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The monoclinic (M) phases in high-performance relaxor-based ferroelectric single crystals 

have been recognized to be a vital structural factor for the outstanding piezoelectric property. 

However, due to the complexity of the structure in M phases, the understanding about it is 

still limited. In this work, the local twin domains and tip-voltage-induced domain switching 

of monoclinic MC phase in Pb(Mg1/3Nb2/3)O3-0.34PbTiO3 (PMN-0.34PT) single crystal have 

been intensively investigated by Piezoresponse Force Microscopy (PFM). By theoretically 

analyzing the experimental patterns of domain walls on (001)C face, the specific MC twin 

domains in the initial annealed state of a selected area have been clarified, and the 

polarization orientation of the MC phase in this sample is determined to be at an angle of 29° 

to the <001>C directions. In addition, based on the evolution of domains and the motion of 

domain walls under the step-increased PFM tip DC voltage (Vdc), the switching process and 

features of different types of MC domain variants are visually revealed. 
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I. INTRODUCTION 

Relaxor-based ferroelectric single crystals, such as Pb(Zn1/3Nb2/3)O3-xPbTiO3 (PZN-xPT), 

Pb(Mg1/3Nb2/3)O3- xPbTiO3 (PMN-xPT) have attracted increasing interest in the past two 

decades for their excellent ferroelectric and piezoelectric properties [1,2]. In the system of 

PMN-xPT single crystals, the best functional properties appear in the morphotropic phase 

boundary (MPB) composition [3]. Although the underlying origin of such outstanding 

properties is still not fully understood, the structure contribution is recognized to be a critical 

factor [4-8].  

During the structural investigation for ABO3 perovskite ferroelectrics, the discovery of a 

low symmetry Monoclinic (M) phase in Pb(Zr1-xTix)O3 (PZT) had been a significant 

breakthrough [9]. Rather than a single direction as in rhombohedral (R) and tetragonal (T) 

phases, the polarization orientation of M phase is confined in a mirror plane. According to the 

polarization orientation, the M phase was classified into three types: MA, MB and MC [10]. 

For PMN-xPT single crystals, the existence of MA, MB and MC phases have been confirmed 

[11-14], and the phase diagram near the MPB was proposed with defined composition range 

of the M phase [15,16]. The M phase is believed to be closely linked with the enhanced 

electromechanical performance [17-20]. In addition to the crystal structure, the domain 

structure also contributes a lot to the unique electromechanical properties for ferroelectrics 

with the MPB composition [8,21-23]. For ferroelectric single crystals, there were 24 energy 

equivalent polarization orientations in each kind of M phase, which was far more than that of 

R and T phases [11]. Therefore, when the compositions approach the MPB, the domain 

configuration became more complex, and the domain size was miniaturized to nanometer 

scales [24,25]. The attractive piezoelectric property in the MPB composition sample may 
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have benefited from the small domain size and the complex multi-domain structure [23,26]. 

The rotation ability and switching path of the polarization under an electric field may be 

significant factors for the outstanding piezoelectric property of relaxor-based ferroelectrics 

single crystals [4,27-29]. What’s more, because of the ferroelastic property, the non-180º 

switching of ferroelectric domains will be accompanied with strain variation. The domain 

switching paths under electric-field in the single crystal with M phase will be more 

diversified due to the complexity of domain structure, which makes it attractive to the 

application in the strain-transfer-based multiferroic heterostructure and the related devices 

[30-34]. Therefore, in order to understand the domain contribution and to use it better, the 

switching process of the domains of the M phase should be investigated [35-38].  

In recent years, some experimental and theoretical investigations about the crystal and 

domain structure of M phases were reported [26, 39-44], which gave us more insight into the 

M phases. However, up to date, there is still significant debate about the structure of the M 

phase. Although the existence of the M phase was widely accepted, some researchers argue 

that the M phase domain was actually the adaptive structure of R or T phase nanodomains 

[45-47], such debate indicates that the understanding of the M phase is still insufficient, and a 

more visualized and intensive investigation of the structures of the M phase is needed. In our 

previous work, the coexistence of Mc and T phases and the averaged twinning manner of 

domains in PMN-0.34PT single crystal have been visually revealed using 

synchrotron-radiation XRD measurements [48]. But, the local twin domain structures and the 

polarization orientation of such M phases have not been clarified, and yet the understanding 

on the domain switching is still limited.  

