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Strain-driven transition from E-type to A-type magnetic order in YMnQj; epitaxial films
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Single-crystal (100)-oriented YMnO; thin films grown on (110)-oriented SrTiO; substrates have been studied
by polarized extended x-ray absorption fine structure to determine the Mn-O bond lengths. Using a simple
geometrical model and previously reported x-ray diffraction data on the same samples, the Mn-O-Mn bonding
angles are calculated. We show that the epitaxy-induced in-plane anisotropic strain has a dramatic impact on the
bonding angles, allowing the rationalization of the reported existence of cycloidal magnetic order and concomitant
ferroelectricity in moderately strained films and the gradual suppression by larger strains. We shall argue that
epitaxial strain allows shifting YMnO; from an E-type to A-type antiferromagnetic ground state, crossing a

cycloidal magnetic region.
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Orthorhombic RMnO3 (R =Y, Sm-Lu) oxides have fueled
extensive research efforts because the ferroelectric properties,
stemming from the antiferromagnetic ordering, point to
an inherent strong coupling between both ferroic orders.!
Whereas for R=7Y and the smaller rare-earth elements (R =
Ho-Lu), bulk RMnO;3; oxides are found to have a collinear
antiferromagnetic ordering.?> The reported ferroelectric prop-
erties of YMnO; thin films indicate the occurrence of a
cycloidal ordering* or the coexistence of cycloidal and E-type
antiferromagnetic orderings.>® Since the Mn-O-Mn bonding
angle [Fig. 1(a)] is the fundamental parameter determining
the magnetic ground structure in the bulk RMnOj; phase
diagram,’ and therein bulk YMnOj lies at the verge between
cycloidal and E-type order, it is tempting to speculate that
epitaxial strain could modify the bonding angles in the required
way to conciliate the observed transition from E-type into
cycloidal magnetic ordering.*® However, from this point of
view, not only the observation that ferroelectricity but also
its suppression in more strained YMnO3 films*® is intriguing
and illustrates that more information is required to achieve a
solid understanding of the role of strain on the magnetic phase
diagram of RMnO3 oxide thin films.

In this paper, we address the experimental measurement
of the Mn-O-Mn bonding angle in orthorhombic YMnOj thin
films. We combine x-ray diffraction (XRD) and polarized x-ray
absorption fine structure (EXAFS) experiments to quantify
the bonding angle and its trend with increasing substrate-
induced epitaxial strain. We conclude that by reducing the
film thickness, the increased epitaxial strain leads to an
increasing bonding angle that pushes the antiferromagnetic
ground state from the bulk E-type toward the A-type across
the region of cycloidal order. Our findings are in agreement
with the experimental observation of cycloidal order in
(100)YMnOs3/(110)SrTiO3 samples and a gradually reduced
polarization, while decreasing the film thickness.*®

In the case of bulk single crystals or powder samples
of RMnOs, the bonding angle 6 [Fig. 1(a)] can be easily
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determined by diffraction techniques (neutron or x-ray). In
addition, to monitor lattice distortions, experiments under
hydrostatic pressure®!” or chemical substitution'! have been
attempted. Distinct variations of the bonding angles have been
reported: an increase of the bonding angle 6 upon compressing
the unit cell volume®!? or a decrease of 6 by reducing unit
cell volume by appropriate chemical substitution at the Y site
in YMnO;.!! These results anticipate a complex structural
response of YMnOs thin films even when grown on cubic
single-crystalline substrates; indeed, it has been shown than the
resulting in-plane strain is anisotropic,'? and thus it cannot be
compared to any bulk experiment. Understanding the magnetic
order and the multiferroic properties of RMnOj3 thin films
requires the determination of the bonding angle 6 and its
variation upon changing the strain state. Moreover, in the case
of thin films, the routinely available XRD experiments are well
suited to extract unit cell distances but are rather inappropriate
to determine the required bonding angle 6, thus emphasizing
the need for alternative tools.

For this experiment we selected two (100)YMnOj3 films
having remarkably different dielectric properties and lattice
parameters. The (100)YMnOj; films of two different thick-
nesses (t =106 and 49 nm) were grown on single-crystalline
(110)SrTiO3 substrates. Details on x-ray characterization and
ferroelectric properties of the very same films can be found
elsewhere.*® Of relevance here is that both films are found
to be single domain and (100) textured. The measured cell
parameters (a,b, and c) are (5.260, 5.712, and 7.453 A) and
(5.260, 5.700, and 7.430A) for t =106 nm and ¢ =49 nm,
respectively. Values are summarized in Table L.

