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ABSTRACT: The crystalline and defect structure of epitaxial hexagonal RExMnyO3 (RE = Er,
Dy) films with varying cationic composition was investigated by X-ray diffraction and transmis-
sion electron microscopy. The films are composed of a strained layer at the interface with the
substrate and of a relaxed layer on top of it. The critical thickness is of∼10 to 25 nm. ForMn-rich
films (or RE deficient), an off-stoichiometric composition maintaining the hexagonal LuMnO3-
type structure is stabilized over a large range of the RE/Mn ratio (0.72-1.00), with no Mn-rich
secondary phases observed. A linear dependence of the out-of-plane lattice parameter with
RE/Mn is observed in this range. Out-of-phase boundary (OPB) extended defects are observed in all
films and exhibit a local change in stoichiometry. Such a large solubility limit in the RE deficient
region points toward the formation of vacancies on the RE site (RExMnO3-δ, with 0.72 e x < 1),
a phenomenon that is encountered in perovskite manganites such as LaxMnO3-δ (x < 1) and
that may strongly impact the physical properties of hexagonal manganites.
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I. INTRODUCTION

Multiferroic compounds have attracted much interest in recent
years.1-4 They exhibit simultaneously at least two ferroic orders
in the same phase (or antiferroic orders by extension).5,6 Besides
perovskite-based compounds such as BiFeO3, BiMnO3, orthor-
hombic rare-earth (RE) manganites (such as TbMnO3) or RE2-
Mn2O5 manganites, hexagonal REMnO3 manganites (RE = Ho-
Lu, Y) also display coexistence of ferroelectricity and magnetism.
Hexagonal manganites are ferroelectric, with a transition to the
paraelectric state in the range 800-1000 K, and also antiferro-
magnetic, with a transition to the paramagnetic state around
70-100 K. The hexagonal structure can be described as dense
oxygen-ion packing (ABCACB) with Mn3þ ions having a 5-fold
trigonal bipyramidal coordination and with RE3þ ions having a
7-fold monocapped octahedral coordination.7,8 These com-
pounds are of particular interest for their ferroelectric properties,
especially as thin films. Their Curie temperature is indeed very
high (>900 K) and their polarization is moderate (∼5.5 μC/cm2

in bulk YMnO3), which is desirable for applications on silicon
substrates to minimize the depolarizing field. They have been
considered as gate oxide in field effect transistor for memory
applications.9

As thin films, the most studied compound is YMnO3.
9-12 The

growth of HoMnO3 films12-16 as well as of hexagonal-stabilized
SmMnO3, GdMnO3, TbMnO3, and DyMnO3 films have been
also reported.17-23 However, little is known on the crystalline
structure of the films and on their defect chemistry. The role of
the composition (cationic and oxygen content) on the structure

and on the physical properties of bulk or thin films is hardly
evoked in the literature.

Shimura et al. studied the effect of Mn-enrichment in YMnO3

and YbMnO3 ceramics (RE = Y).24 They showed that excess Mn
had a strong impact on leakage currents, dielectric properties,
and grain size.24 The Mn excess was reported to be in a solubility
limit within the range of Y(Yb)/Mn ratio 1.0 down to 0.96.24 For
thin films, no detailed study has been reported so far on off-
stoichiometric effects. Moreover, large disparities are found in
the reported lattice parameters or in the magnetic and ferro-
electric properties of such films.

In this paper, we present a detailed study of the effect of the
cationic composition on the crystalline structure and related
defect structure of epitaxial hexagonal ErMnO3 and DyMnO3

films grown on (111) ZrO2:Y2O3. The relation between film
thickness, film composition, and crystalline structure is discussed.

II. EXPERIMENTAL SECTION

REMnO3 (RE = Y, Er, Dy) films were grown on (111) ZrO2(Y2O3)
single crystals (a = 0.514 nm), denoted as (111) YSZ. The (111) plane
exhibits a reasonable lattice match with the in-plane parameters of the
hexagonal LuMnO3-type structure and excellent coincidence of the
oxygen atoms at the interface.18 The synthesis was performed by MOCVD
and details are given elsewhere.25,26 Hexagonal DyMnO3 was obtained
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by epitaxial phase stabilization.17,18 The substrate temperature was
either 850 or 900 �C, the total pressure was 0.66 kPa, and the oxygen
partial pressure was 0.33 kPa. After deposition all samples were in situ
annealed under 1 atm of O2 for 15 min at the same temperature as the
growth. The thickness effect on the crystalline structure was studied in
the range 5 to 500 nm. For each set of films, a same RE/Mn ratio in the
precursor solution and a same substrate temperature was used. The
compositional effect was studied on ErMnO3 and DyMnO3 films. For
both compounds, a set of films with a varying cationic ratio was prepared,
which was achieved by varying the RE/Mn ratio in the liquid precursor
solution. The ErxMnyO3-δ (0.72 <Er/Mn <1.25) and DyxMnyO3-δ