One of the most common methods for the study of domain structure in ferroelectrics is the 

polarization light microscopy (PLM), but the spatial resolution of PLM is insufficient when 

exploring small scale features. In the past few years, the optical second harmonic generation 

(SHG) has been well established as an efficient tool to study the symmetry of the 

ferroelectrics, and has led to valuable insights on the monoclinic complex domain states 

[26,49,50]. Transmission electron microscopy (TEM) can achieve even higher resolution, but 

in situ electrical biasing TEM is difficult to perform and the stress state of the specimen may 

be changed during sample thinning process for TEM. In comparison to PLM, SHG imaging 
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and TEM, piezoelectric force microscopy (PFM) measurement is able to achieve relatively 

high spatial resolution in a nondestructive way [51]. 

Here, in order to gain more insight, the domain pattern and its switching process in a 

typical relaxor-based ferroelectric single crystal PMN-0.34PT was intensively investigated by 

vertical PFM (VPFM). Based on the formation rules of domain walls and the scanned VPFM 

results, the specific twin domains in the initially annealed state of the selected area, and the 

polarization orientation of the MC phase in this sample were clarified. Then, according to the 

evolution of domains and the motion of domain walls under the tip voltage, the switching 

process and feature of different types of MC domains were revealed. 

 

II. EXPERIMENTAL DETAILS 

The PMN-0.34PT single crystal used in this research was grown by the modified Bridgman 

technique [52]. The sample was cut into slice with dimensions of 5 mm//[100]C × 5 

mm//[010]C × 0.4 mm//[001]C. The (001)C face of the sample was polished to optical standard 

for PFM measurement. Because the domain structure is sensitive to stresses, the sample was 

first annealed without external electric field at 350 °C for 1 h to release the surface stresses 

involved in the cutting and polish processes. The domain structure was studied via x-ray 

diffractive 2D/3D reciprocal space mapping (RSM) technique [53, 54]. The 2D-RSM was 

performed on a Smart lab diffractometer, while the synchrotron x-ray 3D-RSM was 

conducted at Advanced Photon Source [48]. The ferroelectric domain patterns and switching 

process were revealed by PFM (Asylum Research, Cypher ES) with conductive probes 

(Nanoworld, EFM). All of the VPFM scannings in this paper were performed by starting 

from the lower-left corner and ending at the upper-right corner of each poling area. And the 

discussions are all based on the results from this poling procedure. Both the x-ray diffractive 

RSM and VPFM measurements were performed at room temperature. 

 

III. RESULTS AND DISCUSSION 

1. Fundamental knowledge and an overview of the experimental results  

Figure 1 illustrates the basic knowledge about this sample, and presents an overview of the 

experimental results. The PMN-0.34PT single crystal is located at the boundary between MC 
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and T phase in the MPB composition [16]. Fig. 1(a) schematically presents the polarization 

orientations of the MC phase, the domains of the MC phase are classified as MC-a, MC-b and 

MC-c with the c axis oriented along [100]C, [010]C and [001]C directions, respectively. Due to 

the distortion of crystal lattice, there are four sub-variants for each kind of MC domain, which 

are numbered as 1-4 (for example, MC-a1). There are another twelve MC domain variants 

with opposite orientations which are not shown in this figure (for example, C 1M -a ). Based on 

the relationship between reciprocal lattice and real-space crystal plane, for the situation when 

the MC and T phases are coexist, the (00L) diffraction pattern on H0L reciprocal plane was 

simulated and presented in Fig. 1(b). On the other hand, the experimental 2D-RSM pattern 

around (004) Bragg point on H0L reciprocal plane was presented in Fig. 1(c). By the 

comparison between the experimental and simulation results, the sample was confirmed to be 

coexistence of MC and T phase. However, single 2D-RSM pattern is insufficient to reflect the 

whole characters of the (00L) diffraction spot. Therefore, the synchrotron x-ray diffractive 

3D-RSM measurement was performed around (006) Bragg spot, which was discussed in 

detail previously elsewhere [48]. For the convenience of building a global and basic 

understanding on the structure of this sample, the relevant results of x-ray diffractive 

3D-RSM have been summarized and presented in Fig. 1(d). In this 3D-RSM, the affiliation of 

each diffraction spot was identified, and based on the tails between different diffraction spots 

which were marked with violet double-arrows, the MC twin domains in the sample was 

roughly determined to be dominated by MC-a/MC-b and MC-c/MC-a1/3 types with a small 

volume fraction of MC-c/MC-b1/3 type. 
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FIG. 1. (Color online) (a) Spontaneous polarization orientations of MC phase, (b) simulation 

result of (00L) diffraction pattern on H0L plane, (c) X-ray diffractive 2D-RSM around (004) 

