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A homogeneous distribution of ferroelectric nanoinclusions was observed by optical second harmonic gen-
eration in epitaxial films of hexagonal RMnO3 �R=Y,Dy,Ho,Er� grown on ZrO2�Y2O3� substrates. The
inclusions correspond to secondary orientations in the c-axis-oriented films. Their volume density is in the
range of 10−3 and their occurrence is independent of growth technique and film thickness in the range of
20–1000 nm. The inclusions behave as preferentially polarized ferroelectric nanodomains whereas the epitaxial
film is in a ferroelectric single-domain state. In addition, the antiferromagnetic phase exhibits nanodomains of
�100 nm which is three orders of magnitude below the extension of bulk antiferromagnetic domains in
RMnO3. Indications for a polarization-induced magnetic order different from that of the bulk are discussed.
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I. INTRODUCTION

In the search for novel multifunctional devices manipula-
tion of the magnetic properties by an electric field �or vice
versa� is an important challenge. Compounds with a coexist-
ence of magnetic and ferroelectric order called multiferroics
display a particularly rich variety of magnetoelectric cross-
coupling phenomena.1–3 This includes magnetoelectric, mag-
netodielectric, magnetocapacitive effects, and magnetically
induced ferroelectricity in spin-spiral compounds. Most
spectacular is the induction of electric phase transitions by
magnetic fields, such as in orthorhombic TbMnO3,4 and the
induction of magnetic phase transitions by electric fields ob-
served, e.g., in hexagonal HoMnO3.5

Among the boosting number of publications on multifer-
roics, the share devoted to the multiferroic properties of thin
films is still relatively small and restricted to a narrow choice
of compounds with most of the activity being focused on
BiFeO3.6 However, in comparison to bulk crystals, thin films
offer powerful advantages from the point of view of basic
research as well as technological applications. Films can be
structured on the nanometer scale and additional degrees of
freedom, such as the composition, orientation, and substrate
stress are available for extending the phase diagram of the
film beyond that of the bulk compound. From this perspec-
tive, hexagonal RMnO3 is particularly interesting because
with R=Sc, Y, In, and Sm-Lu, the range of compounds
grown as bulk crystal and/or thin film is very broad, which is
beneficial in the investigation of general criteria determining
the multiferroic properties. In addition, the hexagonal
RMnO3 system revealed giant manifestations of magneto-
electric coupling.5,7,8

The magnetic phase diagram of the RMnO3 bulk com-
pounds and the interaction between magnetic and the ferro-
electric order are well known. Ferroelectric ordering occurs
in a two-stage transition9,10 with a Curie temperature TC of
570–990 K and a spontaneous polarization of

5.6 �C /cm2.11,12 The crystallographic space symmetry of
the ferroelectric state is P63cm. For its description, we use a
Cartesian coordinate system which is related to the hexago-
nal unit-cell axes by z=c and x=a. At a Néel temperature
TN between 60 and 130 K, antiferromagnetic ordering of the
magnetic Mn3+ spins occurs in the basal plane perpendicular
to the sixfold z axis.13,14 The spins are oriented along the
x or y axis in a triangular fashion with P6�3cm or P6�3cm,
respectively, as magnetic space symmetry.15,16 At a tempera-
ture TRE between 4 and 8 K, additional magnetic R3+ order-
ing with reordering of the Mn3+ spins occurs in the com-
pounds with partially filled 4f shell which changes the
magnetic symmetry further.17 HoMnO3 may be the most
challenging of the hexagonal RMnO3 multiferroics because
of its complex phase transitions.18 We have TC=875 K, TN
=76 K, and TRE=5 K. In addition, between 50 and 30 K, a
collective 90° rotation of the Mn3+ spins from the y to the x
axis changes the magnetic symmetry from P6�3cm above the
transition to P6�3cm below the transition. An electric field of
105 V /cm applied at sufficiently high temperature trans-
forms the sample into a ferroelectric single-domain state
which induces ferromagnetic Ho3+ ordering below TN via the
linear magnetoelectric effect.5

Hexagonal YMnO3 was the first magnetic ferroelectric
ever grown as thin film.12 Other compounds with R=Sm-Er
were also realized.19–30 For R=Sm-Dy, the hexagonal phase
was obtained by epitaxial phase stabilization whereas the
preferred configuration is the orthorhombic one.19–21 The
hexagonal phase is stabilized up to a thickness of several
tens of nm.

