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Microstructures, electrical transport and magnetic properties of Sr2Ti1−xCoxO4 (0 ≤
x ≤ 0.3) ceramics are investigated. With Co doping, the Sr2Ti1−xCoxO4 ceramics
remain tetragonal structure while the grain size is decreased with doping. Magnetic

moment is enhanced with Co doping and ferromagnetism is observed at low temperatures

for Co-doped Sr2TiO4. The Sr2Ti0.9Co0.1O4 and Sr2Ti0.7Co0.3O4 show semiconductor-

like transport properties, which can be well fitted by Mott variable range hopping model.
The results will provide an effective route to synthesize Sr2Ti1−xCoxO4 ceramics as well

as to investigate the physical properties.
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1. Introduction

The two-dimensional layered perovskites with chemical formula of A2BO4 have

attracted broad interests since the discovery of high temperature superconductivity

in La2−xBaxCuO4.1–3 In this structure, the perovskite-structured ABO3 layers are

separated by rock salt A–O layers, and the B–O–B interactions can only occur

within the ab plane.4 The electronic structures could be systematically studied as

the occupation of d orbitals increases from empty (d0 for Ti4+) to half-filled (d5 for

Co4+). In the d0 case, the Sr2TiO4 is always a nonmagnetic insulator.5 On the other

hand, for the d5 case, it is reported that Sr2CoO4 is a ferromagnetic metal with
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ferromagnetic–paramagnetic (FM–PM) transition Curie temperature Tc ∼ 250 K,

and its crystal structure is K2NiF4-type with space group of I4/mmm.6–15

It is reported that Sr2CoO4 ceramics can only be prepared under high pressure,

which may be due to the instability of intermediate spin state of Co4+ ions.7–9,16

Meanwhile, sol–gel route as a very effective method has been successfully used to

prepare Sr2TiO4 ceramics at relative low annealing temperatures from 850◦C to

1050◦C.17,18 It is interesting to investigate whether the Co-doped Sr2TiO4 ceram-

ics can be successfully prepared along with the variations in microstructures with

Co doping. Moreover, the physical properties including transport and magnetic

properties of Sr2Ti1−xCoxO4 have not yet been studied.

Herein, sol–gel is used to prepare Sr2Ti1−xCoxO4 (0 ≤ x ≤ 0.3) ceramics,

and the Co doping effects on the microstructures as well as physical properties are

investigated. The results show that crystallized phase can be obtained when x ≤ 0.3.

The magnetic moment is increased with Co doping and weak ferromagnetism at

low temperatures is induced due to Co doping. The resistivity is decreased with Co

doping and then increased with further Co doping.

2. Experimental

Sr2Ti1−xCoxO4 (x = 0, 0.1 and 0.3) ceramics were prepared by sol–gel method. Sr-

acetate, Ti-n-butoxide and Co-acetate were dissolved into acetate acid and ethylene

glycol, and the solution concentration was kept for 0.2 M for all three solutions.

The solutions were dried at 200◦C and 400◦C in air, and the obtained powders

were annealed at 1100◦C in air with intermediate agitating. Finally, the powders

were pressed into pellets and annealed at 1100◦C in air for more than 48 h. It

was observed that when the annealing temperature was lower than 1000◦C, only

phase-pure Sr2TiO4 can be obtained, whereas for the doped ceramics, 1100◦C is

the lowest annealing temperature to obtain phase-pure samples.

Powder X-ray diffraction (XRD) on a Philips X’pert Pro machine and trans-

mission electron microscope (TEM, JEM-2010, JEOL Ltd., Japan) were used to

check up the crystal phase and microstructures. Pellets were used to measure the

electrical transport properties by the standard four-point probe technique. The

magnetization measurements were performed on a Quantum Design superconduct-

ing quantum interface device for the three pellets.

3. Results and Discussion

Figure 1(a) shows the powder XRD results of all the three powders. It is observed

that all the three samples are phase-pure of Sr2TiO4 phase without any detectable

impurities (JCPDS No. 25-0915). As the Co content increases the XRD peak inten-

sity is decreased since Sr2TiO4 can be easily prepared under ambient air, whereas

Sr2CoO4 ceramics can be only prepared under high pressure.8,9 With the Co dop-

ing content increasing, the crystal structure tends to be unstable, resulting in the

decrease in the XRD intensity. As shown in the inset of Fig. 1(a), it is seen that
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Fig. 1. (Color online) (a) XRD results of Sr2Ti1−xCoxO4 (x = 0, 0.1 and 0.3) ceramics and the

inset shows the enlarged results and (b) Rietveld fitting result of the Sr2TiO4.

with the increase in Co content, the diffraction peak shifts to higher diffraction

angle, suggesting the decrease in lattice constant. To give the variation of lattice

constant with Co doping, Rietveld fittings are carried out for the three samples.

