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We report on the evolution of the magnetic structure of BiFeO; thin films grown
on SrTiO; substrates as a function of Sm doping. We determined the magnetic
structure using neutron diffraction. We found that as Sm increases, the magnetic
structure evolves from a cycloid to a G-type antiferromagnet at the morphotropic
phase boundary, where there is a large piezoelectric response due to an electric-field
induced structural transition. The occurrence of the magnetic structural transition
at the morphotropic phase boundary offers another route towards room temperature
multiferroic devices. © 2014 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4901294]

As one of the only single-phase multiferroic materials with ferroelectric and magnetic tran-
sition temperatures well above room temperature, BiFeO; (BFO) has been extensively studied. It
possesses a robust ferroelectric polarization which is closely tied to its rhombohedral structure, and
microstructural properties of BFO thin films (such as the stress state, grain size and its orienta-
tion) can sensitively affect its local ferroelectric properties. Magnetoelectric coupling between the
local ferroelectric polarization and magnetism inside BFO thin films can serve as the basis for
heterostructured multiferroic devices,'? but their antiferromagnetic properties are known to display
complex variations depending delicately on the local microstructural properties. We have previously
used neutron diffraction to probe the nature of antiferromagnetic domains in epitaxial BFO thin
films.**

Chemical substitution in BFO has been explored in order to improve the ferroelectric, piezo-
electric, dielectric, and magnetic properties of the material.>~'® It has been demonstrated that the
substitution of rare earth elements into the A-site of BFO thin films results in a structural phase tran-
sition from a ferroelectric rhombohedral phase to a paraelectric orthorhombic phase.”!*!5 In the
case of Sm, the transition occurs at ~14% doping'’>" at which point films exhibit a Morphotropic
Phase Boundary (MPB). Earlier studies showed that in the vicinity of the MPB, an electric field
can be used to drive the transition from the paraelectric orthorhombic phase to the thombohedral
ferroelectric phase, resulting in a very large piezoelectric effect ds3 larger than 150 pm/V.?! Since
the ferroelectric and magnetic domains are coupled in this compound,*?’>~>* the change of the mag-
netic structure across the phase boundary can potentially serve as another avenue for a multiferroic
device operation. While there are some reports on the magnetic structure of bulk doped BFO,'*~!°
the information of the magnetic structures in doped BFO thin films is scarce. In this study, we deter-
mined the magnetic structure of Sm-doped BFO films grown on a SrTiOz (STO) substrate using
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FIG. 1. X-ray reciprocal space mappings around STO (113) Bragg reflections taken for (a) 840 nm thick 10.4% Sm-doped
BFO and (b) 1 pm thick 18.7% Sm-doped BFO films grown on miscut STO (001) substrate. Note that the peaks in 10.4%
Sm-doped BFO are overlapping due to the small lattice mismatch.

polarized neutron diffraction. We show that the magnetic structure is sensitive to Sm doping. For
Sm concentration less than ~14%, indications for a cycloid were found, while for Sm concentration
more than ~14%, a G-type collinear magnetic order was observed.

BFO films grown on a (0 0 1) STO substrate show four equivalent crystallographic domains
based on the four different quasi-cubic body diagonals, which complicate the determination of the
magnetic structure. In order to simplify our investigation of the magnetic structure Sm-doped BFO
films, we used (0 O 1) STO substrates with a 4° miscut along [1 1 0] direction on which we can
obtain single ferroelectric domain BFO films.>>?® The Sm-doped BFO films are grown epitaxially
by Pulsed Laser Deposition (PLD) with alternating deposition of Bi-rich BFO and SmFeOj; targets
onto the ~50 nm SrRuO; (SRO) buffered miscut (0 0 1) STO substrates. Deposition thickness in
one cycle is about a half unit cell of BFO pseudo cubic lattice for each target to ensure the uniform
mixing of the dopant in the BFO film. The thicknesses of the Sm doped BFO films are ~840 nm
for the 10.4% Sm-doped BFO film and ~1 um for the 16.1% and 18.7% Sm-doped BFO films. The
epitaxial relationship between the film and the substrate was determined through the use of X-ray
reciprocal space maps (RSMs). We characterized the ferroelectric domain structures of the films
using conventional Piezoresponse Force Microscopy (PFM) in an area of 5 um?. All films show
no piezoresponse contrast in either the out-of-plane or the in-plane directions. Since ferroelectric
thin films are obtained at the Sm concentration below the MPB, no piezoresponse contrast at 10.4%
Sm doping indicates that the film has a ferroelectric monodomain structure in the observed area
(5 um?). This is consistent with energetic considerations.”’ Since the paraelectric phases at 16.1%
and 18.7% Sm doping do not have any piezoelectric effect, there is no contrast.'’