Investigations were mostly focused on comparing the
properties of the films to those of the corresponding bulk
compounds. Surprisingly, even at a film thickness of 150 nm,
the hexagonal lattice constants differ by 0.1–1 % from the
bulk values. In the dielectric properties, a reduction in the
spontaneous polarization by about 50% and, in some cases, a
tendency for antiferroelectric poling behavior was
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observed.22–24 In the magnetic properties, a decrease in the
antiferromagnetic ordering temperature of the Mn3+ lattice
by 10–20 % was observed by magnetization
measurements22,24 and neutron diffraction25 except for
HoMnO3, where neutron diffraction revealed a single mag-
netic transition at 50 K.25

In summary, investigations on hexagonal RMnO3 films
thus far were either restricted to atomic resolution within the
lateral extent of a few unit cells or to integral techniques
probing the samples on a macroscopic length scale. Proper-
ties and ordering phenomena, such as domain structures and
antiphase boundaries affecting the “nanoscopic” range from
�50 nm to 1 �m, were neglected. Yet, these aspects deter-
mine qualities such as conductivity, leakage currents, mag-
netoelectric effects, and field-poling behavior that are vital
for device applications.

Here, we investigate epitaxial hexagonal RMnO3 films by
optical second harmonic generation �SHG�. We find that
throughout the films, inclusions with secondary crystallo-
graphic orientations are formed independent of growth tech-
nique and film thickness. The inclusions have a lateral size of
�1 �m and they behave as ferroelectric nanodomains with
a preferred crystallographic orientation of their spontaneous
polarization. The volume density of the nanodomains is in
the range of 10−3. Their preferential orientation comes along
with a ferroelectric single-domain state of the surrounding
epitaxial c-oriented film “matrix.” Antiferromagnetic do-
mains have a lateral extension of �100 nm and are thus at
least two orders of magnitude smaller than in bulk samples.
Most of the data shown here refer to HoMnO3 as the best-
known constituent of the RMnO3 series, but other constitu-
ents were included as mentioned in the text.

II. EXPERIMENT

A variety of RMnO3 compounds, growth types, and val-
ues of film thickness were compared. On the one hand, films
with R=Y,Dy,Ho,Er were grown on �111� oriented
ZrO2:Y2O3�YSZ� by liquid-injection metal organic chemical
vapor deposition �MOCVD� at the CNRS in Grenoble.31

They possessed a thickness of 50–650 nm. On the other
hand, films with R=Y,Ho and a thickness of 20–1000 nm
were grown on YSZ�111� by pulsed-laser deposition �PLD�
at the IFW in Dresden.32 The substrates had been polished on
both sides for optical transmission experiments. The quality
of all films was analyzed by x-ray diffraction. The �−2�
diffractograms, rocking curves, and pole figures indicated
epitaxial hexagonal and z-oriented growth of the films. The
epitaxial relationships are �111�YSZ� �001�RMnO3

and

�11̄0�YSZ� �11̄0�RMnO3
, using cubic unit vectors for the sub-

strate and hexagonal unit vectors for the film.
The ferroic structure of the RMnO3 films was investigated

by optical SHG described by the equation33

Pi�2�� = �0�ijkEj���Ek��� . �1�

Here E� ��� is the electric field of an incident light wave at
frequency �. It induces the nonlinear polarization P� �2�� in
the sample, which acts as the source of a frequency-doubled