Figure 1(b) shows the typical Rietveld fitting result of the Sr2TiO4 from which

it is seen that the crystal structure is tetragonal and the lattice constants are

a = b = 3.884 Å and c = 12.590 Å. The lattice constants obtained from Rietveld
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fittings are a = b = 3.873 Å and c = 12.570 Å and a = b = 3.863 Å and c = 12.397 Å

for the Sr2Ti0.9Co0.1O4 and Sr2Ti0.7Co0.3O4, respectively. The decrease in lattice

constant with Co doping can be attributed to the smaller ionic radius of Co4+ as

compared with that of Ti4+. The average crystallite size is larger than 100 nm for

the Sr2TiO4. On the other hand, with Co doping, the crystallite size is decreased and

it is determined by Scherrer formula as 70 nm and 50 nm for the Sr2Ti0.9Co0.1O4

and the Sr2Ti0.7Co0.3O4, respectively, which is similar to the previous report about

Sr2TiO4 ceramics prepared by sol–gel with the grain size of 50–60 nm under 1000◦C

annealing temperature.18

To further investigate the microstructures, TEM observations are carried out

and the results are shown in Fig 2. Figure 2(a) shows the typical TEM result of

Fig. 2. TEM (a) HRTEM and (b) results of the prepared Sr2Ti0.9Co0.1O4 ceramics.
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Fig. 3. (Color online) (a) ZFC M–T results of the Co-doped samples and the inset shows the

ZFC M–T result of undoped sample and (b)–(d) M–H results of the Sr2TiO4, Sr2Ti0.9Co0.1O4

and Sr2Ti0.7Co0.3O4, respectively. The corresponding insets show the detailed M–H results.

the prepared Sr2Ti0.9Co0.1O4. It is seen that the average grain size is about 70–

80 nm, which is similar to the result from XRD result. As shown in Fig. 2(b)

of the high resolution TEM (HRTEM) result of the Sr2Ti0.9Co0.1O4, clear lattice

strips are observed and there is no amorphous phase, suggesting the crystallized

characteristics of the prepared Sr2Ti0.9Co0.1O4ceramics.

Temperature-dependent magnetization M–T of the zero-field-cooling (ZFC)

model for all the three samples are measured with an applied magnetic field of

1000 Oe parallel to the sample surface, and the results are shown in Fig. 3(a). As

shown in Fig. 3(a), it is seen that all the M–T curves behave like paramagnetic

behaviors without any transitions, and the magnetic moment is sharply enhanced

at low temperatures. As for the Sr2TiO4 as shown in the inset of Fig. 3(a), it is

seen that the magnetic moment is negative at temperature higher than 72 K, which

is attributed to the diamagnetism from the empty orbitals of the Ti4+ ions.19,20

With Co doping, the diamagnetism at high temperatures is disappeared as for the

Sr2Ti0.9Co0.1O4 and the Sr2Ti0.7Co0.3O4 due to the dilution of Ti4+ ions. Moreover,

the magnetic moment is gradually enhanced with Co doping due to the partially

occupied d orbitals of Co4+ ions. Figures 3(b)–3(d) show the magnetic hysteresis

1750195-5

M
od

. P
hy

s.
 L

et
t. 

B
 2

01
7.

31
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 O

F 
C

H
IN

A
 o

n 
06

/0
6/

18
. F

or
 p

er
so

na
l u

se
 o

nl
y.



June 16, 2017 13:43 MPLB S0217984917501950 page 6

L. Zhang et al.

loops at different temperatures for the three samples. From Fig. 3(b), it is seen that

at high temperature, the Sr2TiO4 is diamagnetic, which is same as the M–T re-

sult due to the empty orbitals of the Ti4+ ions.19,20 At 5 K, the magnetic moment

is positive and increases linearly with the applied magnetic field, suggesting the

paramagnetic property at low temperatures. With Co doping, the magnetic mo-

ment is enhanced obviously. At 5 K, the magnetic moment at an applied magnetic

field of 1 T is enhanced from 0.015 emu/g for the Sr2TiO4 to 0.285 emu/g for the

Sr2Ti0.9Co0.1O4 and 0.516 emu/g for the Sr2Ti0.7Co0.3O4. As shown in the bot-

tom inset of Fig. 3(c) for the prepared Sr2Ti0.9Co0.1O4, at high temperatures, it is

seen that a crossover in M–H loops from a paramagnetic-like to a diamagnetic-like

