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Focused ion beam sample preparation for transmission electron microscopy (TEM) can induce

relaxation mechanisms in epitaxial thin films. Here, we describe a relaxation mechanism that can

occur in materials having a tetragonal structure. We investigated the lattice structure of a 600 nm

thick 0:4½PbðMg1=3Nb2=3ÞO3� � 0:6½PbTiO3� layer grown by epitaxy on (110) GdScO3 substrate

using geometrical phase analysis applied to high resolution TEM images. The lattice mismatch at

the interface is expected to favor the formation of c-domains. However, it was measured that the

out-of-plane lattice parameter can decrease abruptly along the growth direction and the transition

depends on the thickness of the TEM lamella. Different observations indicate that the crystal

flipped by 90� following the preparation of the sample, so that the c-axis is oriented in the thinning

direction. Such a mechanism can easily lead to misinterpretations and might happen in other

materials with a similar structure. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4975114]

I. INTRODUCTION

Different sample preparation methods exist for transmis-

sion electron microscopy (TEM), such as focused ion beam

(FIB),1 mechanical polishing,2 or small angle cleavage.3 Each

technique has its own advantages and disadvantages. FIB is

particularly convenient as it provides site specificity, con-

sumes very small amounts of material, and can be automated.

On the other hand, the ion beam can create damaged (amorph-

ized) layers on the sides of the lamella which thickness

depends on the beam energy and the angle of incidence.4,5

A problem that is common to all preparation techniques

is the elastic relaxation occurring at the free surfaces of the

thin foil, in particular, in epitaxial samples.6,7 It induces a

bending of the lattice planes, which is responsible for strong

diffraction contrast in bright-field or dark-field images,8

splitting of the high order Laue zone (HOLZ) lines in con-

vergent beam electron diffraction (CBED),9,10 and also

affect the contrast in high resolution images (HRTEM).11

Here, we report a relaxation mechanism observed after

FIB preparation of an epitaxial layer of a tetragonal perov-

skite. It consists in a reorientation of the lattice structure,

which allows the c-axis to flip from the growth direction

to the thinning direction. The investigation was carried out

on a 0:4½PbðMg1=3Nb2=3ÞO3� � 0:6½PbTiO3� (PMN-PT) layer

using HRTEM and geometrical phase analysis (GPA).12

PMN-PT materials are used in different types of piezo-

electric transducers and actuators because of their very high

electromechanical specifications.13 They can be used to pro-

duce ultrasounds for applications in medical imaging.14

Recently, they have attracted interest in microelectronics for

the construction of a piezoelectronic transistor.15,16 Therefore,

there is a growing need for the characterization of PMN-PT

samples by TEM. However, it has been reported that the

domain structure17 and the composition18 of these samples are

quite sensitive to the preparation conditions.

II. EXPERIMENTAL DETAILS

The sample is a 600 nm thick layer with nominal composi-

tion 0.4PMN–0.6PT epitaxially grown by off-axis radio-fre-

quency magnetron sputtering19 on (110)ortho GdScO3 (GSO)

substrate with a 10 nm thick SrRuO3 bottom electrode.20 In the

relaxed state, at room temperature, 0.4PMN-0.6PT is expected

to be tetragonal with lattice parameters a ¼ b ¼ 0:397 nm and

c¼ 0.407 nm.21,22 GdScO3 and SrRuO3 are orthorhombic with

lattice parameters a¼ 0.548 nm, b¼ 0.575 nm, c¼ 0.793 nm

(Ref. 23) and a¼ 0.557 nm, b¼ 0.553 nm, c¼ 0.785 nm,24

respectively.

The sample was prepared as a parallel-sided cross-sec-

tion thin foil using a focused ion beam and scanning electron

microscope (FIB-SEM) FEI Helios platform. The sample

was covered with electron beam deposited platinum

(’300 nm thick) and then ion beam deposited platinum

(’3 lm thick). The final milling was carried out at 8 kV

with a tilt angle of 62� to compensate for the Gaussian

shape of the ion beam. The use of this intermediate FIB oper-

ating voltage provides a compromise between reducing the

surface damage and controlling the shape of the lamella

(minimizing thickness variations), which is preferred for

strain mapping over large areas.

HRTEM was carried out using two transmission electron

microscopes. A Hitachi HF-3300 (I2TEM-Toulouse) equipped

with a cold-field emission gun operated at 300 kV, an image

corrector (CEOS B-COR for correcting off-axial aberra-

tions), and a 4 k� 4 k CCD camera (USC4000 Gatan) were

used to acquire HRTEM images with a large field of viewa)thibaud.denneulin@cemes.fr
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(�600 nm). A FEI Tecnai F20 (SACTEM-Toulouse)

equipped with a Schottky field emission gun operated at

200 kV, an image corrector, and a 2 k� 2 k CCD camera

were used to acquire complementary images.