light wave. The tensor �̂ denotes the nonlinear susceptibility.
Following the Neumann principle, the symmetry of the
sample determines the set of tensor components �ijk�0
�with i , j ,k� �x ,y ,z��. Each form of ferroic order affects the
symmetry in a different way so that there will be SHG con-
tributions coupling to the ferroelectric and the antiferromag-
netic order, respectively, that can be separated by polariza-
tion analysis.34 The SHG contributions for hexagonal
RMnO3 are listed in Table I. Antiferromagnetic contributions
to SHG involve x-polarized and y-polarized light only while
for all ferroelectric contributions, at least one z-polarized
light wave contributes. Hence, the antiferromagnetic order is
best observed with light incident along the z axis, where
ferroelectric SHG contributions cannot be excited. In turn, an
investigation of the ferroelectric order is only possible with
light not incident along the z axis. Here, mixing with antifer-
romagnetic contributions to SHG is avoided by a suitable
choice of polarizations or by performing the experiment at
T�TN where the antiferromagnetic SHG contribution is
zero.

Two types of laser systems, a Nd:YAG laser-generating 3
ns light pulses and a Ti:sapphire laser-generating 130 fs light
pulses, were used for the SHG experiments. Frequency-
tripled light pulses at 10–40 Hz from the Nd:YAG laser were
used to operate an optical parametric oscillator emitting light
in the range of 0.5–3.0 eV. Amplified light pulses at 1 kHz
from the Ti:sapphire laser were used to operate an optical
parametric amplifier emitting light in the range of 0.45–2.25
eV. The linear polarization of light from either laser system
was polarized by a half-wave plate and focused on the
sample after higher harmonics generated in the optical com-
ponents had been suppressed by optical long-pass filters.
Samples were mounted in a liquid-helium cryostat that was
operated in the range of 6–300 K. SHG was generated in
transmission through the sample. It was separated from the
fundamental light by optical short-pass filters and passed
through a Glan prism for polarization analysis. It propagated
through a monochromator suppressing two-photon lumines-
cence, as well as scattered light, and was detected by a pho-
tomultiplier tube. Alternatively, the monochromator was re-
moved and a liquid-nitrogen-cooled digital camera was used
for spatially resolved detection.

III. RESULTS AND DISCUSSION

A. Origin of SHG in epitaxial RMnO3 films

Figure 1 shows the polarization and the temperature de-
pendence of the SHG intensity at 2.52 eV with fundamental

TABLE I. Tensor components for SHG in hexagonal HoMnO3

according to Eq. �1� and Ref. 36 using Cartesian coordinates.

Space symmetry SHG tensor components

Ferroelectric

P63cm �zzz, �zxx=�zyy, �xxz=�yyz

Antiferromagnetic

P6�3cm �xxx=−�xyy =−�yxy =−�yyx

P6�3cm �yyy =−�yxx=−�xyx=−�xxy
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light incident along the z axis. Figures 1�a� and 1�b� were
gained on a flux-grown HoMnO3 bulk crystal, while Figs.
1�c� and 1�d� were obtained from epitaxial HoMnO3 films of
600 nm grown by PLD and mounted in the cryostat along
with the bulk crystal. 	A plot as in Fig. 1�d� for a film grown
by MOCVD is found in Fig. 4.
 The anisotropy measure-
ments in Figs. 1�b� and 1�d� were gained by detecting the
component of the SHG light polarized parallel to the linear
polarization of the incident fundamental light while rotating
this polarization from 0° to 360°. Figure 1�b� reveals a po-
larization dependence with a sixfold symmetry which is fit-
ted by ISHG

�
	 ��xxx�2 sin2�3
� in agreement with the SHG ten-

sor components in Table I for antiferromagnetic SHG in the
P6�3cm symmetry group. At TR�40 K, this changes to
ISHG

