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Confocal Raman spectroscopy is applied to identify ferroelectric domain structure sensitive

phonon modes in potassium titanyl phosphate. Therefore, polarization-dependent measurements in

various scattering configurations have been performed to characterize the fundamental Raman

spectra of the material. The obtained spectra are discussed qualitatively based on an internal mode

assignment. In the main part of this work, we have characterized z-cut periodically poled potassium

titanyl phosphate in terms of polarity- and structure-sensitive phonon modes. Here, we find vibra-

tions whose intensities are linked to the ferroelectric domain walls. We interpret this in terms of

changes in the polarizability originating from strain induced by domain boundaries and the inner

field distribution. Hence, a direct and 3D visualization of ferroelectric domain structures becomes

possible in potassium titanyl phosphate.VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4940964]

I. INTRODUCTION

Potassium titanyl phosphate (KTP) is a ferroelectric

material typically applied for optical frequency conversion

processes. It has drawn particular attention due to its large

electro-optical and non-linear coefficients.1–4 These proper-

ties are accompanied with a wide optical transparency win-

dow ranging from 0.35 lm to 4.3 lm,5 a relatively small

refractive index,2 a low photo-refraction, and a high damage

threshold compared with other commonly used materials in

nonlinear optics, such as Lithium Niobate (LN).4 Moreover,

KTP presents a prototype for a large material family with

comparable properties.3,5 The combination of these proper-

ties makes KTP an ideal material for integrated nonlinear

optics. A key requirement for achieving high conversion effi-

ciencies in any nonlinear process is phase-matching between

signal/idler and pump beams. Here, ferroelectric materials

offer the possibility to employ the so-called quasi-phase-

matching technique by periodic inversion of ferroelectric

domains, which enables phase matching over a wide spectral

range. A precondition for achieving high conversion efficien-

cies is high grade domain structures. In this context, a

detailed characterization of the underlying formation mecha-

nism is essential for fabrication process optimization.

Several methods for the characterization of ferroelectric do-

main structures are known. One of the widest employed tech-

niques is selective chemical etching. This technique makes

use of the fact that the etching rate on the surface of ferro-

electrics is sensitive to the ferroelectric domain orienta-

tion,6–8 which recently was explained in terms of different

chemisorption energies on surfaces depending on the domain

orientation.9 The obtained pattern then is observed by optical

microscopy, electron microscopy, or scanning probe micros-

copy techniques.10,11 In KTP, only z-faces can be etched,12

whereas in the common nonlinear materials LN and lithium

tantalate (LT) domains on z- and y-faces can be visualized

by selective etching.13 Another standard method is Piezo-

response Force Microscopy (PFM), a derivative of atomic

force microscopy, which is directly sensitive to domain walls

(DWs) and domain orientation. This method offers a high

spatial resolution and is non-invasive.11,14 However, selec-

tive etching and PFM offer only information about the

surface appearance of domains, whereas this can differ from

the domain structure in depth.12 Interior views of domain

structures with both methods can only be obtained with high

effort and at the cost of the non-invasive character.

On the contrary, optical methods offer the possibility

for non-invasive three-dimensional imaging of ferroelectric

domains inside crystals. Here, numerous properties and

physical effects have been exploited in the past for in-situ

and ex-situ visualization of ferroelectric domains, e.g., obser-

vation of phase shifts induced by the electro-optic effect in

anti-parallel oriented domains,15 surface second harmonic

(SH) generation,8 �Cerenkov type SH generation,16,17 or uti-

lizing group velocity mismatch of femto-second type II SHG

pulses.18 In particular, confocal optical microscopy techni-

ques offer 3D spatial resolution in the sub-micron regime

and can be enhanced with contrast mechanisms sensitive to

ferroelectric domain structures. Confocal optical microscopy

does not require further treatment of samples and is non-

invasive. Here, we can distinguish two main mechanisms,

which are typically applied for the visualization of ferroelec-

tric domains. One is SH microscopy, which makes use of

the fact that the SH generation efficiency is sensitive to the

crystal structure, which is perturbed in the vicinity of domain

walls. Hence, detecting the spatially resolved SH intensity

allows for direct visualization of domains.19–22 The second

mechanism is Raman scattering, which is commonly used in

the field of solid state systems. Here, the inelastic scattering

gives access to numerous material properties.23,24 In the uni-

axial ferroelectric materials LN and LT, it has been found

that the intensity of certain phonon modes is connected toa)Electronic mail: michael.ruesing@upb.de
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the ferroelectric domain structure. Here, a spatial mapping of