The images were processed using the GPA 4.6 software

(HREM Research, Inc.), a plug-in for Digital Micrograph

(Gatan). Phase images were reconstructed using a half-

cosine mask in Fourier space and were corrected for distor-

tions introduced by the projector lens system and the cam-

era.25 Deformation maps were obtained by taking the

gradient of the phase image in the direction of the reciprocal

lattice vector. The ezz out-of-plane and exx in-plane deforma-

tion maps were calculated with the (001) and (100) PMN-PT

reflections, respectively. If the GdScO3 substrate is within

the field of view, the corresponding (110)ortho and (002)ortho

reflections, respectively, were included in the mask.

III. RESULTS

Fig. 1(a) shows a SEM image of the sample prepared by

FIB with parallel sides and two different lamella thicknesses.

The thicknesses were estimated to be 80 nm and 140 nm

(620 nm) from the top view image in Fig. 1(b). Figs. 1(c)

and 1(d) show TEM images of the thin and thick parts of the

lamella (observed along the ½1�10� orthorhombic axis of the

GSO) which contain distinct features.

In the thin part (Fig. 1(c)), the PMN-PT layer can be

separated into three different regions along the growth direc-

tion. The middle region (transition area) contains horizontal

lines, which are reminiscent of the contrast of stacking faults

or moir�e patterns. The top and bottom regions are quite simi-

lar and show variations in contrast typical of local defects,

bending of the crystal or 180� domains. The top region will

be called the FIB-induced area and this will be explained fur-

ther with the deformation measurements.

The thick part of the lamella (Fig. 1(d)) contains needle-

shaped a-domains (or 90� domains) where the c parameter is

in-plane. The a/c domain walls are inclined by 45� relatively

to the bottom interface, following the (101) and (�101) lat-

tice planes. The formation of a-domains is a relaxation

mechanism frequently observed in tetragonal perovskite thin

films such as PbZrxTi1�xO3 (with x< 0.5),26,27 which allows

the modulation of the average in-plane parameter. However,

the domain walls appear more diffuse and the inclination

changes with respect to the {101} planes in a small region

(�60 nm thick) just below the surface. This region is indi-

cated again as a FIB-induced area.

Fig. 2(a) shows an HRTEM image acquired in the thin

part of the lamella with a large field view (�600 nm, acquired

with the I2TEM microscope). The sample was oriented

slightly away from the zone-axis, along the (001) systematic

row of the PMN-PT in order to increase the signal of the hori-

zontal lattice planes. Fig. 2(b) is the ezz out-of-plane deforma-

tion map obtained by GPA. The deformation is defined

relatively to the GSO substrate (e ¼ ðdPMN–PT � dGSOÞ=dGSO

with d being the interplanar distance). Figs. 2(c) and 2(d)

show a HRTEM image with the sample tilted along the (100)

systematic row of the PMN-PT and the corresponding exx in-

plane deformation map. Finally, Fig. 2(e) shows profiles

extracted from the maps along the growth direction according

to the dotted boxes.

In the first 250 nm above the interface, the ezz deforma-

tion is high (4:0%60:3%) and exx is low (0:6%60:3%),

which indicates that the c axis is oriented in the growth

direction (c-domain). In the transition area, between 250 nm

and 450 nm, ezz decreases rapidly (down to �0:4%), while

exx stays constant. Beyond 450 nm, in the FIB-induced area,

both ezz and exx remain small.

From the lattice parameters given in Section II, the two mis-

fits between the PMN-PT and the GSO substrate are expected

to be ðcPMN–PT � d
ð110Þ
GSO Þ=d

ð110Þ
GSO ¼ 2:6% for the c parameter of

the PMN-PT and ðaPMN–PT � d
ð002Þ
GSO Þ=d

ð002Þ
GSO ¼ 0:1% for the a

parameter, with d
ð110Þ
GSO and d

ð002Þ
GSO being the (110) and (002)

orthorhombic distances of the GSO. The measured deformations

are therefore larger than expected, which suggests a higher con-

tent in PbTiO3 than the nominal composition.