�
	 ��yyy�2 cos2�3
� because of the change in magnetic

symmetry from P6�3cm to P6�3cm. At TN, the SHG signal
drops to zero because, as mentioned, no SHG signal is ex-
pected in the paramagnetic state for light incident along the z
axis.15

The HoMnO3 films reveal a polarization dependence that
is similar to the polarization dependence of the bulk crystal,
yet with a SHG intensity that is 1–2 orders of magnitude
weaker than for the bulk sample. In Ref. 32, this was inter-
preted as indication for the antiferromagnetic order of the
films, which are expected to exhibit a lower SHG yield be-
cause of their limited thickness. In the corresponding experi-

ment, the SHG signal was taken with a nanosecond laser
system and at the limit of detectability so that temperature-
dependent and spectroscopic SHG measurements were im-
peded by the insufficient signal-to-noise ratio at short acqui-
sition times and by long-term drifts of the experiment at long
acquisition times. However, with the femtosecond laser sys-
tems available for the present experiment, a two-orders-of-
magnitude higher SHG yield is obtained. Figure 1�c� shows
the temperature dependence of SHG obtained on the
HoMnO3 film. At 300 K, the signal is 70% lower than at 10
K, but neither the spin reorientation at TR nor the transition
to the paramagnetic state at TN are visible. In spite of the
similarity of Figs. 1�b� and 1�d�, this points against antifer-
romagnetic order as origin of the SHG signal in Fig. 1�d�
because according to neutron diffraction, the HoMnO3 films
undergo a magnetic phase transition at 50 K.25 Note that
neutron diffraction on YMnO3 and ErMnO3 films revealed a
deviation of the Néel temperature of only �10% from the
bulk value.

The following reasons for the emergence of a parasitic
SHG signal were considered:

1. Multipole contributions to SHG

Apart from the electric-dipole-type polarization P� �2�� in
Eq. �1�, higher-order multipole terms contribute to SHG.35

The multipole expansion parameter is a /� with a as lattice
constant and � as wavelength of the light. It is on the order
of 10−3 so that only magnetic-dipole and electric-quadrupole
contributions to SHG need to be considered. Derivation of
these contributions on the basis of Ref. 36 reveals that both
are zero for light incident along the z axis and cannot explain
the SHG signal in Fig. 1�d�.

2. Surface contributions to SHG

In general, a surface reduces the local symmetry of a crys-
tal and leads to additional contributions to SHG. However,
this is not the case for the symmetry group P63cm and a
surface oriented perpendicular to the z axis.

3. Substrate contributions to SHG

Substrates are crystalline and may, therefore, be a source
for SHG even if they are centrosymmetric. Bulk substrate
contributions are ruled out because in measurements on un-
coated YSZ substrates, we did not obtain a SHG signal.
Substrate-induced SHG may still arise at the YSZ /RMnO3
interface. For verification, we compared the SHG yield of a
sample with either �i� the HoMnO3 film or �ii� the substrate
oriented toward the detector. In case �ii�, any SHG signal
emitted by the substrate passes through the HoMnO3 film
before it is detected and would, therefore, be attenuated in
comparison to case �i�. For a film of 200 nm and a photon
energy 2��=2.7 eV, the transmission is only 15%. How-
ever, the same SHG intensity was observed for cases �i� and
�ii� so that SHG contributions from the substrate can be ex-
cluded for Fig. 1�d�.