Bragg spot on H0L reciprocal plane, the diffraction intensity was indicated by different color 

(low to high: blue, green, yellow, red), (d) synchrotron X-ray diffractive 3D-RSM around 

(006) diffraction spot (Reuse of [Applied Physics Letters 108, 152905 (2016), Fig. 2f], with 

the permission of AIP Publishing), the diffraction intensity was indicated by different color 

(low to high: yellow, pink, purple). (e) Schematic diagram of PFM setup, VPFM phase and 

amplitude images (f) before and (g) after the applying of positive tip voltage 

 

According to the polarization orientations of twin domains, the domain wall directions and 

the relative piezoresponse intensities in PFM images can be derived, and vice versa. The 

PFM experimental setup in this work was schematically presented in Fig. 1(e). First, the 

ordinary VPFM scanning was performed on the (001)C surface of the PMN-0.34PT single 

crystal, with the reverse side grounded. Then, a selected smaller region was gradually poled 

using step-increased positive DC voltage Vdc applied on the conductive tip, and the evolution 

of domains after each poling step was monitored by the followed VPFM imaging. It can be 

inferred that the upward polarizations will be reversed under positive tip voltage, as sketched 

with blue arrows in Fig. 1(e). In the following sections, the VPFM phase and amplitude 

images will exhibit the details of polarization switching. For example, a typical MC phase 
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domain pattern in a section of 10 µm × 10 µm before poling was presented in Fig. 1(f), in 

which, there are obvious regular MC twin domains walls along θ of 61° or 29° beside the 

domain walls with irregular orientations. Here, θ is the angle between the observed domain 

wall and the [100]C axis. When a larger area of 30 µm × 30 µm was scanned (data not shown), 

it was found that the ratio of domain walls with θ of 61° is much larger than that of the 29° 

one, indicating the predominance of the corresponding twin domains. A 5 µm × 5 µm area in 

Fig. 1(f) (marked with red square) which includes the former mentioned three kinds of MC 

domain walls was selected to be gradually poled by an external electric voltage Vdc. As an 

example, the domain pattern after poled by Vdc of 5V is presented in Fig. 1(g). It could be 

noted that parts of the dark regions in the VPFM phase image have turned bright due to the 

domain switching, indicating that the out-of-plane component of the polarization vector in 

dark regions are pointed upward. The evolution of domain walls can also be observed on the 

VPFM amplitude images. 

 

2. Determine of the local specific twin domains and polarization orientation of the MC 

phase in the initial annealed state 

In order to investigate the details of the domain configuration of MC phase in the initial 

annealed state, the VPFM image of the selected 5 µm × 5 µm area is enlarged and presented 

in Fig. 2. According to the features of domain walls, this area is divided into three parts, 

marked as A, B and C in Fig. 2(a). 

 

FIG. 2. (Color online) Domain pattern in the initial annealed state, (a) VPFM phase image 

and (b) VPFM amplitude image. 

 

In part A, the domain walls align with θ = 61° in the initial annealed state. Both the VPFM 

phase (Fig. 2(a)) and amplitude (Fig. 2(b)) images consist of alternatively bright and dark 
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stripes, indicating that they are twin domains comprised of downward MC-c ( C 1M -c , C 2M -c , 

C 3M -c or C 4M -c ) and upward MC-a (MC-a1 or C 3M -a ) domain variants. On the other hand, 

in the original annealed state of part B, the domain wall is dominated with θ = 29°. The 

VPFM phase image is totally dark (Fig. 2(a)) but the PFM amplitude image is alternatively 

dark and bright (Fig. 2(b)), which indicates that the twin domains consist of upward MC-c 

(MC-c1, MC-c2, MC-c3 or MC-c4) and upward MC-a/b (MC-a1, C 3M -a , MC-b1 or C 3M -b ). 

What’s more, there are domain walls with irregular orientations in part C, the VPFM phase of 

domain variants on two sides of such domain walls show strikingly contrast, but the VPFM 

amplitude of them are almost the same, indicating that they are 180° domain walls between 

MC-c domains. 

The number of possible polarization orientations in the selected area is greatly reduced by 

the above analysis, but the twin domains have not been specifically identified. When the 

multi-domain state was formed in the single crystal with low-symmetry ferroelectric phase, 

the strain compatibility conditions must be satisfied, as a result, the domain walls will align 

along some defined directions [55, 56]. In the following, based on the vector relation between 

different polarizations and the formation rules of domain walls, the specific twin domains in 

part A and B of the selected area will be clarified, and the polarization orientations of the MC 

phase in this sample will also be determined. 

