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The charge ordering (CO) behaviors of Pr0.5Ca0.35Sr0.15MnO3 films grown on STO(100), STO(110)

and LAO(100) are systematically investigated by transport measurements and transmission electron

microscopy (TEM) examinations. From the transport measurements, the CO transition temperatures

of all the three films are much higher than those of the bulk materials, showing that the film strain

could enhance the CO transition. From TEM observations, many superlattice spots appear in the

electron diffraction patterns taken from the films, indicating the appearance of the CO modulation

structures at room temperature. The modulation vectors are determined to be (1/2, 0, 0) for STO

(100), (1/2, 1/2, 1/2) for STO (110), and both (0, 1/2, 0) and (1/2, 1/2, 0) for LAO (100). It is shown

that both the substrate orientation and the film strain have a great effect on the CO modulation

structures. The CO state is much easier to appear in the compressive strain direction which is due to

the Mn-O-Mn angle tilting. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4913731]

INTRODUCTION

Due to the strong correlation among the spin, charge, or-

bital and lattice, perovskite oxides exhibit many fascinating

properties, such as colossal magnetoresistance and multifer-

roics. The charge and orbital order (CO-OO) as one of

the characteristic phenomena in the perovskite manganite

system has attracted much interest for its strong response to

the magnetic field, electric field and pressure.1,2 Using high

resolution transmission electron microscopy (HRTEM),

Uehara et al.3 demonstrated that a phase separation took

place in bulk La5/8–yPryCa3/8MnO3, a sub-micrometer-scale

of CO insulating and FM metal domains. Tao et al.4 also

directly observed the existence of the CO nanoscale phase in

bulk La0.55Ca0.45MnO3 using low-temperature TEM. Asaka

et al.5 found that two types of superlattice spots appeared

below 230 K and 150 K in bulk Pr3/8Ca5/8MnO3, the first is

caused by the formation of d3x2�r2=d3y2�r2 type of CO, and

the second results from the order of excess 1/8Mn3þ.

However, for the epitaxial films the CO behaviors are quite

different from those in the bulk due to the existence of strain

in the epitaxial films.6–10 Combined transport measurements

with TEM examinations, Yang et al.11 studied the effect of

substrate and film thickness on the CO behaviors of

Pr0.5Ca0.5MnO3 films, and found that the CO transition tem-

perature (TCO) for the film on LAO(100) is lower while the

TCO for the film on STO(100) is higher than that of bulk

Pr0.5Ca0.5MnO3. Chen et al.12,13 and Wang et al.14–16

showed that the film thickness and substrate orientation have

a great effect on the CO behaviors in Bi0.4Ca0.6MnO3 and

Sm0.5Ca0.5MnO3 epitaxial films.

Pr1-x(Ca1-ySry)xMnO3 has an orthorhombic structure with

a space group of Pbnm (a0 ¼
ffiffiffi

2
p

ac; b0 ¼
ffiffiffi

2
p

ac; c0 ¼
ffiffiffi

2
p

ac,

where ac is the lattice parameter of pseudocubic structure). It

has a narrow eg band and its physical properties vary greatly

as the x or y changes.17–22 Tomioka and Tokura23 obtained

the phase diagram and lattice parameters of Pr1-x(Ca1-ySry)x

MnO3 with different x and y, which may convert from CO

state to ferromagnetic metal (FM) state. From the phase dia-

gram it is demonstrated that the bulk Pr0.5Ca0.35 Sr0.15MnO3

(PCSMO) is in CO state at low temperature and the TCO is

about 190 K. Zhao et al.24 studied the effect of the substrate

on the CO phase and transport behaviors, and showed that a

large magnetic field is needed to melt CO phase if the film

suffers tensile strain, indicating that tensile strain could

enhance the stability of CO phase.

The CO behaviors are usually studied by temperature vs.

resistance R(T) or temperature-dependence magnetization

M(T). However, by R(T) or M(T), it is difficult to determine

which direction is much easier for the CO modulation to

appear, and the effect of film strain on the CO behaviors. In

this paper, the 110-nm-thick PCSMO films on STO(100),

STO(110), and LAO(100) were prepared and the effect of

substrate strain and film orientation on the CO behaviors was

systematically investigated by combining transport measure-

ments with TEM.

EXPERIMENTAL

110-nm-thick PCSMO films were deposited on STO(100),

STO(110), and LAO(100) substrates by the pulsed laser deposi-

tion at 720 �C with an oxygen pressure of 90 Pa. The laser
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source is KrF excimer laser with k¼ 248 nm and the repetition

frequency of deposition is 1 Hz. The targets were prepared by

a conventional solid-phase sintering of Pr6O11, CaCO3,

SrCO3, and MnO2 powders. Structural characterization of the

sintering product was performed using X-ray diffraction

(XRD) with Cu Ka radiation (k¼ 1.5406 Å). The magnetic

and transport measurements were performed with a Quantum

Design superconducting quantum interference device magne-

tometer and a physical property measurement system, respec-

tively. Specimens for TEM observations were prepared in a

cross-sectional orientation using conventional mechanical

polishing and ion thinning techniques. Selected-area electron

diffraction (SAED) and HRTEM examinations were carried

out using a JEOL JEM 2100F transmission electron micro-

scope operating at 200 kV.