4. Ferroelectric contributions to SHG

According to Table I and as mentioned before, ferroelec-
tric contributions to SHG cannot be excited by light incident
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FIG. 1. Temperature-dependent and polarization-dependent
SHG on HoMnO3 bulk crystals and epitaxial films. �a� Temperature
dependence of the SHG intensity from �xxx and �yyy from a flux-
grown HoMnO3 bulk sample for light incident along the z axis. The
signal couples to the antiferromagnetic Mn3+ order. A spin reorien-
tation at 40 K and the transition to the paramagnetic phase at 76 K
are clearly visible. �b� Anisotropy of the SHG signal in �a� in the
P6�3cm phase at 41 K�T�76 K. The x axis is set as 0°. �c� Tem-
perature dependence of the SHG intensity from a HoMnO3 film of
600 nm grown by PLD. The light is incident along the z axis of the
epitaxial film and both the incident fundamental and the detected
SHG light are x polarized. Even at 300 K, the SHG signal has not
vanished. �d� Anisotropy of the SHG signal in �c�. Solid lines in �b�
and �d� are fits.
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along the z axis. However, ferroelectric contributions are
possible for regions �crystallites� with secondary orienta-
tions, whose crystallographic z axis is tilted with respect to
the z axis of the epitaxial matrix. High-resolution transmis-
sion electron microscopy �HR-TEM�, indeed, revealed the
existence of such inclusions.21 Thus far, they were only re-
ported for “metastable” RMnO3 compounds in which the
hexagonal phase is stabilized by the substrate up to a limited
film thickness. Nevertheless, this observation is indicative so
that the hypothesis of ferroelectric contributions to SHG in
Fig. 1�c� is investigated in detail in Fig. 2.

First of all, HR-TEM data in Fig. 2�a� show that nano-
scopic regions with secondary orientations are also observed
in epitaxial films of the intrinsically hexagonal constituent
YMnO3. This suggests that the formation of such crystallites
is universal for hexagonal RMnO3 films and not related to
the stabilization of crystallographically unfavorable phases.

Due to the local nature of HR-TEM, nothing is known
about their global presence in the films. This aspect is pur-
sued by SHG measurements in Fig. 2�b�. The figure shows
the spectral dependence of the SHG signal gained on the
HoMnO3 film used in Fig. 1�c�. Data were obtained at nor-
mal incidence ��=0°� and with the sample rotated by �
=45° around the x axis. Comparison with experiments done
on bulk samples37 reveals that the SHG signal observed on
the rotated films is induced by their ferroelectric order. At
�=45°, the z-polarized SHG contributions listed in Table I
for the ferroelectric symmetry group P63cm are accessible

and in agreement with this, the intensity of the SHG signal
increases with �. The spectral dependence of this SHG signal
resembles that of the ferroelectric signal in Ref. 37 and it
possesses the same polarization dependence.

It is obvious that the SHG signal observed at �=0° on the
film yields the same spectral dependence as the ferroelectric
bulk signal at �=45° �the polarization dependence will be
discussed in the following section�. In addition to the room-
temperature presence of the signal, this is a strong confirma-
tion that SHG obtained on the HoMnO3 films with light
along z is generated by ferroelectric inclusions with different
crystallographic orientation.

B. Size and distribution of ferroelectric domains
in RMnO3 films

Although crystalline inclusions may be regarded as un-
desired deviation from the ideal epitaxial state, the SHG sig-
nal emitted from these inclusions reveals valuable informa-
tion about the nanostructure of the RMnO3 films. First of all,
such crystallites are present in all hexagonal RMnO3 films
investigated by us. We observed sample-to-sample variations
within 1 order of magnitude in the density of the inclusions
�indicated by the intensity of the corresponding SHG signal�,
but this could not be systematically related to the R com-
pound, the growth technique, or the thickness. Within a film,
the density of the inclusions does not vary. Even in a film
with a thickness of 1000 nm, the density of the inclusions at
the surface oriented toward the substrate and at the surface
oriented toward air is the same. This was confirmed by SHG
measurements at 2.7 eV which probe an �absorption-limited�
region extending �100 nm into the film so that the two
sides of the film can be probed independently. Both sides of
the 1000 nm film revealed the same SHG intensity pointing
to an equal density of nanocrystalline inclusions. The result
shows that the formation of the inclusions is not a straight-
forward consequence of growth-induced strain imposed by
the substrate because such strain relaxes with increasing dis-
tance from the substrate/film interface. It is possible that lo-
cal strain generated by the misoriented nanoinclusion leads
to the formation of further inclusions upon continued growth
even up to 1 �m. In any case, even at a macroscopic thick-
ness, the crystallographic properties of the hexagonal
RMnO3 films do not approach the properties of the bulk
crystal.38