these intensities allows for 3D visualization of both, domains

and domain walls.10,11,25–27 Likewise, in the multi-axial

material, barium titanate polarized confocal Raman spectros-

copy has been successfully applied for a detailed three-

dimensional analysis of domains and domain orientation.28–30

SH microscopy as well as Raman spectroscopy enable a

noninvasive analysis of domain structures. However, SH mi-

croscopy provides only limited further information on crystal

structure or stoichiometric composition. On the contrary,

Raman spectroscopy provides a deeper insight on the proper-

ties of ferroelectric crystals, e.g., electro-optic31 and dielec-

tric properties32,33 or defects and stoichiometry.34,35

In this paper, we apply confocal Raman spectroscopy

to periodically poled KTP (PPKTP) in z-cut geometry to

study and identify phonon modes sensitive to ferroelectric

domains. Previously in KTP, it has been shown that SH mi-

croscopy can be applied for the visualization of ferroelectric

domain structure. To our knowledge, it is yet to be shown

that Raman modes can be used to visualize ferroelectric

domains in KTP. For an interpretation of the behavior of

phonon modes, which are sensitive to the domain structure,

it is necessary to characterize the vibrational modes in a sin-

gle domain bulk crystal. Usually, for confocal Raman imag-

ing, a back scattering geometry is applied. Therefore, the

first part of this work deals with the characterization of the

occurring phonon modes obtained in all typical scattering

configurations in the confocal setup in back-scattering geom-

etry. In the second part, it is shown that ferroelectric domain

structures can indeed be visualized by means of Raman

imaging in KTP.

II. EXPERIMENTAL DETAILS

KTP is a member of a large material family with the for-

mulaMTiOXO4, where M can be K, Rb, Tl, NH4, or Cs and X

can be P, As, Si, or Ge.3,36 At room temperature, most mem-

bers of the KTP family belong to the non-centrosymmetric

point group mm2 (C2v). Therefore, they show the pyroelectric

and piezo-electric effect. The crystal structure can be approxi-

mated by chains of TiO6 octahedrons, which are linked at two

corners and are separated by PO4 tetrahedrons.4 The potas-

sium ion Kþ can be found at two different sites in between

the web of octahedral and tetrahedral structures, coordinated

by eight or nine oxygen atoms, respectively. A sketch of this

structure in a x-z plane is shown in Fig. 1. The Kþ ions are

only weakly bound to their sites and can easily migrate in

channels along the z-axis as indicated by the dashed line. This

explains the observed large ionic conductivity of the material

in z-direction.3

The origin of the ferroelectricity is still part of an

ongoing debate. The two main contributors to the polariza-

tion field, which are discussed, are alternating short and long

Ti-O bonds3 and the displacement of potassium ions to alter-

native sites below the ferroelectric Curie temperature.36,37 In

detail, four medium length Ti-O bonds in the range of 1.95

to 2.07 Å are reported. Along the z-axis, one short length

bond of about 1.72–1.74 Å and a long bond of about

2.0–2.1 Å are observed.3

The orthorhombic unit cell contains eight formula units

resulting in up to 189 optical phonon modes! According to

group theory, the vibrations can be further subdivided into

different symmetry groups38

Cvib ¼ 47A1ðzÞ þ 48A2 þ 47B1ðxÞ þ 47B2ðyÞ: (1)

Here, the letter in brackets indicates the corresponding

polarization of the phonons in crystal coordinates for the re-

spective branch. All symmetry species are Raman active and

nearly all are infrared (IR) active with the exception of

A2 modes. Hence, A2-phonons are non-polar and will not

show a splitting of longitudinal optical (LO) and transverse

optical (TO) modes at the Brillouin zone center. The Raman

tensors for the orthorhombic point group C2v are
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The scattering geometries in this experiment are given

in Porto’s notation kiðei; esÞks, where the vector ki;s denotes

the direction of the incident and scattered light in crystal

coordinates, while ei;s references the polarization of the light.