(0.63< Dy/Mn <1.07) films thicknesses are 100 and 50 nm, respectively.
The cationic composition of the films was determined from wavelength
dispersive spectroscopy (WDS) with a ∼5% precision. The crystalline
structure of the films was studied by X-ray diffraction. θ/2θ andj scans
were performed using CuKR radiation. Reciprocal space mappings were
performed with a high resolution PANalytical X’Pert PRO diffract-
ometer using a two-bounce monochromator for Cu KR radiation and an
asymmetric triple axis analyzer. Selected samples were observed by
transmission electron microscopy (TEM) with a JEOL4000EX and FEI
Technai G2 microscopes operated at 400 and 200 keV, respectively.
Cross-section samples were prepared by mechanical grinding, down to a
thickness of about 20 μm, followed by ion-milling. The samples were cut
parallel to a cubic plane of the substrate, perpendicular to the contact
plane.

III. RESULTS

The LuMnO3-type structure belongs to the P63cm space
group. Reported values for the c parameter of YMnO3 bulk com-
pound vary from 11.407 Å for single crystals synthesized under
Bi2O3 flux

27 up to 11.437 Å28 or 11.441 Å29 for single crystals
grown by the floating zone technique from powders. The a lattice
parameter is 6.1387 Å,27 6.1469 Å,28 and 6.146 Å,29 respectively.
The reason for such a large difference in c values is not under-
stood (no experimental evidence was found for Bi atoms
incorporation in the crystals grown from Bi2O3 flux

28).
The lattice parameters of bulk ErMnO3 are a = 6.1121 Å and c

= 11.42 Å for single crystals grown under Bi2O3 flux
30 and a =

6.117 Å and c = 11.455 Å for single crystals grown by the floating
zone technique.29 Bulk hexagonal DyMnO3 was first obtained by
high temperature synthesis at 1600 �C followed by a quench.31

The reported cell parameters for hexagonal DyMnO3 single
crystals from the floating zone method are a = 6.189 Å and
c = 11.461 Å.32

The YMnO3, ErMnO3 and DyMnO3 hexagonal films grow
epitaxial on (111) YSZwith the following relationships: (001)hex.
REMnO3 // (111) YSZ and Æ1-10æhex. REMnO3 // Æ1-10æYSZ.33
Nanoinclusions with a secondary orientation were also evi-
denced by TEM images and second harmonic generation optical
measurement19,33,34 with the following epitaxial relationship to
the epitaxial matrix: (111)inclusion REMnO3 // (001)matrix REMnO3

and Æ1-10æinclusion REMnO3 // Æ1-10æmatrix REMnO3
A. Film Thickness Effect on Strain Relaxation. In the θ/2θ

scans performed on films with thickness larger than 25 nm, the
00l peaks are asymmetric, and the asymmetry increases with the
film thickness. A clear peak splitting at large angles (008 reflec-
tion) is observed for the thickest ErMnO3 and DyMnO3 films.
This behavior indicates the presence of at least two out-of-plane
lattice parameters and can be attributed to the presence of two
layers in the film: a strained (or partially strained) layer at the
interface with the substrate (with an out-of-plane parameter
noted c1) and a relaxed (or partially relaxed) layer on top of it

(with an out-of-plane parameter noted c2). Such a two-layer
model was proposed for perovskite-type manganite films such as
La0.8MnO3

35 or La0.67Ca0.33MnO3 grown on (001) LaAlO3,
36

La0.7Sr0.3MnO3 grown on (001) SrTiO3
37 or the charge-ordered

compound Nd0.5Sr0.5MnO3 grown on (001) LaAlO3.
38 It was

also reported for other oxides such as SrRuO3 on SrTiO3 (001).
39

The critical thickness for the occurrence of the top relaxed layer is
∼25 nm for YMnO3 and ErMnO3 films and∼10 nm forDyMnO3

films. The out-of-plane parameters c1 and c2 were calculated from
the position of the 008 peaks of the hexagonal manganite; the 222
peak of the YSZ substrate was used as an internal reference. The
evolution of the lattice parameters as a function of film thickness
is presented in Figure 1. The value corresponding to the bulk
compound is indicated for comparison.
A pronounced difference in c1 and c2 was observed for all rare-

earths (including TbMnO3 and HoMnO3 films not shown here)
except for YMnO3. The lattice mismatches at room temperature
between substrate and REMnO3 in-plane parameters are 1.7%
(Tb), 1.9% (Dy), 2.6% (Ho), 2.7% (Y), and 2.9% (Er). Thus, the
relative difference in c1 and c2 does not directly correlate with the