Additional information about the size and distribution of
the ferroelectric nanoinclusions is obtained from the polar-
ization dependence of the SHG signal in the xy plane.
According to the HR-TEM measurements, the inclusions
are formed in the epitaxial c-oriented matrix with an orien-
tation given as follows:21 �001�incl. � �111�matrix and

�11̄0�incl. � �11̄0�matrix. In a material with P63cm symmetry

there are six equivalent directions �11̄0�. In the xy plane, this
corresponds to the three possible directions n=1,2 ,3 of the
crystallites shown in Fig. 3�a�. The anisotropy of the SHG
polarization Pn

� �2�� oriented parallel to the electric field
E� ��� of the incident light wave is shown in Fig. 3�b�. Pn

� �2��
was derived from the tensor components for ferroelectrically
induced SHG in Table I. Note that in the most general case,
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FIG. 2. Ferroelectric origin of SHG in the RMnO3 films. �a�
HR-TEM image of a YMnO3 film grown by MOCVD. Nanoscopic
inclusions with secondary crystallographic orientation are observed
in intrinsically hexagonal YMnO3 films just as in epitaxially stabi-
lized RMnO3 films �Ref. 21�. �b� SHG spectra for a HoMnO3 film
of 600 nm grown by PLD. The wave vector of the incident light
includes an angle � with the z axis of the crystal which was
achieved by rotating the crystal as sketched in the inset. Filled
symbols: SHG spectrum at 300 K for �=45°. Open symbols: SHG
spectrum at 10 K for �=0°. Inset: geometry of the SHG experiment.
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the density of crystallites and, thus, the amplitude of Pn
� �2��

may differ with n.
The actual SHG intensity is given by ISHG

�
	 �P��2���2, and

here two cases must be distinguished.

1. Incoherent superposition

If the mean distance between two nanoinclusions is larger
than the optical resolution of the detection system �here
about 10 �m�, contributions from neighboring inclusions
will not interfere. In this case, the total SHG yield of a
sample is given by ISHG

�
	
n�Pn

� �2���2.

2. Coherent superposition

If the mean distance between two nanoinclusions is
smaller than the optical resolution, contributions from neigh-
boring inclusions will interfere. Here, the total SHG yield is
given by ISHG

�
	 �
nPn

� �2���2.
The anisotropy of the SHG signal for coherent and for

incoherent interference of the contributions in Fig. 3�b� is
shown in Fig. 3�c� and compared to the SHG data obtained
on a HoMnO3 film of 50 nm grown by MOCVD. Figure 3�c�
clearly shows that coherent interference describes the experi-

mental data well. As simulated in Fig. 3�b�, the lobes asso-
ciated to the n=1,2 ,3 orientation of the crystallites differ in
size indicating that crystallites of different orientation are not
equally distributed in this sample. Whereas the anisotropy of
the SHG signal is at most varying slightly over the whole
area of one film, differences become extensive when different
films are compared. Here, Fig. 1�d� 	respectively, Fig. 4�e�

and Fig. 3�c� were chosen as the end cases of a highly iso-
tropic and a highly anisotropic distribution of crystallites. In
Fig. 3�c�, the density of inclusions with n=3 and n=2 differs
by 4.6:1. A systematic relation between the degree of aniso-
tropy and the growth technique or the film thickness was not
found. Even for samples grown in succession, the degree of
anisotropy can vary substantially. We thus conclude that the
preference of a specific orientation of the crystallites must
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FIG. 4. Distribution of ferroelectric nanodomains. A sketch of
the distribution of differently oriented ferroelectric HoMnO3

nanoinclusions in the epitaxial z-oriented HoMnO3 matrix along
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shown. In contrast to Fig. 3, the direction of the local polarization
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�a� z component of the polarization of the nanoinclusions in �b� and
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depend on very subtle effects that uniformly affect the whole
film. Here, small variations in the growth process or of the
substrate surface properties may be examples.

