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Finite Size Effects in Antiferromagnetic Highly Strained

BiFeO; Multiferroic Films

Daniel Sando,* Florian Appert, Oliver Paull, Shintaro Yasui, Dimitrios Bessas,
Abdeslem Findiki, Cécile Carrétéro, Vincent Garcia, Brahim Dkhil, Agnés Barthelemy,
Manuel Bibes, Jean Juraszek,* and Nagarajan Valanoor

Epitaxially strain-engineered tetragonal (T)-like BiFeO; (BFO) is a multiferroic
material with unique crystallographic and physical properties compared to its
bulk rhombohedral parent. While the effect of this structural change on
ferroelectric properties is understood, the influence on correlated
antiferromagnetic (AFM) properties, especially with reduced film thickness, is
less clear. Here, the AFM behavior of T-like BFO films 9-58 nm thick on
LaAlO; (001) substrates fabricated by pulsed laser deposition was studied
using conversion electron Méssbauer spectroscopy and X-ray diffraction. The
key findings include: i) Ultrathin T-like BFO films (<10 nm) show a
decoupling of magnetic and structural transitions, with the polar vector tilted
32 degrees from [001] in 9-13 nm films. ii) Films thinner than 13 nm exhibit
no structural transition down to 150 K, with a Néel (T,) transition at ~290 K,
~35 K lower than thicker films. Interestingly, the Ty scaling with thickness
suggests realistic scaling exponents considering a critical correlation length
for C-type AFM order, rather than G-type. The results show that finite size
effects can tailor transition temperatures and modulate AFM wave modes in
antiferromagnetic oxides, with implications for AFM spintronics for future

information technologies.

1. Introduction

Antiferromagnets (AFMs) are magnetically ordered materi-
als where neighboring spins align in an antiparallel fashion
such that the material possesses a zero net magnetic moment.

There is an ever-increasing interest in
exploiting AFMs as a platform for spin-
tronics and magnonics, since compared
to their ferromagnetic (FM) counter-
parts, they promise higher operation
frequencies (up to THz), allowing for
faster devices.l?] Moreover, the lack of a
net magnetic moment in AFMs makes
them immune to parasitic magnetic
stray fields, offering opportunities for in-
creased miniaturization and robustness
compared to FM devices.['] The better
scaling and increased packing density
of AFM-based spintronics promise faster
computing operations with lower energy
consumption.[124]

Some AFMs, by virtue of their spin ar-
rangements, can harbor spin wave modes
(magnons) in the absence of an applied
magnetic field. One such material is
the perovskite BiFeO; (BFO): an insulat-
ing AFM oxide. BFO’s magnetic struc-
ture is defined by a long-range cycloidal
modulation of the Fe spins, which gives
rise to well-defined magnon modes.]!
A key feature of BFO is its multiferroic character: antiferromag-
netism coexists with ferroelectricity, i.e., the presence of a sponta-
neous polarization (P) which can be switched by applied electric
field.l®) Importantly, in BFO, the magnetic and ferroelectric order
parameters are coupled through the lattice; using an electric field
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to switch the direction of the polarization modifies the magnetic
order!”) and induces shifts in the magnon mode energies.!®!

The sensitivity of BFO’s crystal structure to epitaxial (thin film)
constraint is well established.’] A large in-plane compressive
strain induces the bulk rhombohedral-like (R-like) phase to un-
dergo a phase transition to a tetragonal-like (T-like) structure.!*")
This is a metastable phase with a large axial ratio or tetrago-
nality. The formation of this phase is accompanied by a corre-
sponding modification of ferroelectric, magnetic, and electrome-
chanical properties.[''"13] Whereas the cycloidal modulation is de-
stroyed by strain, the antiferromagnetic character is conserved,
with some reports showing G-type AFM order, while others sug-
gest C-type.l'¥! However, spin-lattice coupling effects in T-like
BFO remain largely unexplored. T-like BFO undergoes a mag-
netic transition from AFM to paramagnetic (PM) near room
temperature, with the transition being reported between 320 K
(Ref.[15]) and 380 K (Ref.[16]). Interestingly, the crystal structure
undergoes a series of structural transitions from monoclinic M,
to monoclinic M, (with space groups Pm and Cm respectively),
and finally to tetragonal upon increasing temperature.!**]