RESULTS AND DISCUSSION

Figure 1 is a typical XRD pattern of the PCSMO films.

The sharp peaks indicate that the films have a good epitaxial

relationship with the substrates of STO(100) (a¼ 3.905 Å)

and LAO(100) (a¼ 3.79 Å). The epitaxial direction of the

films is along [100] axis. For the STO(100) and LAO(100),

the out-of-plane lattice parameters of the films are 3.76 Å

and 3.88 Å, respectively, indicating that the films suffer in-

plane tensile strain on STO(100) and compressive strain

on LAO(100), compared to bulk PCSMO (a¼ 3.836 Å).

Whereas for the STO(110) the film grows along [101] axis,

the out-of-plane spacing of d101 is 2.68 Å showing that the

film suffers in-plane tensile strain.

Fig. 2 shows the temperature dependence of zero-field

cooling (ZFC) and field cooling (FC) magnetization and the

resistance versus temperature curves for the bulk PCSMO,

which are measured under 0.1 T. From Fig. 2(a), it exhibits

paramagnetic at high temperature and possesses two transi-

tion points as the temperature decreases. The TCO appears at

about 220 K, which is higher than �190 K reported in previ-

ous work.23 For PCSMO films, it is quite difficult to recog-

nize the TCO from the M(T) measurements, so the R(T)

curve is applied. The warming temperature dependence of

resistance for PCSMO films on different substrates is

measured and the curve of ln(R) versus 1/T is plotted in

Fig. 3. The TCO of the three films are all much higher than

that of the bulk material. It is shown that the CO state is

more stable in films than that in bulk materials indicating the

strain could stabilize the CO state. The TCO of film on

STO(100) is higher than others, and the CO state is more sta-

ble. Therefore the substrate strain and orientation can affect

the CO state.

To investigate the effect of substrate strain and film

orientation on the CO behaviors, extensive SAED and

HRTEM examinations at room temperature and 103 K were

performed. Fig. 4(a) is the [001] zone-axis SAED pattern of

PCSMO/STO(100) film recorded at room temperature. The

epitaxial PCSMO film is along [100] direction which

matches well with the STO(100). Except the normal diffrac-

tion spots, some superlattice spots appear in the SAED pat-

tern, which are the characteristic of the CO phase in good

agreement with the R(T) results. The spots only appear along

the [100] axis, and no other direction of the superlattice spots

is observed, so the CO phase only appears along [100] axis.

The modulated periodicity is about two times of d100 spacing

and the modulated vector is determined to be (1/2, 0, 0).

Fig. 4(b) is the corresponding HRTEM image. Clear stripes

along the [100] direction could be seen from the image, and

no other direction of stripes appears consistent with the

SAED results. The modulated periodicity is about 7.6 Å.

The corresponding schematic model is proposed in Fig. 4(c).

The modulation structure is two times of the d100 spacing,

FIG. 1. XRD spectra of PCSMO films on the substrates (a) STO(100), (b)

STO(110), and (c) LAO(100).

FIG. 2. The temperature dependence of magnetization ZFC and FC under

0.1 T (a) and the resistance plot of ln(R) versus 1/T (b) for bulk PCSMO.

FIG. 3. The resistance plots of ln(R) versus 1/T for PCSMO films on

STO(100), STO(110) and LAO(100). The black arrows present the TCO and

antiferromagnetic transition temperature (TN).
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and therefore the ratio of Mn3þ and Mn4þ should be 1:1 in

the chemical composition, keeping electric neutrality of the

crystal. The film suffers tensile strain in plane and compres-

sive strain out of plane, and the modulation structure only

appears in the compressive direction, indicating the CO

phase is easier to emerge under compressive strain. When

the temperature decreases to 103 K, no additional superlat-

tice spots in diffraction patterns are found, and only the area

with modulation stripe becomes larger. Though the tensile

strain could stabilize the CO behavior, the direction of com-

pressive strain is much easier to form the CO phase.