Our approach to evaluate the bonding angle 6 is illustrated
in Fig. 1(a). On the one hand, from XRD we obtain the

lattice parameters and the distance d =+/[(a/2)* + (b/2)*]
[Fig. 1(a)]. On the other hand, EXAFS data have been used to
determine the bonding distances L and S. The bonding angle
can be subsequently determined by using

0 = arccos [(L* + S* — d?)/(2LS)]. 1)
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FIG. 1. (Color online) (a) Sketch of a Mn oxide (001) plane
in orthorhombic YMnO; (Pbnm setting). Manganese and oxygen
atoms are depicted in green (larger) and blue (smaller), respectively.
Notice the alternating sequence of short (S) and long (L) Mn-O bonds
occurring in the (001) plane. While the distance between Mn atoms
(d) is obtained by XRD, the Mn-O bond lengths (L and S) are obtained
by EXAFS. Finally, the bonding angle 6 is calculated using the cosine
law.

X-ray absorption spectroscopy measurements in the fluo-
rescence yield mode at the Mn K-edge were performed in
the Spanish Collaborating Research Group (CRG) beamline
(SpLine-BM25A) of the European Synchrotron Radiation
Facility (ESRF). The sample was mounted so the incoming
linearly polarized x-ray beam has the polarization vector
along [110; thick arrow in Fig. 1(b)]; within this config-
uration EXAFS exclusively probes the basal contributions
associated with the nearest neighbors at long and short
distances [L and S, respectively, see Fig. 1(b)]. The inci-
dent beam was monitored using a N,-filled gas ionization
chamber, and Mn K, fluorescence lines were collected
using a 13-element Si(Li) detector. Each EXAFS-collected
curve consisted of several spectra to improve the signal-to-
noise ratio with data acquired up to kma =14 A~!. Data
treatment was performed using the ATHENA software'?
and the EXAFS analysis was performed using the VIPER
package.'*

Raw EXAFS spectra [Fig. 2(a), symbols] were weighted
using a Hanning window in the Fourier transform centered
at the first coordination sphere for Mn (~1-2 A) in order to
preserve the contributions of L and S and disregarding all other
distances not relevant for the present study [Fig. 2(a), dashed
line], as typically employed in EXAFS analysis (see, for
instance, Refs. 15-17). Amplitude and phase functions models
for Mn-O bond lengths were obtained with the FEFF8 code!®
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and iterated until obtaining the satisfactory simultaneous fit of
both the filtered EXAFS oscillations [Fig. 2(a), solid line]
and their Fourier transforms [Fig. 2(b), solid line]. It can
be appreciated in Fig. 2(b) that for both films, at ~1.5A, a
pronounced peak with a well-defined shoulder ~2 A is clearly
visible that likely corresponds to the L and S bond lengths.
Because we expect L and S to be rather similar and the
resolution of EXAFS is estimated to be about Ar= 7 /2Ak
~ 0.14 A, the corresponding Fourier transform of the radial
distribution function shall manifest as strongly overlapping
rather than isolated peaks as observed in Fig. 2(b). From
the fits, two distinguishable contributions, attributed to the
L and S bond lengths, are extracted for each film and shown in
Table 1.

To estimate the error bars in the determination of the bond
lengths, the quality of the Fourier-filtered EXAFS oscillation
fit as a function of the two parameters (bond lengths L
and S), was assessed by computing the (normalized) sum of
residuals (R)

_ Zn kﬁlXexp(kn) — Xne(kn)|
Zn kr21|XeXp(kn)|

where k> Xexp 18 the experimental EXAFS signal filtered to
the first coordination sphere. The lowest values of R cover a
range that coincides with the precision in neighbor distances
determined by EXAFS, typically 40.01 A. R-factor maps as
a function of S and L have been made for each film as shown
in Figs. 2(c) and 2(d). Inspection of these R maps indicates
that the minima of R(L,S) are well defined, and thus L and
S can be safely determined for each film. It is clear that for
the thinnest YMO film (49 nm), both L and S are shorter
than for the thicker film, thus illustrating the enhanced strain
state of the former. Using the corresponding (L,S) values,
the Mn-O-Mn basal bonding angle 6 (calculated with the
mentioned geometric relation) can be evaluated. It turns out
that 6 increase, i.e., the bond opens, while decreasing the film
thickness.