As sketched in Fig. 3(a), the angle between MC and T phase polarizations is set as α, and 

the deviation distance between their end in the pseudo-cubic unit cell is set as a, where 

a=tanα. Assuming that the polarization vectors on the two sides of the twin domain wall are 

1MC
uuuur

and 2MC
uuuur

, whose coordinates are set to be (x1, y1, z1) and (x2, y2, z2). Before poling, we 

just consider uncharged domain walls due to the lower domain wall energy, as sketched with 

violet plane in Fig. 3(a). Based on the formation rule of domain walls, the expression of 

domain wall angle θ scanned on (001)C face can be derived. First, we can find out two 

intersection points of the domain wall plane and the (001)C face. Because | 1MC
uuuur

| and | 2MC
uuuur

| 

are equal, according to the strain boundary condition, the angle bisector of 1MC
uuuur

 and 2MC
uuuur
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(opposite to 2MC
uuuur

) must be contained in the DW plane, which is defined as 1IP
uur

, and the 

coordinate of the intersection point of 1IP
uur

 and (001)C face can be expressed by 1MC
uuuur

 and 

2MC
uuuur

. Besides, the domain wall planes will be perpendicular to the plane formed by these 

two polarizations. So, there must be a line on the domain wall plane which is perpendicular to 

both 1MC
uuuur

 and 2MC
uuuur

, and this line is defined as 2IP
uur

, which can also been expressed by 

1MC
uuuur

 and 2MC
uuuur

. The line on (001)C face determined by 1IP
uur

 and 2IP
uur

 is the intersection 

line ( IL
uur

) of domain wall and the (001)C plane, which can be expressed as  

2 1 1 2 1 2 1 2 2 1 1 2
2 1

1 2 2 1 1 2 1 2 2 1 1 2

- -IL IP IP ( , ,  0)
- -

⋅ − ⋅ ⋅ − ⋅= − = − −
⋅ − ⋅ ⋅ − ⋅

uur uuur uuur z y z y x x z x z x y y
x y x y z z x y x y z z            (1) 

And the domain wall angle can be expressed as, 

    
IL 1 2 2 1 1 2 2 1 1 2 1 2

1 2 2 1 1 2 1 2 2 1 1 2IL

- -tan ( ) ( )
- -

⋅ − ⋅ ⋅ − ⋅= = − −
⋅ − ⋅ ⋅ − ⋅

y z x z x y y z y z y x xθ
x y x y z z x y x y z zx              (2). 

The coordinate of each possible polarization as shown in Fig. 3(b) and 3(c) can be write as 

MC-c1 (a, 0, 1), MC-a1 (1, 0, a), etc. We have plugged the coordinates of possible twin 

domains into formula (2), so that the curves of θ versus α (θ -α) with α varies from 0° to 45° 

are obtained. The θ -α curves for possible MC-c/MC-a (Fig. 3(b)) twin domains are presented 

in Fig. 3(d). As marked with red circles, some of MC-c/MC-a twin domains can form domain 

walls with θ = 61°, which have appeared in part A, corresponding to the twin domains of 

C 2M -c /MC-a1 or C 4M -c / C 3M -a . Additionally, the corresponding value of α is determined to 

be 29°. However, as can be seen in Fig. 3(d), it is impossible for the MC-c and MC-a1/3 (Fig. 

3(b)) to form twin domain walls with θ = 29°, which is the dominating domain wall 

orientation in part B, indicating that it is not MC-c/MC-a twin domains in part B before poling. 

The θ -α curves of possible MC-c/MC-b (Fig. 3(c)) twin domains are presented in Fig. 3(g), 

there are domain walls with θ = 29° formed by MC-c/MC-b twin domains as marked by green 

circles, which are MC-c3/MC-b1 or MC-c1/ C 3M -b  twins, also corresponding to α of 29°.  

Although we have determined two possible couples of MC twin domains in both part A and 

B, the interaction lines of their corresponding domain walls with (001)C plane are the same. 
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In the following section, we will just discuss the twin domains of C 2M -c /MC-a1 in part A 

and MC-c3/MC-b1 in part B. The schematic drawing of domain wall plane between C 2M -c

and MC-a1 domains is presented in Fig. 3(e), and the corresponding domain wall orientation 

observed on the (001)C surface of the sample is showed in Fig. 3(f). Similarly, the domain 

wall plane formed between MC-c3 and MC-b1 domains is sketched in Fig. 1(h), and the 

domain walls observed on the (001)C surface is showed in Fig. 3(i). 