The SHG signal generated by the nanoinclusions is three
orders of magnitude weaker than ferroelectric SHG obtained
on a bulk crystal. Taking into account projection and inter-
ference effects in Fig. 3�a�, the volume density of the inclu-
sions is thus estimated as 10−3. The HR-TEM images in Ref.
21 and in Fig. 2�a� show that the lateral expansion of the
nanoinclusions is in the order of 10 nm. This corresponds to
a mean distance of about 100 nm between the inclusions.
Note that the sensitivity of the SHG experiment allows us to
detect inclusions at volume densities lower than 10−5, which
exceeds the sensitivity of an x-ray-diffraction experiment by
three orders of magnitude.

Thus far, we have not considered the direction of the
spontaneous polarization in the nanoinclusions. As shown in
Fig. 4, this polarization may be +p or −p with respect to the
local zn� axis of an inclusion with the orientation n=1,2 ,3.
SHG contributions from oppositely oriented nanodomains
cancel out because P� �+p��2��=−P� �−p��2��.39 With coherent
interference, the total SHG yield would, therefore, be zero if
an equal distribution of nanodomains with +p and −p, as in
Fig. 4�b�, was present. The SHG data in Fig. 4�e� show that
the distribution of nanodomains is apparently not homoge-
neous. One set of nanodomains represented by white arrows
in Fig. 4�b� prevails and leads to a nonzero SHG yield. A
preferred direction of polarization of the nanoinclusions �+z�,
respectively, +p in our example� indicates that the isotropy
of the HoMnO3 film with respect to “up” �+z� and “down”
�−z� is broken. This is the case if the direction of polarization
in the epitaxial c-oriented HoMnO3 matrix is also uniform,
i.e., if the matrix forms a ferroelectric single-domain state.
The SHG yield of the matrix supports this explanation. In
comparison to a bulk sample with ferroelectric domains in
the range of 1 �m, where destructive interference of SHG
from neighboring domains is substantial,39 the SHG yield
from the films is up to four orders of magnitude higher.
Moreover, ferroelectric domain walls as in Ref. 39 were not
observed in spatially resolved SHG measurements on the
films which confirms that they adopt a single-domain state.

C. Size and distribution of antiferromagnetic domains
in RMnO3 films

Relating the SHG signal observed on the RMnO3 films to
the ferroelectric order leaves the question why no antiferro-
magnetic contribution to the SHG signal is detected on any
of the films investigated here. Two scenarios may account for
this absence.

In the first scenario, the lateral size of the antiferromag-
netic domains d may be much smaller than in a bulk crystal.
As in the case of ferroelectric SHG, the contributions from
opposite domains are phase-shifted by 180° with respect to
each other: P� �+���2��=−P� �−���2�� with � as antiferromag-
netic order parameter. This results in destructive interference,
if the lateral size d of the domains is lower than the optical
resolution s of the detection system.39

In preparatory experiments, we determined s�10 �m in-
dependent of the choice of digital camera or photo multiplier

tube as light detector. If all domains have exactly the same
size, forming a two-dimensional checkerboard pattern as in
Ref. 39, the SHG signal drops rapidly to zero once d�s.
However, in realistic samples, domains have a mean-lateral

size d̄ varying by 
d. Because of the resulting local statistical
imbalance in the distribution of +� and −� domains, the can-
cellation of SHG at d�s is retarded. As derived elsewhere,40

