J. Yin, X. J. Bai, J. Du,

and Z. G. Liu, Phys. Rev. B 79, 134109 (2009).

TABLE III. Fitted Weiss temperature of Ba1�x�yLaxþyTi1�xMxO3 (M¼Fe

and Co).

M¼Fe y¼ 0 y¼ 0.1 y¼ 0.2

x¼ 0.1 h ¼ �4:97 K h ¼ �4:19 K h ¼ �3:63 K

x¼ 0.2 h ¼ �7:58 K h ¼ �3:46 K h ¼ �4:96 K

M¼Co y¼ 0 y¼ 0.1 y¼ 0.2

x¼ 0.1 h ¼ �4:16 K h ¼ �2:83 K h ¼ �2:04 K

x¼ 0.2 h ¼ 10:1 K h ¼ �3:14 K …

FIG. 8. Temperature dependence of resistivity for Ba0.7La0.3Ti0.9Fe0.1O3

sample. The inset shows the 3D VRH fit.

063902-6 Shao et al. J. Appl. Phys. 113, 063902 (2013)

 17 O
ctober 2026 02:41:18

http://dx.doi.org/10.1126/science.1065389
http://dx.doi.org/10.1103/PhysRev.96.99
http://dx.doi.org/10.1143/PTP.16.45
http://dx.doi.org/10.1103/PhysRev.106.893
http://dx.doi.org/10.1103/PhysRevB.72.052408
http://dx.doi.org/10.1103/PhysRevLett.96.067203
http://dx.doi.org/10.1103/PhysRevB.77.121201
http://dx.doi.org/10.1103/PhysRevB.80.125122
http://dx.doi.org/10.1063/1.2767203
http://dx.doi.org/10.3938/jkps.53.958
http://dx.doi.org/10.1063/1.1610796
http://dx.doi.org/10.1103/PhysRevB.76.085323
http://dx.doi.org/10.1103/PhysRevLett.96.027207
http://dx.doi.org/10.1016/S0038-1101(03)00202-8
http://dx.doi.org/10.1016/j.jallcom.2008.08.037
http://dx.doi.org/10.1103/PhysRevB.77.104416
http://dx.doi.org/10.1103/PhysRevB.79.134109


18R.-C. Juan, Phys. B 192, 55 (1993).
19J. J. Neumeier and H. Terashita, Phys. Rev. B 70, 214435 (2004).
20N. F. Mott and E. A. Davis, Electronic Processes in Non-Crystalline Mate-

rials (Clarendon, Oxford, 1979).

21D. F. Shao, J. Yang, X. B. Zhu, J. M. Dai, Z. R. Yang, W. H. Song, and Y.

P. Sun, Eur. Phys. J. B 85, 156 (2012).
22D. J. Priour, Jr., E. H. Hwang, and S. Das Sarma, Phys. Rev. Lett. 92,

117201 (2004).

063902-7 Shao et al. J. Appl. Phys. 113, 063902 (2013)

 17 O
ctober 2026 02:41:18

http://dx.doi.org/10.1016/0921-4526(93)90108-I
http://dx.doi.org/10.1103/PhysRevB.70.214435
http://dx.doi.org/10.1140/epjb/e2012-20912-x
http://dx.doi.org/10.1103/PhysRevLett.92.117201

	s1
	s2
	n1
	n2
	s3
	s3A
	d1
	f1
	f2a
	f2b
	f2c
	f2
	s3B
	f3a
	f3b
	f3c
	f3d
	f3
	t1
	s4
	d2
	f4a
	f4b
	f4c
	f4
	t2
	f5
	f6a
	f6b
	f6
	f7
	s5
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	t3
	f8
	c18
	c19
	c20
	c21
	c22