In a given scattering geometry, the observed intensity I can

be calculated with the Raman tensor RðxnÞ and is given by

I / jesRðxnÞeij
2: (3)

This study was performed on a confocal optical setup in

back scattering geometry. The light of a frequency doubled

Nd:YAG laser (k¼ 532 nm, maximum output power of 50

mW) was focused via a long working distance objective lens

onto the sample (Mitutoyo Plan Apo SL, 100�, NA¼ 0.55).

In this study, a 10lm pinhole was used for confocal arrange-

ment. For the confocal Raman imaging measurements, a

scanning process is realized by a piezo-driven 3D-positioning

FIG. 1. Sketch (not true to scale) of the crystal structure in a x-z-plane

viewed from the y-direction. The crystal is built up by chains of TiO6 octa-
hedrons (blue) proceeding along the z-axis. The octahedrons are linked at

two corners and are separated by PO4 tetrahedrons (green). The K
þ ion (red)

is only weakly bound to its sites and can easily be moved in channels along
the z-axis (dashed line). The dotted rectangular shows an area containing

eight formula units and gives an estimate for the size of the unit cell.
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unit (Piezosystem Jena, Tritor) with respect to a fixed laser

focus. The spectral analysis was performed via a single stage

spectrometer with holographic grating and appropriate notch

filter (KOSI Holospec f/1.8i) with an attached CCD camera

(Andor Newton, BI) and a spectral resolution of about

2.3 cm�1. Further details about the setup can be found in the

previous publications.27,39

In this work, three-dimensionally resolved confocal mi-

croscopy is performed in KTP, which is a highly biaxial bire-

fringent material. Previous experimental and theoretical work

on focused beams in an anisotropic medium has shown that

the behavior of the focus inside the material can heavily devi-

ate from the behavior in an isotropic medium, especially when

focusing several millimeters below the surface of the aniso-

tropic medium.40–42 In this work, we are mainly interested in a

surface-near region of typically <30lm, which, for example,

is a typical diffusion depth of Rb-diffused waveguides.

Therefore, we neglect any anisotropy effects for further discus-

sion of the optical resolution. Due to the experimental geome-

try in this work, our incident and scattered light will be

polarized along the x- and y-axes of the crystal. Hence, we

assume a homogeneous medium with nx � ny � 1:78 for the

refractive index at our laser wavelength.2 The optical resolu-

tion can be characterized by the FWHM of the point spread

function (PSF) of the objective lens. Here, the PSF is calcu-

lated via the software package PSF lab,43 which can simulate

a focused beam in a homogeneous refractive medium. In vac-

uum (n¼ 1), our optical system provides a spatial resolution

(FWHM of the PSF) of <2.9lm in depth and <530 nm in lat-

eral directions. When focused into a refractive medium, the

PSF will be distorted due to refraction at the interface. In about

30lm, this leads to a decreased axial resolution of <5.4lm,

while lateral resolution is nearly unaffected (<500 nm).

The samples have been fabricated in the in-house tech-

nology in Paderborn. Commercially available flux-grown

KTP wafers (Raicol Crystals Ltd.) are cut to dimensions of

10� 6� 1mm3 (x-y-z directions) and afterwards polished

in order to obtain high surface quality. The PPKTP sample

was fabricated with a contact electrode technique.44 A peri-

odic metal grating is deposited on a glass substrate (period

length of K ¼ 16:7 lm with a duty cycle D ¼ 10=6:7, 10 lm
electrode, and 6.7 lm gaps) and is pressed on the –z-side of

the KTP sample to act as a front electrode. The back-

electrode is a planar gold-palladium layer directly deposited

on the KTP sample. The domain inversion, which is operated

at room temperature, is performed by applying several pulses

of 2.5 kV generated with a high voltage pulse generator

(Trek 20/20c). The progress is monitored via an optical

method based on the transverse electro-optic effect to verify

the successful poling.45 The transferred domain structure is

aligned parallel to the y-direction in crystal coordinates as

shown in the inset in Fig. 3. The sample has not been chemi-

cally etched to ensure a clear 3D microscopic image.