FIG. 1. (a), (b) SEM images of a FIB prepared lamella with a 600 nm thick

layer of 0:4½PbðMg1=3Nb2=3ÞO3� � 0:6½PbTiO3� (0.4PMN-0.6PT) grown by

epitaxy on (110) GdScO3 substrate: (a) side-view and (b) top-view. The

thickness of the lamella was estimated to be 80 nm and 140 nm (620 nm)

from the top-view image, in the thin and thick parts, respectively. (c), (d)

TEM images of the (c) thin part and (d) thick part of the lamella showing

distinct features. The thin part contains horizontal lines in the mid region.

The thick part contains inclined needle-shaped a-domains (or 90� domains).
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Figs. 3(a)–3(d) show the same set of images as in Fig. 2

but, in the thick part of the lamella, near the surface of the

film. Fig. 3(e) shows four deformation profiles extracted

from the maps according to the numbered dotted boxes.

Here, the deformation is defined relatively to the c-domains

of the PMN-PT (the deformation is set to zero in the c-

domains) because the substrate is not within the field of

view.

The images contain two a-domains which are character-

ized by a decrease of ezz and an increase of exx by about 3%

(see profiles (1) and (3)). This is slightly larger than the varia-

tion calculated from the expected parameters: ðcPMN–PT

�aPMN–PTÞ=cPMN–PT ¼ 2:5%. In the FIB-induced area, ezz is

constant and is the same as in the a-domains: �3:0%60:5%

(see profile (2)). exx in the FIB-induced area is similar to the

genuine area: 0.0% in the region located above the c-domains

and þ3:0%60:5% above the a-domain (see profile (4)).

However, the deformation at the domain walls is more diffuse

and the domain walls are more vertical, i.e., along the [001]

direction.

Therefore, the measurements allow us to create a repre-

sentation of the domain structure shown in Fig. 3(f). In the

genuine area, the c parameter is always in the observation

plane: vertical in the c-domains and horizontal in the

a-domains. In the FIB-induced area, the c parameter is

measured only in the region located above the a-domains

and is still horizontal. Above the c-domains, the a parameter

is in both directions of the observation plane, vertical and

horizontal.

IV. DISCUSSION

We have observed that the PMN-PT layer contains an

area located near the surface, which is characterized by a

decrease in the out-of-plane deformation. Our hypothesis,

represented in Fig. 4, is that this area is induced by the prepa-

ration and corresponds to a flip of the crystal by 90� around

the horizontal axis, which allows the c parameter to be in the

thinning direction, i.e., perpendicular to the observation

plane.

This hypothesis is supported by several observations.

First, the size of this area depends on the thickness of the

lamella (the size increases when the thickness of the lamella

decreases) which indicates that this mechanism is related to

the thinning procedure. Second, the horizontal lines in the

thin part of the lamella and the deformation measurements

indicate a structural variation in the vertical direction only.

Third, the 2D deformation field measured in the thick part of

the lamella changes in the c-domains but stays the same in

the a-domains. In the c-domains, the unit cell rotates around

FIG. 2. (a) HRTEM image acquired in the thin part of the lamella. The sample was oriented along the (001) systematic row of the PMN-PT. (b) ezz out-of-plane

deformation map obtained by geometrical phase analysis. The spatial resolution defined by the size of the mask used in Fourier space is 6 nm. ezz is high

(4:0%60:3%) in the bottom region of the film and decreases strongly in the middle region (transition area). (c) HRTEM image of the same region acquired

with the sample oriented along the (100) systematic row. (d) exx in-plane deformation map. exx remains low (0:6%60:3%) over the whole image. (e) Average

deformation profiles extracted from the maps (b) and (d) along the growth direction according to the dotted boxes.
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the a-axis, which is in the observation plane. The c parame-

ter is then flipped along the electron beam direction, and the

a parameter is present in both directions of the observation

plane. In the a-domains, the unit cell flips around the c-axis

which leads to a result equivalent to the initial state in the

case of a tetragonal structure (a¼ b, see Fig. 4). Fourth, the

a/c domain walls are not abrupt in the FIB-induced area

because they are no more perpendicular to the observation

direction but inclined by 45�. The projection of the informa-

tion over the thickness of the lamella leads to a diffuse repre-

sentation of the domain walls.

The reasons for the occurrence of this relaxation mecha-

nism can be discussed, first, regarding the geometry of the

lamella, and second, the influence of the ion beam.