one finds

ISHG

ISHG
0 = 4�
d

d̄
�2� d̄

s�2

, �2�

with ISHG
0 as unattenuated SHG intensity of a single-domain

sample. Using 
d / d̄�1 on the basis of images of antiferro-
magnetic YMnO3 bulk domains41 and assuming that apart
from their larger size the topology is similar to that in the

films, we find that for d̄�150 nm a detectable SHG signal
would be obtained. Thus, 150 nm is the upper threshold for
the mean-lateral extension of the antiferromagnetic domains
in the RMnO3 films. From the width of the magnetic diffrac-
tion lines in recent neutron-scattering experiments,25 coher-
ence lengths of 65 nm �z� and 20 nm �x� for films of 500
nm thickness with R=Y,Ho,Er were derived which is con-
sistent with our threshold for the antiferromagnetic domain
size.

The reduced domain size may be a consequence of mag-
netostriction in the films. In Refs. 42 and 43, it was shown
that the magnetization inherent to an antiferromagnetic do-
main wall may interact with local strain via the piezomag-
netic effect. This can reduce the free energy so that massive
formation of domain walls becomes energetically favorable.
Strain is imposed by the substrate and also by the misori-
ented nanoinclusions formed throughout the film. Alterna-
tively, growth-induced antiphase boundaries may pose a limit
to the expansion of the antiferromagnetic domains, thus re-
stricting their size.

In the second scenario, a ferroelectric single-domain state
is known to induce rare-earth ferromagnetism and a transi-
tion of the manganese sublattice to the magnetic symmetry
P63cm in bulk HoMnO3.5 For this symmetry, SHG with light
incident along the z axis is also not allowed.

Experiments on YMnO3 films point to the first scenario
because here, too, an antiferromagnetic SHG contribution is
not observed, but the polarization-induced transition to the
magnetic P63cm state does not occur. In HoMnO3, the sec-
ond scenario may apply in addition to the first scenario but
since the SHG signal is, in any case, zero, this cannot be
verified here.

IV. CONCLUSION

The ferroelectric and the antiferromagnetic structure of
epitaxial hexagonal RMnO3 films with R=Y,Dy,Ho,Er
were characterized on nanoscopic length scales by optical
SHG. The formation of ferroelectric nanoinclusions with sec-
ondary orientations with respect to the c axis of the epitaxial
film matrix was observed in all films, irrespective of growth
technique and film thickness. The volume density of the in-
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clusions is in the range of 10−3 and an estimate yields a mean
distance on the order of 100 nm. The inclusions behave as
nanodomains with a preferred direction of spontaneous po-
larization whereas the epitaxial c-oriented matrix forms a
ferroelectric single-domain state. Antiferromagnetic domains
possess a mean-lateral size of �150 nm, which is attributed
to strain and antiphase boundaries. Indications for a
polarization-induced magnetic order, different from that ob-
served on bulk samples in a ferroelectric multidomain state,
were discussed.

The most surprising aspect of this investigation is that in a
textbook multiferroic with relatively high-ordering tempera-
tures and a well-defined phase diagram, the ferroelectric, as
well as the magnetic order, experience drastic modifications
when changing from bulk crystals to thin films. The differ-
ences between the bulk and the film properties of the hex-
agonal RMnO3 system are most prominent at nanoscopic
length scales between �50 nm and 1 �m. Even when the
film thickness approaches “bulklike” dimensions, no ap-
proach to the bulk properties of the multiferroic order is ob-
served.

These results are relevant for the technological aspects of
the magnetoelectric effect in multiferroics because, here, the
transfer from bulk crystals to thin films is almost mandatory
and magnetoelectric coupling effects are known to depend
critically on the size and distribution of domains. Our obser-
vations show onto which aspects attempts to optimize the
magnetoelectric coupling effects in multiferroics have to be
focused, and the extraordinary sensitivity of SHG to devia-
tions from the ideal bulk structure will be very useful in
monitoring any development in this direction.
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