Figure 1. c1 and c2 out-of-plane lattice parameters as a function of film
thickness for epitaxial hexagonal (a) YMnO3, (b) ErMnO3, and (c)
DyMnO3 films on (111) YSZ substrates. Parameters were calculated
from the position of the 008 peaks of the manganite films (the 222 peak
of the substrate was taken as an internal reference).
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lattice mismatch. It does not either correlate directly with the
ionic radius (the ionic radius of Y3þ is comprised between those
of ErMnO3 and HoMnO3; YMnO3 exhibits, however, a much
less marked difference in c1 and c2).
Both c1 and c2 increase with film thickness. The strained layer

in contact with the substrate exhibits a c1 parameter smaller than
the bulk one. This is in good agreement with in-plane biaxial
tensile strain expected from the in-plane lattice mismatch.
However, this strained layer is not pseudomorphic with the
substrate except for the thinnest films (5 nm or below). The
partial relaxation of this layer in contact with the substrate is due
to the high temperature postdeposition in situ annealing, which is
performed at the same temperature as the growth temperature
(850-900 �C). For DyMnO3, which exhibits the lowest lattice
mismatch with the substrate, the c1 value for the 5 nm films (∼
11.09 Å) is similar to the expected value for a pseudomorphic film
(∼ 11.08 Å; this value is calculated assuming an elastic deforma-
tion of the cell with an in-plane lattice parameter of aYSZ(3/2)

0.5 =
6.295 Å and a cell volume of 380.184 Å3). For 5 nm YMnO3 and
ErMnO3 films, exhibiting c1 = 11.13 and 11.16 Å, respectively,
the films are already slightly relaxed (the calculated values for
pseudomorphic films are ∼10.90 Å and 10.82 Å, respectively).
The out-of-plane c2 parameter of the top layer is close to the

bulk value for the thickest films. YMnO3 full relaxation appears
only at thickness of∼450 nm while c2 has reached the bulk value
at 100 nm for ErMnO3 and 50 nm for DyMnO3. For these two
compounds, the c2 value exceeds the bulk value for thicker films.
We also obtained a much larger out-of-plane lattice parameter
than the bulk value for HoMnO3 films, for which no saturation of
c2 was observed but a continuous increase with increasing film
thickness. A similar result was observed for HoMnO3 films
grown by PLD.40

The evolution of the in-plane lattice parameter as a function of
YMnO3 film thickness was measured by grazing incidence X-ray
diffraction. No peak asymmetry was observed, and a single
function was used to fit the peak. The a parameter decreases
from a = 6.27 Å for the 5 nm-film down to 6.16 Å for 150 nm. The

a parameter is larger than the bulk value because of the biaxial
tensile strain. Reciprocal space mappings on 117 and 118
reflections were performed on 50, 100, 150, 300, and 450 nm
YMnO3 films. The 331 reflection was recorded for the substrate.
While the splitting of the 00l peaks was confirmed, no evidence
for a multiple in-plane a parameter was found. This result was
also confirmed for DyMnO3 films as shown in Figure 2.
There are few crystalline data in the literature for REMnO3

films grown on (111) YSZ substrates and very few studies as a
function of film thickness. Moreover, some reported values are
rather spread or contradictory. For example, for YMnO3 films,
Dho et al.10 reported a decrease of the c parameter with thickness
with an out-of-plane lattice parameter larger than the bulk value
for thin films and a leveling off to the bulk value for ∼200 nm
thick film, which is in contradiction with expected biaxial tensile
strain leading to a compressed c parameter. The in-plane param-
eter was not reported.
For most studies, the out-of-plane parameter is reported to be

lower or similar to the bulk value, (and the a value larger than the
bulk value) with the exception of HoMnO3. Kim et al. reported
c = 11.6 Å and a = 3.593 Å for a 1 μm thick HoMnO3 film