 

FIG. 3. (Color online) Schematic diagram of (a) uncharged domain wall, (b) possible domain 

variants in part A, (c) possible domain variants in part B. (d) θ -α curves for possible 

MC-c/MC-a twin domains, (e) schematic diagram of domain wall plane between C 2M -c and 

MC-a1 domains, (f) schematic diagram of domain wall orientation between C 2M -c and MC-a1 

domains observed on the (001)C surface, (g) θ -α curves for possible MC-c/MC-b twin 

domains, (h) schematic diagram of domain wall plane between MC-c3 and MC-b1 domains, (f) 

schematic diagram of domain wall orientation between MC-c3 and MC-b1 domains observed 

on the (001)C surface. 
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In addition, around the domain walls, there will be lattice mismatch because of the lattice 

distortion. In order to reduce the strain energy, the crystal lattices will be inclined; as a result, 

the domain wall orientations will be slightly changed. The incline manner and exact angles of 

the crystal lattices can be obtained from the X-ray diffractive 3D-RSM results [48], and the 

incline angle is so small that we have neglect this factor here. 

3. Switching process of different kinds of MC domains under step-increased Vdc  

After clarification of the specific twin domains in some selected area, this area was 

gradually poled by step-increased Vdc in order to investigate the switching process and 

features of different MC domains under various electric histories. The VPFM amplitude and 

phase images obtained after each poling step are presented sequentially in Fig. 4. In the 

following text, the domain evolution process in parts A, B and C will be discussed in detail, 

separately. 

 

FIG. 4. (Color online) Domain evolution under step-increased tip voltage 
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 In part A, after poled under Vdc = 2V, some polarizations in the MC-a1 domains begin to 

reverse, and there are nanodomains with radius of 30-50 nm emerged in the section of MC-a1 

domains (Fig. 4(c)), indicating that the polarization switching in MC-a1 twins initiated by the 

nucleation of reversed polarization domains throughout the MC-a1 region. Bigger volume 

fraction of MC-a1 domains is reversed with the increasing Vdc. When Vdc is increased to a 

value higher than 3V (Fig. 4(f)), the number of domain walls began to increase, indicating 

that parts of MC-a1 domains have been switched to C 2M -c  domains. The density of such 

twin domain walls achieved its maximum after poled by Vdc = 5V (Fig. 4(h)). Meanwhile, the 

VPFM phase image totally became bright (Fig. 4(g)), indicating that all of the MC-a1 

domains in part A have been reversed. And the electrical neutral domain walls have turned to 

charged domain walls between C 1M -a  and C 2M -c  domain variants. It should be noticed 

that, until now, the dominant domain wall direction in part A is not changed and there are no 

obvious intermediate domain wall orientations, indicating that the polarization direction of 

original MC-c domains is not changed by the tip voltage. In our poling and imaging condition, 

the switching from C 1M -a1/a  to C 2M -c  domain seems like a sudden change, no gradually 

rotation process is observed. When Vdc is higher than 8V, the original twin domain walls with 

θ = 61° become blurry, and the VPFM phase image turned to nearly a monocolor (Fig. 4(m)), 

indicating that more volume of MC-a1 domains have switched to C 2M -c  domains. Please 

note that there are some profiles look like domain walls with θ = 61° in Fig. 4(n) and 4(p), 

which should be attributed to the influence of topography of the sample surface as shown in 

the inset between Fig. 4(m) and 4(n).  

In part B, analogous to the MC-a1 domains in part A, parts of polarizations in MC-b1 

domains begin to switch after poled by Vdc = 2V and some reversed nanodomains appear (Fig. 

4(c)), indicating that the switching of domains also nucleated from many points in MC-b1 

domains. Although the out-of-plane polarization vector component of MC-c3 domains in part 

B also point upward, the polarizations in the MC-c3 domains did not switch under the 2V tip 

voltage, implying that the switching of the MC-c domain is more difficult than in the MC-a/b 

domain under such tip voltage. After poled by a Vdc of 3V, as marked by red circles in Fig. 
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4(f), a small volume fraction of original twin domain walls with θ = 61° is expanded, and 

more of such domain walls appeared in other areas of part B as well, indicating the 

appearance of MC-c/MC-a twin domains. The switching from MC-c3/MC-b1 to MC-c/MC-a 

twin domains in part B should be attributed to the overlap of domains in the thickness 

direction of the sample. As there are bigger volume fraction of MC-c/MC-a twin domains in 

the sample, when the external Vdc is applied, more layers of domains will response, and the 

small volume fraction of MC-c/MC-b twin domains on the sample surface will be affected. 