Neutron diffraction measurements were performed on the BT-4 and BT-7 triple-axis spectrom-
eters (NIST Center for Neutron Research); the IN20 thermal triple-axis spectrometer (ILL, France);
and the cold triple-axis spectrometer TASP (PSI, Switzerland). The measurements on BT-7,”
IN20, and TASP employed polarized neutrons, and IN20 and TASP were equipped with the “zero
magnetic field” environments CryoPAD?’ and MuPAD,*" respectively. The zero-field environments
allow the arbitrary orientation of the neutron polarization and as such all scattering cross-sections
can be measured. Polarized neutron measurements allow a direct measurement of the orientation of
a magnetic moment in the scattering plane and can be used to identify a magnetic structure that is
composed of two out of phase components, i.e., a cycloidal structure gives a different response to
an amplitude modulated structure with the same periodicity. All measurements were done at room
temperature.

Fig. 1 shows the X-ray RSMs taken for 10.4% and 18.7% Sm-doped BFO films. We see there
is one broad reflection for Sm concentrations less than or more than the MPB concentration (~14%
Sm). For the 10.4% doping sample, the peak separation due to the crystallographic domains would
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FIG. 2. Polarized neutron diffraction measurements of the 10.4% Sm-doped BFO film. Intensity profiles are taken in (H K
(H + K)/2) zone with (a) P (neutron polarization)||Q (scattering vector) and (b) P_LQ. Open circles indicate NSF and close
circles and triangles indicate SF scattering. Horizontal axes indicate the displacement from (0.5 0.5 0.5) reflection. Since we
index within the reference frame of the substrate, the offset in H from ¢ = 0 is due to an imperfect lattice match/epitaxy.
Error bars are statistical in nature and represent one standard deviation. Solid lines represent fits to the data to two Gaussians
and a background and dotted lines represent the Gaussian contribution to the fits.

be smaller than the broadness of the BFO peak of this sample because the distortion angle along
[1 1 0] direction in the sample with 10.4% Sm doping is ~89.8°.!° Based on the fact that the PFM
shows no contrast for this sample and BFO prefers to grow in a single domain on miscut STO along
[1 1 0] shown in the previous studies,”>*® we treat this film as having a quasi-single crystallographic
domain. For the 18.7% Sm-doped BFO film, since the difference of ay, and bo would be ~3%
for this orthorhombic phase,'! the peak separation should be seen if the film has multiple crystallo-
graphic domains. That only one peak is observed in Fig. 1(b) indicates that the film only has a single
crystallographic domain.