From data summarized in Table I, it follows that the
bonding angle 6 for the thickest film (less strained) is
~147°, which is closer to that reported for bulk ToMnO3 and
significantly larger than that of bulk YMnO3;. When reducing
film thickness, the bonding angle 6 increases up to 8 = 149.4°,
thus approaching 8 ~ 150°, as reported for NdMnO3. This
variation of bonding angles suggests that for the thicker
YMnOs film, a cycloidal magnetic structure, as in TbMnOs,
should be expected, whereas for the thinner, and more strained

R

x 100, 2)

TABLE I. Calculated long (L) and short (S) bond-lengths from the EXAFS experiments, Mn-Mn distances (d) measured in Ref. 8 from
XRD and the calculated Mn-O-Mn bonding angle (6). The magnetic structure in each case is indicated in the last column. Asterisks denote the

bulk values obtained from the literature (Ref. 11).

Sample S(A) £0.01A L (A) £0.01A d (A) £0.005A 0C)£15° Magnetic structure
Thin film 106 nm 1.91 2.14 3.88 146.8 Cycloidal**
Thin film 49 nm 1.90 2.12 3.88 149.4 Cycloidal + A-type*®
Bulk YMnO; 1.90* 2.20* 3.91% 144.5* E-type®?’
Bulk TbMnO; 1.91* 221* 3.94* 145.4* Cycloidal™"°
Bulk NdMnOs; 1.91* 2.21* 3.97 150.0* A-type”!!
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FIG. 2. (Color online) (a) Raw experimental EXAFS signals (symbols), the filtered signals (dashed lines), and the corresponding fit (solid
line) for the two studied samples. Theoretically modeled curves for a single bond-length contribution are shown below for two indicated
distances. (b) Fourier transform modulus (circles) and fitting (solid lines) from the EXAFS signals shown in panel (a). (¢) and (d) R factor as
a function of long bond and short bond distances for the films with 106 nm and 49 nm thickness, respectively. R factor shown in the legend

measures the goodness of the fits (the lower R factor the better fit).

film, a magnetic structure approaching the A-type phase, as
in NdMnOs, should be anticipated. This trend is in agreement
with magnetic and dielectric data reported in Refs. 4 and 8. To
illustrate the trends, the results for thin films have been plot in
an L-S map (Fig. 3), also including the bulk L-S values. The
color scale corresponds to the bonding angle calculated from
Eq. (1), assuming d = 3.88 A, which is similar for both studied
samples despite the notable differences in lattice parameters
and dielectric properties. Solid black lines correspond to the
bulk magnetic phase boundaries according to the bonding
angles.’

The position of the bulk YMnOs3 evidences that the strain-
induced distortion opens the bonding angle and pushes the
magnetic structure away from the E-type (bulk YMnO3), well
into the A-type (here reported YMnO3; 49-nm film), crossing
the cycloidal region (here reported YMnO3; 106-nm film).
Therefore, we highlight that the displayed data suggest that
the epitaxial strain determines the magnetic ordering through
the modification of structural topology, with the bonding angle
being the key parameter.

In summary, we have measured the short (S) and long (L)
bond lengths using EXAFS in differently strained, epitaxial
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FIG. 3. (Color online) Trend of the L and S distances in epitaxial
YMnOj thin films grown on (110)SrTiO; substrates. The 106- and 49-
nm-thick samples are depicted with circles. Circumference around the
circles corresponds to the experimental uncertainty. Square symbol
denotes the L and S values for bulk YMnOj; (from Ref. 11). The
color scale indicates the bonding angle calculated from Eq. (1) and
using a fixed d = 3.88 A, similar for both samples (Table I). The solid
lines denote the bonding angle phase boundaries in bulk RMnO;
compounds of the E-type, cycloidal, and A-type magnetic orderings
according to Ref. 7.
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(100)YMnOs thin films. Combining these values with previ-
ously reported X-ray diffraction data, we have computed the
Mn-O-Mn superexchange angle 6. Our experiments demon-
strate that the bonding angle gradually opens under the in-plane
anisotropic strain imposed by the (110)SrTiO3 substrates. We
suggest that this variation of the bonding angle determines a
gradual change of the antiferromagnetic order, from cycloidal
to A-type, which nicely matches the existing phase diagram for
bulk RMnO3 manganites and provides a robust structural basis
to understand their multiferroic properties. We expect that the
methodology employed here to determine the critical bonding
angle, which combines diffraction and absorption x-ray data,
would be useful in many other cases in which bonding angles
and distances in thin films were of interest.
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