III. RESULTS

A. Fundamental spectra

Based on Equation (3), the observed symmetry species

and corresponding tensor elements have been calculated for

the complete set of back-scattering geometries, which is

summarized in Table I. Due to back-scattering, only phonons

propagating along main crystal axes will be excited. As the

direction of lattice displacements for each symmetry species

is given, we are further able to distinguish LO and TO

modes. Here, TO modes can be observed for all symmetry

species, while LO modes can only be detected for A1 sym-

metry. Spectra have been recorded in a wavenumber range

from 120 cm�1 to 1200 cm�1. The lower limit is given by the

transmission bandwidth of the notch filter. For a qualitative

comparison, the spectra have been normalized to maximum

after subtracting the dark count level (Fig. 2). As expected

from group theory, a large number (>40) of phonons can

be identified in every scattering geometry. Here, each sym-

metry species shows a characteristic spectral structure.

Characteristic features of the A1-TO spectra are three high

intensity bands46–48 at 209 cm�1, 267 cm�1, and 691 cm�1,

for example, while a characteristic signature of the A1-LO

spectrum is an intense feature at 760 cm�1. Apart from the

characteristic features, the general shape of the spectra shows

similarities in all symmetry species. The low wavenumber

range <200 cm�1 only shows low intensity peaks. From

200 cm�1 to 350 cm�1, each spectrum is dominated by a

group of two to four medium to high intensity peaks, which

carry a great portion of the overall scattered intensity. The

350 cm�1 to 690 cm�1 range is comprised a large number of

low to medium intensity peaks. The most dominating feature

for the Raman spectrum of KTP is one high intensity peak in

the 690 cm�1 to 800 cm�1 range, which is the characteristic

for the respective symmetry species. Further, a group of

some low intensity peaks in the high wavenumber range

(950 cm�1 to 1200 cm�1) are a typical feature of the Raman

spectrum of KTP.

All fundamental spectra have been recorded under the

same conditions, which allows for a comparison of observed

intensities in different spectra. Based on the integrated inten-

sity over a complete spectrum, the tensor element squares

haven been estimated. For comparison, all integrated inten-

sities have been normalized with respect to the spectrum

with the lowest intensity, which belongs to the A2 symmetry

(d2 element). The data is summarized in Table I and are in

good agreement with the previous observations.38 The

TABLE I. Raman selection rules for the complete set of back-scattering

geometries given in Porto’s notation and observed tensor elements calcu-

lated based on Equation (3). The last column gives a relative estimate for the

tensor element squares deduced from the experiment. The observed inten-

sities are normalized to d2-element from A2-symmetry.

Symmetry

species

Scattering

geometry

Tensor

elements

Norm. intensity

(experiment)

A1-LO z(x,x)�z a2 1.8

A1-LO z(y,y)�z b2 9.0

A1-TO y(x,x)�y a2 4.2

A1-TO x(y,y)�x b2 11.2

A1-TO x(z,z)�x c2 26.3

A2 z(x,y)�z d2 1.0

B1-TO y(x,z)�x e2 1.9

B2-TO x(y,z)�x f2 10.2
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excitation and detection via an objective lens with a numeri-

cal aperture of NA¼ 0.55 might lead to leakage effects

due to a k-vector distribution in the focus.49,50 In particular,

this effect may be partly responsible for some features in the

A1-LO spectra, which are discussed in more detail below,

such as peaks at 625 cm�1 or 693 cm�1, which are close to

the spectral position of very intense peaks in the A1-TO and

B2-TO spectra.