For the 10.4% Sm-doped BFO film, which has a Sm concentration less than the MPB, in the
ferroelectric rhombohedral phase, we focused on the magnetic reflections observed near the (0.5 0.5
0.5) reciprocal lattice position (we use pseudocubic indexing throughout this paper). The reflection
lies in the (H K (H + K)/2) scattering plane, which is defined by the (1 1 1) and (1 —1 0) reflections.
Fig. 2(a) shows polarized diffraction measurements of Spin-Flip (SF) and Non-Spin-Flip (NSF) scat-
terings with the neutron polarization parallel or anti-parallel to the scattering vector, Q. In this figure,
we see that SF scattering (+— and —+) shows two peaks, while the NSF scattering shows no peak.
Therefore, these peaks have an entirely magnetic origin. The slightly incommensurate peak positions
(with respect to the film) indicate the presence of either an amplitude modulated or cycloidal magnetic
structure. Reciprocal space maps made in this scattering plane (see supplementary material®') indicate
that the propagation direction is along (1 —1 0). Here, the separation between peaks is 0.099(3) rlu
for the SF(—+) scattering which is consistent with a delta ~0.0049(2). This is in agreement with the
reported value in bulk of 0.0045 rlu, given that we are indexing within the coordinate system of the
substrate. This separation is consistent with the presence of a single magnetic domain* (if multiple
magnetic domains were present, given the wide vertical resolution of a triple axis, the separation
between the peaks would be much less.) The clear difference between +— and —+ scattering, observed
for one of the peaks, excludes a modulated collinear structure. Fig. 2(b) shows SF and NSF scat-
terings with the neutron polarization out of the scattering plane. In this figure, we see that the NSF
scattering has two peaks, with weaker scattering in the SF channels. In fact, the in-plane component
is about 1/ V5 of the component out of the plane, since the SF:NSF intensities are ~1:5. This shows
that the cycloid (elliptic or circular), when projected perpendicular to Q, has a significantly larger
component along the out-of-plane direction (1 1 —2) than in the plane, along (1 —1 0). This points to
either a tilted plane for the cycloid or to an elliptical skewing of the cycloid. We note that the results
in Fig. 2(b) are completely unaffected by the presence or absence of “magnetic polarity domains”
(cycloids are manifestly not chiral). However, if we define a coordinate system based on the propa-
gation vector and the ferroelectric polarization, then there can be a rotation sense associated with the
cycloid in this coordinate system. A magnetic polarity domain is a domain with one of these rotation
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FIG. 3. Polarized neutron diffraction measurements of the 16.1% Sm-doped BFO film. Intensity profiles are taken in the
(HHL) zone with (a) P||Q and (b) PLQ about the (0.5 0.5 0.5), and (c) P||Q and (d) P_LQ about the (0.5 0.5 —0.5) position.
Horizontal axes in (a) and (b), and (c) and (d) indicate the displacement from (0.5 0.5 0.5) and (0.5 0.5 —0.5) reflections,
respectively. Since we index within the reference frame of the substrate, the offset in H from 6 = 0 is due to an imperfect
lattice match/epitaxy. Open circles indicate NSF, and close circles and triangles indicate SF scattering. Error bars are statistical
in nature and represent one standard deviation. Solid lines represent Gaussian fits to the data.

Ao —
senses. In neutron scattering, the horizontal (P||Q) spin flip cross section has a =((P - (M, A MY)))
term,*> where the sign is determined based on whether we are considering the +— or —+ channel,

— = = 0.7 . . . . . ..
M (Q) < 3 f, ,-(Q)anje‘Q"f , 1713 denotes the spin on a given site that is perpendicular to the position
in reciprocal space, 0, f j(é) is the Fourier transform of the magnetization density at the site j, and

P denotes the neutron polarization. If there is a single magnetic polarity domain, this will manifest
itself in the scattering as a complete asymmetry in the +— and —+ channels of the cross section if we
measure in a plane where the neutron polarization is parallel to the rotation axis of the cycloid. In this
scenario, in one cross section, we would expect to see a single “satellite” in each channel, one to the
left and one to the right of the (0.5 0.5 0.5) position.

Now, if there was a single polarity domain, the —+:+— intensity ratio in Fig. 2(a) should
roughly go as 1:7. However, it is more like 4:5 (at least for the left hand peak). These two observa-
tions point to near-equally populated magnetic polarity domains regardless of whether the cycloid is
tilted or elliptically skewed.