40

(cbulk = 11.412 Å and abulk = 3.515 Å for powders41). Thus, this
film experiences a tensile biaxial strain in the (a,b) plane while the
out-of-plane parameter is much larger than the bulk value.
Variation in the c parameter for a same compound and thick-

ness can be due to different deposition conditions associated with
different growth methods. However, variations are also observed
for a same deposition technique. For instance, parameters of
11.37 Å14 or 11.45 Å42 were reported for 100 nm thick HoMnO3

films grown by PLD. Another striking example is the difference
that we observed for two sets of hexagonal YMnO3 films prepared
by CVD in different precursor solution conditions and at two
different temperatures: one grown at 800 �C presented in the ref
12 and another presented here (Figure 1). The parameter c2 was
much larger in the first set12 (c2 ∼ 11.45 Å for a 150 nm film).
Thus, it appears that both for single crystals and for films, a large
variation of the out-of-plane parameter can be observed depend-
ing on growth method and conditions. One possible origin may
be the cationic and/or oxygen composition that may vary and,
with it, the resulting defect chemistry.
B. Effect of the Composition on the Film Structure. The

composition of ErMnO3 and DyMnO3 films was varied by
varying the precursor solution composition RE/Mn ratio in the
range 0.8-1.3, and the resulting hexagonal phase will be noted
RExMnyO3-δ. Since the precursors were mixed in a single
solution, there was no possible drift of the gas phase RE/Mn
composition during deposition. For each compound, the selected
thickness for the study (100 nm for ErxMnyO3-δ and 50 nm for
DyxMnyO3-δ) corresponds to a bulk-type c2 value for the series
presented in Figure.1. In the CVD process, the cationic film
composition is different from the cationic precursor solution
composition because of different decomposition yields of the
precursors and different metal incorporation yields in the
structure. A linear relation is observed between the RE/Mn
ratios in the film and precursor solution. The average composi-
tion RE/Mn of the films ranges between 0.72-1.25 for ErMnO3

and between 0.63-1.07 for DyMnO3.
For all the studied compositions, the hexagonal phase is

observed and only the 00l peaks appear. In the Mn-enriched
area (RE/Mn < 1), Mn-rich secondary phase (Mn3O4) appears
only for Dy/Mn= 0.63. The 008 peaks of the hexagonal phase are
split, and their positions change with the cationic composition.

Figure 2. Reciprocal space mapping of 117 reflection for a 50 nm-thick
epitaxial DyMnO3 film and of 331 reflection for the YSZ substrate. Axes
are labeled according to the YSZ crystalline directions. DyMnO3 film
reflections exhibit a single in-plane lattice component.
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The evolution of c1 and c2 is presented in Figure 3 as a function of
RE/Mn ratio in the films.
The parameter c1 is almost constant for RE/Mn ratios in

the range 0.72-1.00 for DyxMnyO3-δ and 0.72-1.15 for
ErxMnyO3-δ. This is coherent with the fact that c1 corresponds
to the lattice parameter of the strained layer in direct contact with
the substrate, and, as a consequence, the lattice parameters are
determined by the substrate lattice rather than the film composi-
tion. On the other hand, when the film relaxes, the average film
composition has a large effect on the c2 value with a continuous
increase, quasi linear, with increasing RE/Mn ratio. c2 is smaller
than the bulk value when the RE/Mn ratio in the film is inferior to
∼1.0. Inversely, c2 is larger than bulk value when the RE/Mn
ratio is superior to ∼1.1 (c2 = 11.49 Å for Er/Mn = 1.15).

This strong dependence of c2 (which is the main diffraction
peak observed for films of 50 nm or thicker) may explain the
spread of the out-of-plane lattice parameter values reported in the
literature. To illustrate this point, we juxtapose in Figure 4 the
results obtained for the evolution of c2 as a function of film
thickness and Er/Mn content.
A set of DyxMnyO3 films with Dy/Mn ratio of 0.72, 0.89, and

1.07 was studied by TEM. Figure 5a shows a low magnification
image of aMn rich (Dy/Mn = 0.72) film. The electron diffraction
(ED) pattern shown in Figure 5b is a superposition of film and
substrate. The bright reflections correspond to the YSZ sub-
strate; the other reflections are originating from the film and
indexed based on a hexagonal structure with P63cm space group
(185). The epitaxial relationship deduced from the ED patterns
for all investigated DyxMnyO3 films ([0001]DyMnO3 // [111]YSZ
and (-1100)DyMnO3 // (01-1)YSZ) is consistent with that
determined from X-ray diffraction.
Many out-of-phase boundaries (OPB) are observed in these