B. Spectroscopic analysis of ferroelectric domains

From Raman studies in periodically poled LN and LT, it

is known that the integrated intensities J of certain Raman

bands are modified by the presence of DWs.10,11,25,27,51 For

identifying phonon modes, which are sensitive to the domain

structure, polarized Raman spectra in z(y,y)�z, z(x,x)�z

(A1-LO), and z(y,x)�z (A2) scattering geometries are recorded

every 200 nm along a 65 lm line parallel to the x-axis. The

measurement geometry and principle are shown in the inset

in Fig. 3. Based on the identified peaks in the fundamental

Raman spectra from Sec. III A, the integrated intensities J in

the FWHM range are evaluated for each phonon. The

obtained values are recorded with respect to their spatial

coordinates and are analyzed for any periodic signal varia-

tions connected to the fabricated domain structure parame-

ters. Here, we find a clear signature of the domain structure

in the integrated intensities for numerous A1-LO phonons, as

depicted in Fig. 3, while most phonons, as well as the

Rayleigh scattered light (0 cm�1 Raman shift), do not show

any correlation to the domain period, which rules out any

surface structure to be responsible for the signal. The

observed signal variation appears to be solely connected to

the DWs. So far, we could not detect any polarity contrast

between domains of different signs, which has been observed

in LN or LT.10,27 No major differences are found in the

behavior of A1-LO phonons excited in z(y,y)�z and z(x,x)�z

geometries. For A2 phonons, no significant behavior con-

nected to the domain is observed. Therefore, further analysis

was limited to the z(y,y)�z geometry. The observed period

length of K ¼ ð16:760:3Þ lm agrees well with the fabrica-

tion parameter of the contact electrode. But the inverted

ferroelectric domains show a significant broadening com-

pared with the size of the contact electrodes (10 lm of the

contact electrode vs. 12 lm observed domain width in the

samples). These observations agree well with the previous

studies on the fabrication of periodically poled structures by

contact poling in KTP, where a similar domain broadening

was observed. This behavior was explained in terms of less

nucleation sites compared to electrodes fabricated by photo-

lithography techniques and less insulation of the air gaps in

the contact electrodes.44

For further analysis, two as-measured spectra taken on a

DW [Fig. 4(a)] and in bulk are compared [Fig. 4(b)]. For

clarity, the difference spectrum is included [Fig. 4(c)].

Overall, the spectra taken on a DW and in bulk are very simi-

lar. The main difference is found in the intensities of some

peaks, which either increase or decrease at DWs, which is

seen in the difference spectrum, while most phonon signatures

appear unaffected. In the DW spectrum, no additional peaks

are observed. A shift in the order of Dx ¼ 1 cm�1 of the

intense feature at 760 cm�1 can only be resolved after fitting

with a Lorentzian. This is visible in the asymmetry in the dif-

ference spectrum at 760 cm�1 (Fig. 4(c)), which reveals a shift

FIG. 2. Fundamental Raman spectra of KTP measured in the complete set of

back-scattering geometries. On the left hand side, the spectra are labeled
with the scattering geometry and on the right hand side the respective scat-

tering geometry is given in Porto’s notation (see Sec. II). For a qualitative

comparison, the spectra are normalized (see text).

FIG. 3. Spatial variations of the integrated intensity J of selected Raman
lines labeled by their peak frequency in z(y,y)�z. The sample geometry and

scanning direction are shown in the inset. Signatures of domain walls are

visible in the integrated intensity of several Raman lines, while the Rayleigh
scattered light (0 cm�1) shows no signature.
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to slightly lower frequencies in the DW spectrum. Further

shifts are not observable but might be masked by spectral re-

solution. In LN and LT, for example, the reported differences

in peak positions between bulk and DW Raman spectra are

smaller than <1 cm�1 and have also been reported to recover

to its bulk value after a period of time.10,25,26

Best candidates for the visualization of domain structures

are summarized in Table II. The table includes an estimation

of the observed contrast defined as the relative enhancement

of the integrated intensities between bulk and DW counts

(c ¼ JDW=Jbulk � 1). Especially, the high intensity feature at

760 cm�1 and a small neighboring peak at 693 cm�1 allow

for high-contrast imaging. Based on line scans in different

depths starting at the surface, we do not find any change in

the observed contrast behavior for the checked phonons,

which hints at the absence of surface related effects.

C. Visualization of domains

Based on the described method, 2D images are obtained.

Also, larger areas can be analyzed in a reasonable time. A

65 lm (x) � 20 lm (y) area was scanned with steps of

200 nm � 400 nm, respectively, and an integration time of 3

s per pixel. The resulting high contrast images based on

the intensity of different phonons are displayed in Figs.