Spherical Neutron Polarimetry (SNP) measurements undertaken on TASP with MuPAD could
not fully resolve the details of the magnetic structure. However, the scattering shown in Fig. 2
(measured on BT-7) and measured on TASP indicates that the magnetic structure has components
parallel to (1 1 —2) as well as along (1 —1 0). Thus, while we cannot say with certainty whether
the magnetic structure is better described by a circular cycloid which is tilted, or by one which is,
elliptically skewed, the data do indicate a cycloidal magnetic structure, with a spin-plane different
from the one found in the undoped BFO crystal but consistent with that found in undoped BFO thin
films.*

Next, we turn to the film with Sm concentration greater than the MPB, which is in the para-
electric orthorhombic phase. Fig. 3 shows our polarized neutron diffraction measurements for the
16.1% Sm-doped BFO film. This time, we oriented the film in the (H H L) scattering plane, which is
defined by the (1 1 0) and (0 O 1) reflections. We show SF and NSF measurements on the magnetic
reflection around the (0.5 0.5 0.5) position with the neutron polarization P parallel to the scattering
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TABLE I. Integrated intensity of the peaks on the magnetic reflections (0.5 0.5 0.5) and (0.5
0.5 —0.5) of the 16.1% Sm-doped BFO film shown in Fig. 3.

PlIQ P1Q
Magnetic reflection NSF(—-) SF(+-) NSF(—-) SF(+-)
(0.50.50.5) 15.6 £2.7 193+1.2 25.5+3.5 6.1 +1.2
(0.50.5-0.5) 0 108.4 +4.1 158 1.1 76.3 £2.3

vector Q (Fig. 3(a)). A single peak is observed for the SF and NSF configurations, indicating that
there is a (0.5 0.5 0.5) ordering wave vector present, which implies G-type antiferromagnetic order.
When P is out of the scattering plane as shown in Fig. 3(b), the SF and NSF scatterings also show
a single peak. This result indicates that the moments have components along [1 —1 O] and [1 1 -2].
Since we are not able to restrict the moment in the HHL plane only from (0.5 0.5 0.5) reflection
due to the insensitivity of magnetic neutron scattering to components of the moment along the
scattering vector, [1 1 1], we also measured (0.5 0.5 —0.5) reflection to determine the moment as
shown in Figs. 3(c) and 3(d). SF scattering at P||Q (Fig. 3(c)), NSF and SF scatterings at PLQ
(Fig. 3(d)) show a single peak, indicating the moment has components along [-1 1 0] and [1 1 2].
We determine the integrated intensities of the magnetic scattering peaks from (0.5 0.5 0.5) and (0.5
0.5 —0.5) by fitting as shown in Fig. 3 after correcting for depolarization of the *He cell (Table I).
Then, the possible orientation of the magnetic moment has been extracted by fitting those integrated
intensities (of all measured cross-sections) using a Bayesian fitting routine, the moment has the
angle @ = 15.1(2)° from [1 0 0] and 6 = 56.1(4)° from [0 O 1] direction.

We also measured the higher Sm-doped BFO film with 18.7% Sm doping using Cryopad at
ILL. The fit to the polarization matrix data measured at the magnetic reflections (0.5 0.5 0.5) and
(0.5 0.5 —0.5) was undertaken with MuFit,** and is shown in Table II. The magnetic structure of the
film is also a G-type collinear structure. The best fit gave an orientation of the magnetic moment
of ¢ =31.4(4)° from [1 0 0] and 6 = 43.8(2)° from [0 O 1]. While we initially attempted to fit our
data to a model consisting of single domains, such fits were poor (even using simulated annealing)
and we switched to a model allowing magnetic domains of unequal population. As the film is
orthorhombic in this phase, we allowed 4 domains. There is the original domain (abc — abc), one in
which the direction along the crystallographic a-axis is inverted (a — —a), (b — —b), and (¢ — —c).
We found the sample consisted of the following domains: 6(1)% (abc — abc), 3(1)% (¢ — —c),
13(3)% (b — —b), and 78(16)% (a — —a) with chi squared of ~0.53. We assume that this particular
distribution of domains is accidental, though the strong preference for “a — —a” type domains is
intriguing.