Fig. 5 exhibits the [001] zone-axis HRTEM image and

SAED pattern of PCSMO/LAO(100) film recorded at room

temperature. The epitaxial film is along [100] direction, the

same as PCSMO/STO(100) film, whereas the superlattice

spots are different. Two types of CO modulation spots

appear in PCSMO/LAO(100) film, one being along [010]

direction and the other being along [110] direction. The

modulation periodicity is two times of d010 and d110 spacing,

respectively. In [100] direction, no superlattice spots appear

showing no CO phase emerges in the direction. From the

HRTEM image, two types of the stripes could also be seen

and the periodicity is 7.6 Å and 5.4 Å, respectively. The

modulated vectors are (0, 1/2, 0) and (1/2, 1/2, 0). Two kinds

of corresponding schematic models are proposed in Figs.

5(d) and 5(e), and the Mn3þ and Mn4þ are arranged in order

with a ratio of 1:1 ensuring the neutral charge. In the [010]

direction, the film suffers compressive strain and the modula-

tion appears, whereas the film suffers tensile stain in [100]

direction and no superlattice spots are observed. It is consist-

ent with the results of the film on STO.

The effect of substrate orientation on the CO behaviors

was also studied. The ½10�1� zone-axis SAED pattern and

HRTEM image of PCSMO/STO(110) film are shown in

Fig. 6. The epitaxial orientation of PCSMO/STO(110) film is

along [101], and the superlattice spots appear along the [111]

direction in the SAED pattern which is different from the

film on STO(100). No other superlattice spots are observed

in [101] and [010] directions. In the HRTEM image, the

modulation stripe appears only in the [111] direction, and the

periodicity is 4.4 Å, two times of the lattice spacing of d111.

From the schematic model, we can see the ratio of Mn3þ and

Mn4þ is 1:1 in the chemical composition, and for every

Mn3þ, the nearest neighbor is Mn4þ. The [111] should be

easier than other axis to appear modulation structures. The

substrate orientation can also affect the direction of CO

behaviors.

FIG. 4. The SAED pattern (a), HRTEM image (b), and schematic model (c) for PCSMO/STO(100) film, and represent Mn3þ and Mn4þ, respectively.

FIG. 5. The SAED pattern (a), HRTEM image (b), and schematic model (c) for

PCSMO/LAO(100) film, and represent Mn3þ and Mn4þ, respectively.

FIG. 6. The SAED pattern (a), HRTEM image (b), and schematic model (c) for PCSMO/STO(110) film, and represent Mn3þ and Mn4þ, respectively.
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Though films on three substrates all appear CO state,

the modulated direction is different, [100] on STO(100),

[111] on STO(111), and both [110] and [010] on

LAO(100). The CO state is greatly affected by the strain,

which could be tuned by the substrates. The lattice mis-

match r is calculated by r ¼ ðas � af Þ=as, where as is the

lattice constant of the substrate and af is that of the film. It

is 1.3%, 1.9%, and �1.0% for the film on three substrates,

respectively. On STO, the film suffers tensile strain in

plane, but compressive strain on LAO substrate. The Mn-O

octahedron distortion in the films is very sensitive to the

external strain. When suffered tensile strain, the distortion

makes Mn-O bond elongated and Mn-O-Mn angle

increased, and when suffered compressive strain, it is oppo-

site.25 The transition properties th of the electrons could be

expressed by Mn-O-Mn bond length d and bond angle

/: th / cos /=d3:5.26 From the formula, it is shown that

Mn-O bond increase is beneficial to the appearance of the

CO, while Mn-O-Mn angle increase is inverse, and there-

fore they compete with each other. On STO(100), CO state

is along the compressive strain direction of [100], indicat-

ing that the Mn-O-Mn angle tilting is more important than

bond length change. On STO(110), the strain release is dif-

ferent, and Mn-O bond length and Mn-O-Mn angle compete

with each other, so CO state only appears in the [111] direc-

tion, which makes the system more stable. Whereas on

LAO(100), CO state appears in both [010] and [110] direc-

tion, the former being similar to STO(100) for the angle tilt-

ing, and the latter being similar to STO(110) to make the

structure more stable. That he TCO of STO(100) is higher

than LAO(100) should be due to the Mn-O-Mn angle tilting

difference induced by the strain in the epitaxial film.

CONCLUSIONS

By transport measurements and TEM, the effects of sub-

strate orientation and film strain on the CO behaviors of

PCSMO films were investigated. From M(T) and R(T) curve,

the TCO of the films are much higher bulk PCSMO. The

external strain can enhance CO phase. From TEM observa-

tions, the superlattice spots in the diffraction pattern and the

HRTEM stripe images indicate the appearance of the CO

modulated structures at room temperature. The modulation

vectors are (0, 0, 1/2) for STO (100), (1/2, 1/2, 1/2) for STO

(110), and (0, 1/2, 0) and (1/2, 1/2, 0) for LAO(100), show-

ing that both the substrate orientation and film strain have a

great effect on the CO phase direction. The CO state is much

easier to appear in the compressive strain direction due to

the Mn-O-Mn angle tilting.
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