5(c)–5(f). For comparison, again the image based on the in-

tensity of the Rayleigh scattered light [Fig. 5(a)] and a pho-

non with no correlation [Fig. 5(b)] are included. The images

contain four poling periods and show y-aligned domains. At

about x¼ 15 lm and x¼ 30 lm, some residual domains are

visible, which have not been inverted during poling. Here,

the inversion may have been prohibited locally due to defects

enhancing the coercive field. Fig. 6 shows a cross section of

a domain structure along an xz-plane visualized with the

integrated intensity of the 693 cm�1 mode. The image was

obtained by taking line scans in different depths below

the crystal surface. It should be noted that the measuring

depth is corrected for focal shift due to refraction43,52 in a

Gaussian beam formalism.53,54 The measurement shows that

images of domain structures can easily be obtained for depth

up to 30 lm, which is, for example, sufficient to analyze

ion-exchanged optical waveguides. Overall, images of do-

main structures can unambiguously and non-invasively be

obtained with 3D Raman imaging and show the strength of

this method.

IV. DISCUSSION

A. Fundamental spectra

Overall, the measured fundamental spectra agree well

with the data reported in literature.38,46–48 For the interpreta-

tion of the behavior of certain phonon modes with respect to

the domain structure it is helpful, if certain crystal structures

can be assigned to certain spectral features. Due to the large

number of phonons, no assignment of phonons to certain

atom displacements patterns is available. A first approach to

this issue is provided by an internal mode assignment. The

main idea is to assign major features in the Raman spectra to

internal modes of substructures of the KTP lattice, namely,

the TiO6 octahedron, the PO4 tetrahedron, and the Kþ ion.

We will only briefly discuss the results of an internal mode

assignment, based on the analysis found in Refs. 38 and 46.

The Kþ ion is only weakly bound to its site, which is the rea-

son for the high ionic conductivity. Hence, only low fre-

quency features are expected. A comparison of the Raman

spectra to other members of the KTP family, e.g., TlTiOPO4

and RbTiOPO4, reveals low intensity peaks mainly located

in the region <350 cm�1 to be related to the Kþ ion.46,55

Further features in the low frequency region might be related

to vibrations of complete substructures with respect to the

lattice due to the low frequency character of such vibrations.

Vibrations of the TiO6 octahedron are found to be responsi-

ble for some of the most intensive features of the Raman

spectrum in KTP. In detail, these are medium to high inten-

sity features arising in the 200 to 350 cm�1 range and the

most dominant peak arising at 690 cm�1 to 760 cm�1 in vari-

ous geometries. Further, some low intensity features at

600–690 cm�1 and 830–840 cm�1 are expected to be related

to internal modes of the TiO6. The PO4 tetrahedron is nearly

symmetric with average P-O bond length of 1.54 Å in the

FIG. 4. Comparison of two as-measured Raman spectra taken on a DW (a)
and in bulk (b). For clarity, the spectra are separated by an arbitrary offset

and a difference spectrum is included (c).

TABLE II. Contrast of selected A1-LO phonons in z(y,y)�z geometry. The

associated crystal component is given according to Refs. 38 and 46. The line

at 625 cm�1 could not unambiguously be assigned.

Wavenumber in cm�1 Contrast ca (%) Related crystal building block

150 5 Kþ

200 6 TiO6

258 13 Kþ

273 13 Kþ

485 �5 PO4

625 13 TiO6?

693 29 TiO6

760 �7 TiO6

a(c ¼ JDW=Jbulk � 1).
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KTP crystal.56 According to Herzberg,57 the four fundamen-

tal modes of a free PO4 tetrahedron are expected to arise at

363 cm�1, 515 cm�1, 980 cm�1, and 1082 cm�1. This is in

agreement with the observations in the Raman spectrum of

KTiOAsO4, where main differences compared with KTP can

be spotted in the 350–550 cm�1 regions and >900 cm�1,

while other spectral features are much less affected.38,47

B. Visualization and analysis of domain structures

The realized visualization of domain structures by

Raman spectroscopy in KTP is observed to be very similar

to the behavior previously reported in the materials LN and

LT, where either the scattering efficiency of certain phonons

is enhanced or decreased at DWs and phonon frequency

shifts play only a minor role.10,11,25,27,51 Theory predicts a

width of 180� ferroelectric DWs in the order of only a few

unit cells for various ferroelectric materials,58–60 which have

also been observed with high resolution TEM.61–63 While in

this work, a typical DW FWHM of Dx � 1:5 lm is measured

via confocal Raman microscopy as shown in Fig. 3. This is a

typical length scale observed by the same method in LN and

LT as well.10,51 The observed FWHM of the DW signature

is independent of the used phonon. Whereby, the DW signa-

tures appear significantly larger than the lateral resolution of

the microscope, but also much larger than typical widths

reported with PFM, where DWs in KTP appear to be Dx �
20� 80 nm wide.14 This is similar in LN and LT, where dif-