In Fig. 4, we summarize the evolution of the possible magnetic structures with Sm doping in
the relatively thick (~1 um) BFO films grown on miscut (0 0 1) STO substrates across the MPB.
For the non-doped BFO film, the recovery of the cycloidal structure with a different chirality axis
from bulk was found as we reported previously.* The 10.4% Sm-doped BFO, which has a Sm
concentration less than the MPB, has a chiral magnetic structure propagating along (1 —1 0) with

TABLE II. Polarization matrix data observed on the magnetic reflections (0.5 0.5 0.5) and (0.5 0.5 —0.5) of the 18.7%
Sm-doped BFO film using Cryopad.

Pout (measurement) Pout (calculated)

Magnetic reflection Pin X y z X y z
(0.50.5-0.5) X —0.95(10) 0.01(5) 0.01(5) -1 0 0

y -0.02(5) -0.07(7) -0.52(8) 0 -0.14 -0.52

z 0.01(5) -0.52(8) 0.21(7) 0 -0.52 0.14
(0.50.50.5) X —1.04(16) —0.05(7) —0.10(8) -1 0 0

y —0.08(8) -0.1(1) -0.76(14) 0 0.01 -0.75

Z 0.00(100) -0.75(14) —-0.08(11) 0 -0.75 0.01
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FIG. 4. Cartoon of possible magnetic structures for Sm-doped BFO films with Sm content of (a) 0% with a spin
cycloid, (b) 10.4%, a cycloid with two chirality domains, (c) 16.1%, a G-type antiferromagnet, and (d) 18.7%, a G-type
antiferromagnet.

a component along both [1 —1 0] and [1 1 —2] directions. With concentrations greater than the
MPB, at 16.1% and 18.7% Sm doping, the magnetic structure changes to a collinear G-type anti-
ferromagnetic order, however the moment lies along different directions at different doping. These
results indicate that the magnetic structure in the Sm-doped BFO film is very sensitive to the doping
concentration. The change of the magnetic structure is consistent with the previous reports on bulk
rare earth doped BFO,'>! indicating that the magnetic structure is likely tightly linked to changes
in the lattice. In the thombohedral phase, the magnetic order is basically G-type, with a long-range
cycloidal modulation induced through the Dzyaloshinskii-Moriya interaction, which is allowed by
the symmetry of the polar phase. However, in the paraelectric centrosymmetric orthorhombic phase,
this interaction is no longer allowed and, thus, we can expect G-type ordering. A recent study on
epitaxial BFO thin films with thickness of 70 nm on different substrates suggests that the magnetic
structure changes drastically with small epitaxial strains.** Theoretical predictions,*® also show that
the cycloid is extremely sensitive to strain. Furthermore, with Sm doping, both the Fe—O-Fe bond
angle, as well as the lattice parameters shift, which could serve to change the single ion anisotropy
direction and, thus, the direction of the ordered moment that we observed in the G-type antifer-
romagnetic samples.’® All of these are consistent with our finding that the crystal and magnetic
structures in these materials are tightly coupled. Both strain and chemical pressure can change the
crystal structure and thus the magnetic structure of these materials.

In summary, we find that the doping of Sm into BFO thin films has a dramatic effect on its mag-
netic structure. As the Sm concentration increases, the magnetic structure evolves from a cycloid
to a G-type antiferromagnet. Even within the G-type phase, the direction of the ordered moment
changes. At the MPB, an electric-field-induced transformation from a paraelectric orthorhombic
phase to the ferroelectric thombohedral phase was suggested in our previous report.® Thus, Sm
doping would allow one to tune the magnetic structure of the paraelectric phase. This phase could
then be driven with an electric field back to the rhombohedral ferroelectric phase with cycloidal
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magnetic order. This opens the door to greater control magnetolectric devices across the phase
boundary.
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