We observed that this mechanism occurs preferentially

in the top region of the layer, which can be explained in a

similar way to the elastic relaxation in thin foils of epitaxial

samples. Close to the bottom interface, a biaxial strain is

induced by the substrate, which maintains the c-axis in the

vertical direction. Near the surface, the sample is free to

relax and the PMN-PT layer (600 nm thick) being thicker

than the lamella (80 to 150 nm thick), the thin foil geometry

FIG. 3. (a) HRTEM image acquired in the thick part of the lamella near the surface of the layer. The sample was oriented along the (001) systematic row of

the PMN-PT. (b) ezz out-of-plane deformation map obtained by geometrical phase analysis. The deformation was set to zero in the c-domains. The spatial reso-

lution defined by the size of the mask is 3 nm. ezz in the FIB-induced area is constant and is the same as in the a-domains: �3:0%60:5%. (c) HRTEM image

acquired with the sample oriented along the (100) systematic row. (d) exx in-plane deformation map. exx in the FIB-induced area is similar to the genuine area:

0.0% in the region located above the c-domains and þ3:0%60:5% above the a-domain. (e) Average deformation profiles extracted from the maps (b) and (d)

according to the numbered dotted boxes. (f) Representation of the lattice structure in the FIB-induced area and the genuine area. Above the c-domains, in the

FIB-induced area, the a parameter is in both directions of the observation plane, vertical, and horizontal. Above the a-domains, the parameters are the same as

in the genuine area.

FIG. 4. Representation of the lattice structure in the genuine area and the

FIB-induced area. The structure is flipped by 90� in the FIB-induced area so

that the c parameter in the c-domains is oriented along the thinning direction

(e-beam direction). For the a-domains, the c parameter remains in-plane

after rotation but the domain walls are inclined by 45� relatively to the elec-

tron beam direction.
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can favor a structural relaxation in the direction perpendicu-

lar to the free surfaces.

Ion irradiation can lead to different phenomena, such as

amorphization of the surfaces, formation of dislocations, inter-

stitials, vacancies, and the local rise of temperature.5,28 The Pt

capping layer being first deposited by electron beam assis-

tance, we discuss only the possible damages related to the

thinning, i.e., when scanning the ion beam on the sides of the

lamella. In Pb(Zr,Ti)O3, the implantation depth of Ga þ ions

on the sides of the lamella is 5 nm at 16 kV and 2 nm at

5 kV.29 Assuming that 0.4PMN-0.6PT has a behavior similar

to Pb(Zr,Ti)O3 under the ion beam, the thickness of the

implanted layer should be between 5 and 2 nm in our case,

which is relatively small compared to the total thickness of

the lamella. A large part of the lamella remains crystalline,

which is supported by the high resolution images. Moreover,

the deformation in the FIB-induced area is quite uniform. The

crystalline quality is similar to the genuine area and shows no

obvious signs of defects that could be induced by the ion

beam, except in the transition zone between the genuine and

FIB-induced areas where the defects are involved in the

accommodation of the lattice reorientation. On the other hand,

the rise of the temperature under the ion beam could favor the

relaxation. It has been reported that the sample temperature

under the ion milling can increase up to 300 �C depending on

the thermal properties of the material.30 The phase diagram of

0.4PMN-0.6PT shows that the tetragonal-cubic phase transi-

tion occurs at about 300 �C.22 Even if the temperature is

lower, heating could slightly change the lattice parameters

and generate a biaxial strain. The proposed mechanism of

structural reorientation might take place when cooling down,

encouraged by the free surfaces. Alternatively, another source

of stress is related to the amorphous layers. Micro-domains

induced by the ion milling have been reported in 0.7PMN-

0.3PT, and their origins were attributed to the strain at the

interface between the amorphous layers and the crystal.17

More investigations would be necessary to dissociate the

influence of the ion beam conditions and the geometry of the

lamella on the observed relaxation mechanism.

V. CONCLUSION

We have investigated the deformation in a 600 nm thick

tetragonal PMN-PT epitaxial layer prepared by focused ion

beam using geometrical phase analysis of HRTEM images.

We have found that FIB preparation creates an area in the

top part of the film where the out-of-plane deformation

decreases strongly. The size of this area depends on the

thickness of the lamella. The observations indicate that the

structure flipped by 90� so that the c-axis is in the thinning

direction. Therefore, particular care must be taken for the

preparation of this type of material. This relaxation mecha-

nism could be investigated further using other preparation

techniques (mechanical polishing, low energy ion milling)

and phase field simulations31,32 to determine the critical

parameters. For FIB preparation, it can be advised to prepare

lamellae of different thicknesses to facilitate the identifica-

tion of the relaxed areas. In the present case, relaxation was

observed below 140 nm thick. Besides, we have found that

the evaporation of a thick layer of platinum prior insertion in

the FIB helps to prevent the apparition of these areas, where

the crystal is reoriented. Finally, it can be advised to leave

thick regions on both sides and the bottom part of the lamella

to maintain a certain mechanical support.
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