behavior is observed with applied magnetic field increasing due to the enhanced

diamagnetic effect from the empty orbitals of the Ti4+ ions with magnetic field in-

creasing. Additionally, with temperature decreasing the crossover field is increased

from 1000 Oe at 300 K to 5000 Oe at 200 K. With the temperature further decreas-

ing to 100 K, the M–H loop is paramagnetic-like without any crossover. Moreover,

at 5 K, the M–H loop shows ferromagnetic-like behavior and the coercivity is

100 Oe as shown in the upper inset of Fig. 3(c), which can be attributed to the su-

perexchange effect from Co–O–Co as the ferromagnetism in Sr2CoO4.6–9 As shown

in Fig. 3(d) for the derived Sr2Ti0.7Co0.3O4, at high temperatures, the M–H loops

show paramagnetic-like behaviors without the appearance of diamagnetic signals.

Moreover, at 5 K, ferromagnetism is observed with the enhanced magnetic moment

and the coercivity is enhanced to 230 Oe. The enhanced ferromagnetism can be

attributed to the increased Co–O–Co superexchange with Co content ncreasing.

Figure 4(a) shows the temperature-dependent resistivity ρ–T of the Sr2Ti0.9
Co0.1O4 and Sr2Ti0.7Co0.3O4 ceramics. It should be pointed out here that the

resistivity of Sr2TiO4 is very large and cannot be measured by the four-probe

method. The two samples behave like semiconductors with dρ/dT < 0. Moreover,

the resistivity of the Sr2Ti0.7Co0.3O4 within the measured temperature is higher

than that of the Sr2Ti0.9Co0.1O4 ceramics. The resistivity at 300 K is 0.21×107 Ω cm

and 0.51×107 Ω cm for the Sr2Ti0.9Co0.1O4 and Sr2Ti0.7Co0.3O4, respectively. Since

Sr2CoO4 is metallic-like, it is expected that the resistivity should be decreased with

the increasing Co doping content, which is different with our experimental results.

On the other hand, the grain size is obviously decreased with the increase in Co

doping content. The decreased grain size will lead to the enhanced resistivity due

to the grain boundary effects.21

To investigate the electrical transport mechanisms, the ρ–T results are fitting

and the results are shown in Fig. 4(b). It is found that the ρ–T results within the

measured temperature range can be only well fitted by the Mott variable range hop-

ping (VRH) model ρ = ρ0 exp(T0/T )1/4, where ρ0 is a resistivity parameter and T0
is a characteristic temperature (defined as Mott VRH temperature).1 Additionally,

the (T0)1/4 is increased from 73.5 K1/4 for the Sr2Ti0.9Co0.1O4 to 74.4 K1/4 for the

Sr2Ti0.7Co0.3O4, suggesting the decreased electronic density of states at the Fermi
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Fig. 4. (a) Temperature-dependent resistivity of Sr2Ti0.9Co0.1O4 and Sr2Ti0.7Co0.3O4 and

(b) the Mott VRH fitting results of Sr2Ti0.9Co0.1O4 and Sr2Ti0.7Co0.3O4.

level and/or the localization length.22 The good fittings by the Mott VRH model

for the samples suggest that disorders play a very important role in the determina-

tion of the electrical transport properties, which can be attributed to the dilution

of Ti sites by Co ions as well as the decreased grain size with Co doping.

4. Conclusion

Sr2Ti1−xCoxO4 (0 ≤ x ≤ 0.3) ceramics were prepared by sol–gel processing. The

XRD results show that the prepared samples are phase-pure with tetragonal crys-

tal structure. With Co doping, the XRD diffraction peak density is decreased and

the grain size is also decreased. Magnetic property measurements show that the

1750195-7

M
od

. P
hy

s.
 L

et
t. 

B
 2

01
7.

31
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 O

F 
C

H
IN

A
 o

n 
06

/0
6/

18
. F

or
 p

er
so

na
l u

se
 o

nl
y.



June 16, 2017 13:43 MPLB S0217984917501950 page 8

L. Zhang et al.

magnetic moment is largely enhanced with Co doping, and ferromagnetism is ob-

served for the Co-doped ceramics. The electrical transport properties of the Co-

doped ceramics show semiconductor-like behaviors and the temperature-dependent

resistivity can be well fitted by Mott VRH model. The resistivity of Sr2Ti0.9Co0.1O4

is lower than that of Sr2Ti0.7Co0.3O4 due to the decreased grain size. The results

will provide an effective route to synthesize Sr2Ti1−xCoxO4 ceramics as well as to

investigate the physical properties.
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