DyxMnyO3 films (Figure 5a,c). These defects are translation
boundary defects separating regions that are out of registry by a
fraction of the unit cell. The displacement vector (the out-of-
phase offset) is ∼c/3. They are found to nucleate at the film/
substrate interface and generally propagate through the entire
thickness of the films while some others appear to have annihi-
lated (leaving a dislocation or joining together in pairs) within
the thickness of the film. In agreement with the X-ray diffraction
results, TEM studies do not reveal the presence of Mn-rich
secondary phases in these films. The excess Mn appears to be
distributed within the entire film, but with prominence around
the OPB regions (Figure 6). Dy2O3 inclusions are observed for
the film with a Dy/Mn ratio of 1.07. Figure 7 shows the HR (high
resolution) TEM image of such a Dy-rich film. The narrow
arrows show the OPBs that originate at the interface region as a
result of a substrate surface step (broad arrow). The inset of
Figure 7 shows the Fourier transform (FT) from the inclusion,

Figure 3. c1 and c2 out-of-plane lattice parameters as a function of RE/
Mn ratio in the films: (a) 100 nm ErMnO3 films and (b) 50 nm thick
DyMnO3 films, all grown at 850 �C on (111) YSZ substrates.

Figure 4. c2 out-of-plane lattice parameter of ErMnO3 films: results
obtained as a function of film thickness and composition are super-
imposed for comparison.

Figure 5. (a) Low magnification TEM image of the DyMnO3 film with
Dy/Mn = 0.72; (b) Electron diffraction pattern (ED) of the super-
position of the film and substrate in (a); (c) HRTEM image of an out-of-
phase boundary (OPB) in the DyMnO3 film with Dy/Mn = 0.89.



1236 dx.doi.org/10.1021/cm1029358 |Chem. Mater. 2011, 23, 1232–1238

Chemistry of Materials ARTICLE

which is matched to [011] Dy2O3 (a = 0.521 nm; space group
Fm3m (225)).43 Er2O3 inclusions were also found for the
ErMnO3 film with a Er/Mn ratio of 1.04.33 ED spot splitting
(not shown here) is observed from the set of DyMnO3 and
ErMnO3 films, indicating a change in the c lattice parameter. This
is in agreement with the peak splitting observed from the X-ray
diffraction and reciprocal space mapping results.

IV. DISCUSSION

We did not find data in the literature concerning the possible
off-stoichiometry solubility limits for these hexagonal REMnO3

phases. In the case of the perovskite LaMnO3 compound, both a
large cationic and oxygen off-stoichiometry can exist. LaMnO3þδ

phases (corresponding to La1-δMn1-δO3with equal number of
vacancies on A and B sites) have attracted much interest, because
of their unusually large range of oxygen non-stoichiometry.44,45

However, another possible system is the La-deficient manganite
La1-xMnO3-δ one

46,47 (x > 0), in which the ratio La/Mn is diff-
erent from 1. The lanthanum-deficient composition La1-xMnO3-δ

(x > 0, δ > 0) can ensure sufficient Mn4þ concentration without
the formation of vacancies in the Mn sublattice. While LaMnO3

is antiferromagnetic and insulating, La1-xMnO3-δ phases can
exhibit ferromagnetism and metallic conductivity.46,47 The solu-
bility limit (maximum value of x) depends strongly on the oxygen

content. The oxidation can stabilize the perovskite phase in the
Mn-enriched area (RE/Mn < 1) owing to an increase in vacancy
concentration in the A-sublattice. In bulk La1-xMnO3-δ, the
maximum reported value of x is 0.2.47 For Nd1-xMnO3-δ

ceramics, a single phase is obtained up to x = 0.3-0.4.49 Thin
films of the solid solutions La0.8MnO3-δ and Nd0.7MnO3-δ

were grown by CVD and similar solubility limits were observed
than in the bulk.35,48,49

In the case of the hexagonal REMnO3 structure, a cationic off-
stoichiometry can also be envisaged with vacancies on the RE
and/or Mn sites. Vacancies were proposed for the origin of the
large variations of YMnO3 single crystals prepared either under
Bi2O3 flux or by the floating zone technique.28 Our study,
combining average measurements by X-ray diffraction and local
observations by TEM, shows that the hexagonal phase of crystal-
line LuMnO3-type in the Mn-enriched area (RE/Mn < 1) is
stabilized for RE/Mn values as low as 0.72 with no secon-
dary phases. Such a high solubility limit points toward the
formation of vacancies on the RE site, with a resulting formula
RE1-xMnO3-δ.