Meanwhile, the width of the original MC-c3 domains become narrow (Fig. 4(f)), indicating 

that the original upward MC-c3 domains begin to switch from the twin domain walls. When 

Vdc is increased to 5V, the density of domain walls in part B also achieved the maximum. 

When the tip voltage is further increased, the domain evolution in part B shows a similar 

character as that in part A. 

In part C, when Vdc is increased beyond 3V, the polarizations in the upward MC-c domain 

variants start to reverse from the 180° domain walls (Fig. 4(e) and 4(f)), which is different 

from the MC-a/b domains in parts A and B. As Vdc is further increased, the volume fraction of 

upward MC-c domains shrinks gradually while the section of downward MC-c domains 

expands. When Vdc is increased beyond 8V, part C is poled into a single domain state. 

Additionally, as can be seen in Fig. 4(b) and 4(p), after poled by a Vdc of 9V, some wedged 

domains with the center line along the direction -45° to the [100]C axis appeared in parts A 

and B. And it is notable that, as the wedged domain walls moved to the left side of part B, the 

right side of part B changed to the same as part C (Fig. 4(p)), indicating that the appearance 

of such wedged domain walls should be attributed to the expansion of the single domain area 

in part C and the formation of charged domain walls between different downward MC-c 

domain variants in part B and C. 

 

IV. SUMMARY AND CONCLUSIONS 

In summary, the twin domains and the tip-voltage-induced domain switching of MC phase 

in the PMN-0.34PT single crystal was revealed by PFM. Based on the scanned domain 

patterns and the formation rules of domain walls, the specific twin domains have been 



14 
 

clarified for some typical areas, which were C 2M -c /MC-a1 or C 4M -c / C 3M -a  in part A, 

MC-c3/MC-b1 or MC-c1/ C 3M -b  in part B, and the polarization orientation of the MC phase in 

this sample was determined to be 29° from the <001>C directions. The switching process and 

features of MC-a, MC-b and MC-c domains under the step-increased PFM tip voltage Vdc were 

explicitly revealed. It was found that the switching of MC-a/b nucleating throughout the 

volume of the whole domains, the switching of MC-c domains start from domain walls, and 

the switching of MC-a to MC-c domains was observed to be a sudden process. The results of 

this work not only provide an insight into the domain structure of monoclinic MC phase in 

piezoelectric single crystal with MPB, a more clear understanding of domain switching 

process under PFM tip voltage, but also help establish an improved structure model which is 

important for theoretical investigation and computer simulations. 
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Figure captions: 

FIG. 1. (Color online) (a) Spontaneous polarization orientations of MC phase, (b) simulation 

result of (00L) diffraction pattern on H0L plane, (c) X-ray diffractive 2D-RSM around (004) 

Bragg spot on H0L reciprocal plane, the diffraction intensity was indicated by different color 

(low to high: blue, green, yellow, red), (d) synchrotron X-ray diffractive 3D-RSM around 

(006) diffraction spot (Reuse of [Applied Physics Letters 108, 152905 (2016), Fig. 2f], with 

the permission of AIP Publishing), the diffraction intensity was indicated by different color 

(low to high: yellow, pink, purple). (e) Schematic diagram of PFM setup, VPFM phase and 

amplitude images (f) before and (g) after the applying of positive tip voltage 

FIG. 2. (Color on line) Domain pattern in the initial annealed state, (a) VPFM phase image 

and (b) VPFM amplitude image. 

FIG. 3. (Color online) Schematic diagram of (a) uncharged domain wall, (b) possible domain 

variants in part A, (c) possible domain variants in part B. (d) θ -α curves for possible 

MC-c/MC-a twin domains, (e) schematic diagram of domain wall plane between C 2M -c and 

MC-a1 domains, (f) schematic diagram of domain wall orientation between C 2M -c and MC-a1 

domains observed on the (001)C surface, (g) θ -α curves for possible MC-c/MC-b twin 

domains, (h) schematic diagram of domain wall plane between MC-c3 and MC-b1 domains, (f) 

schematic diagram of domain wall orientation between MC-c3 and MC-b1 domains observed 

on the (001)C surface. 

FIG. 4. (Color on line) Domain evolution under step-increased tip voltage 

 