ferent techniques result in various values for the DW

width.14,25,64,65 This behavior can be explained by the differ-

ent contrast mechanisms of the respective techniques, which

are sensitive for different physical properties. In particular,

studies in LN with synchrotron X-rays have shown strain

fields in LN, which can extend up to 50 lm around DW.66,67

This strain is also suggested to be responsible for the contrast

mechanism enabling the visualization of DWs by Raman

spectroscopy. A theoretical model suggests that this strain

leads to a change in polarizability via elasto-optic and

electro-optic couplings, and hence leading to an intensity

variation observed for certain phonon modes.68 Further, the

DW acts as an extended defect relaxing selection rules and

thus leading to different scattering efficiencies.58

A closer inspection of the phonon modes, which are

sensitive to DWs, reveals that the phonons, which are most

sensitive for DWs, are either related to Kþ ion displacements

or internal modes of the TiO6 octahedron (Table II). Both

structures contribute to the inner polarization,3,36,37 which

explains the sensitivity of these modes to changes in the

inner polarization in the vicinity of DWs. The PO4 tetrahe-

dron is nearly symmetric and does not contribute

FIG. 5. High contrast 2D Raman
images of domain structures. Some

phonons offer positive contrast ((c)
and (d)), other negative contrast ((e)

and (f)). Picture (a) is an image gener-
ated based on the not shifted Rayleigh

scattered light, while (b) is an example

for an imaged based on a phonon with
no significant connection to the do-

main structure.

FIG. 6. Cross section of a domain structure along an xz-plane visualized

based on the 693 cm�1 line. It should be noted that a periodic signal can also
be detected for z> 0 due to limitations of optical resolution.
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significantly to the polarization field. Therefore, the PO4

vibrations show no strong connection to changes in the do-

main structures as observed in the spectra, as, for example,

seen from the mode at 368 cm�1 or in the >900 cm�1 region.

This picture may also present a reason, why A2 phonons are

not sensitive to DWs. The A2 branch is Raman active, but

not IR active, which means that the displacement patterns of

A2 phonons are of non-polar character. Therefore, these

modes do not couple to the inner polarization field. In LN

and LT, a polarity contrast between as-grown and as-poled

domains was observed, which vanishes after annealing.10,27

Here, also differences in transitions from z to �z and �z to z

domains have been reported,10,68 which have been explained

by the presence of residual surface charges after poling in

LN and LT. These are unlikely in KTP due to the high ionic

conductivity. Any charges would be quickly compensated by

Kþ ions. This might explain, why no polarity contrast or

depth dependence has been observed in KTP in this study so

far.

V. CONCLUSION

Confocal Raman spectroscopy has been applied to study

the vibrational properties of both, bulk and z-cut PPKTP. In

this context, specific phonon modes are found to be sensitive

for domain walls, which allows for high-contrast images of

domain structures in KTP. The imaging procedure is found

to be similar to other ferroelectrics and is explained by strain

fields around domain walls, which modify the Raman scat-

tering efficiency through electro-optic and elasto-optic cou-

plings. Depth resolved analysis reveals no depth dependent

behavior in KTP, which is in contrast to the observations in

LN and LT. This is possibly due to the absence of surface

charges in KTP due to the high ionic conductivity. The

Raman bands, which show the strongest modification at

DWs, are most likely either related to the Kþ ion or the TiO6

tetrahedron, which both have been reported to have a strong

connection to the ferroelectric polarization field. Hence,

these modes show a strong coupling to strain and modifica-

tion of electric fields in the vicinity of DWs. In the future, a

more detailed understanding of the underlying mechanisms

may be possible based on ab-initio calculations of Raman

scattering efficiencies.69 So far, we have applied our method

only to z-cut domain structures. The Raman analysis can eas-

ily be extended to study x- and y-face domain structures,

which cannot be visualized by selective etching in KTP.12

Here, Raman imaging can be employed for a three-

dimensional, noninvasive analysis of ferroelectric domain

structures in KTP.
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