In the LaMnO3 system, the change in stoichiometry is accom-
panied by a distortion of the perovskite structure (orthorhombic
or rhomboedral). Overton et al50 reported a change in symmetry
in hexagonal YMnO3-x with a small change in oxygen stoichi-
ometry. They also attributed it to structural disorder, which
resulted from the loss in oxide ions. However, in the hexagonal
REMnO3 films, no change of the crystalline symmetry was
detected. But the OPBs in these films and inclusions (for RE/
Mn >1) conform to the compositional fluctuations and non-
stoichiometry of the constituent cations.51,52 It has been reported
that extended defects can contribute toward the accommodation
of excessive strain energy in epitaxial films, particularly in layered
oxides.51,52 The excess tensile strain in films greater than their
critical thickness tc can be compensated by the compressive strain
claimed52,53 to be present at the structurally shifted domain
boundaries (OPBs). The decrease of the RE/Mn ratio from 1
down to 0.72 is accompanied by a linear decrease of the c2 out-of-
plane parameter of the top relaxed layer. The following picture
can be proposed. During the growth, a strained layer is formed at
the interface with the substrate and the lattice parameters are
determined by the substrate parameters. Above a critical thick-
ness tc, which depends on the rare-earth (ErMnO3 and YMnO3:
tc ∼ 25 nm, DyMnO3: tc ∼ 10 nm), the strain relaxation related
to lattice parameters mismatch and off-stoichiometry is accom-
modated by a change in the out-of-plane parameter of the
hexagonal structure. No significant change of the in-plane
parameters is observed. The increase in Mn4þ concentration
(RE deficient films) relatively to the nominal Mn3þ valence may
contribute to the significant decrease in c2. OPBs may also
contribute to the degree of peak splitting;51 however, no direct
correlation was found between the density of OPBs defects and
the film composition.

The presence of vacancies on RE sites, the change in Mn
valence, and theOPBs defects should have a significant impact on
properties such as leakage current, ferroelectric polarization, or
magnetic ordering temperature. The ferroelectricity in YMnO3

has been shown to result from the buckling of the MnO5

polyhedra accompanied by displacements of the Y ions.54 There-
fore, vacancies on Y sites and the resulting change in the
crystalline structure should impact the ferroelectric behavior.
The antiferro-magnetically ordered structure can be impacted
by the change in Mn valence. Overton et al. showed that the

Figure 7. HRTEM image of the DyMnO3 filmwith Dy/Mn = 1.07. The
inset shows the Fourier Transform (FT) of the inclusion. The narrow
arrows show the OPBs. The broad arrow shows the surface step at the
substrate interface.

Figure 6. Low magnification high angle annular dark field (HAADF)
STEM image of the DyMnO3 film with Dy/Mn = 0.72. The darker
regions depict the Mn rich (Dy deficient) areas.
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magnetic behavior of the Mn ions could be tuned by electronic
doping via the anion vacancy concentration.50 We think that
cation vacancies could as well affect the magnetic properties. One
can note that the literature shows a large spread ofTN values for a
same compound. For bulk YMnO3 TN is reported between
∼70 K55 and ∼80 K.56 For bulk HoMnO3, both TN and TSR

(temperature at which the reorientation of the moments by 90�
occurs in the basal plane) reported values are also spread by
several degrees (ref 57 and references therein).

These results clearly show that increased attention should be
given to off-stoichiometry effects for the understanding of the
physical properties of hexagonal manganite films.

V. CONCLUSION

Off-stoichiometry effects on the hexagonal crystalline struc-
ture of REMnO3 films (RE = Er, Dy) were investigated. All films
contain a significant amount of out-of-phase boundaries with
local change in composition. For RE-rich films (RE/Mn > 1),
secondary phases of RE2O3 or REO2 are formed. In contrast, in
the Mn-enriched area, a solubility limit of RE/Mn ∼ 0.72 is
found, pointing to the formation of vacancies on the RE site. The
decrease of the RE/Mn ratio from 1 down to 0.72 is accompanied
by a linear decrease of the out-of-plane lattice parameter of the
top relaxed layer of the films. The large solubility limit that allows
to crystallize the hexagonal phase without any secondary phases
highlights the possible important role of the cationic composi-
tion on the physical properties of hexagonal REMnO3 films,
whereas off-stoichiometry effects have been so far neglected.
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