From a ferroelectric polarization and crystal structure perspec-
tive, finite size effects have been studied in T-like BFO (Ref/[17,
18]); however, the same cannot be said of their AFM order param-
eter. A key question is thus: how does the AFM order parameter
scale with thickness in T-like BFO? This is important in multi-
ferroic memory devices, where thickness scaling is often the so-
lution to achieve low-energy FE switching. However, if the size
reduction adversely affects the AFM order parameter, it would
have implications for AFM spintronic devices.[**%]

From a fundamental perspective, how the AFM character of
T-like BFO behaves at ultrafine thicknesses is equally intriguing.
For instance, are the two order parameters (P and M) still cou-
pled at the nanoscale? Is there a fundamental size limit driven
by thermal effects and/or domain wall energy and the demagne-
tizing field (akin to FMs) despite that at the unit cell level, the
AFM order in T-like BFO is intrinsically compensated? How do
the various monoclinic-tetragonal structural transitions(** cou-
ple (if at all) to the AFM order parameter? It is moreover not clear
whether cooperative phenomena such as inverse transitions(2!22!
and magnetic and ferroelectric topological defects!?*?*] can man-
ifest in T-like BFO at reduced size scales.

Studying the scaling of the AFM order parameter — particu-
larly at the required ultrafine thicknesses — is not a trivial task,
as one cannot employ the same techniques typically exploited
for FM systems. For instance, approaches using traditional mag-
netometry are often complicated by the possible contributions
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from secondary magnetic phases, either in the film itself or in
the substrate.[®?>26] Similarly, probing the magnetic behavior us-
ing neutron diffraction is challenging, as the limited sample vol-
ume leads to prohibitively long counting times.[?” This compli-
cation could—in principle—be overcome using samples in su-
perlattice or multilayer geometries,?®! but this would compro-
mise our understanding of how the breaking of symmetry at a
free surface can influence scaling. Whilst scanning NV (nitrogen-
vacancy center) magnetometry has been exploited to overcome
some of these challenges,?! it is a highly spatially local tech-
nique and currently not capable of measurement over wide tem-
perature ranges. By contrast, >’ Fe Mossbauer spectrometry is ex-
tremely sensitive to the magnetic properties of iron-containing
thin materials, directly probing local magnetic hyperfine inter-
actions at the 3’Fe nucleus site. Using the conversion electron
Mossbauer spectrometry (CEMS) technique, it can be applied to
ultra-thin films, yielding detailed information about the magnetic
ordering, magnetic moment, and magnetic interactions within
the thin film.B%31]

Here, we show that ultrathin T-like BFO films can show a
decoupling of the magnetic and M—M, structural phase tran-
sitions. Using temperature-dependent Mossbauer spectroscopy
(Iaboratory and synchrotron-based) and X-ray diffraction (XRD),
we show that T-like BFO films grown on (001) LaAlO, (LAO)
thinner than 13 nm are a true tetragonal phase down to 150 K,
while the Néel transition remains at ~290 K. For a thicker film of
58 nm, the Néel transition occurs almost concurrently with the
M-M, structural transition, consistent with previous work.!121¢]
Intriguingly, although the 9-13 nm films are nominally a tetrago-
nal structural phase, our CEMS results imply that the polar vector
is unexpectedly not along [001] but rather tilted away from it by
320. These results demonstrate that finite size effects can be used
to tailor the transition temperature of antiferromagnetic oxides
and once again highlight the power of Méssbauer spectrometry
for exploring magnetic order under extreme sample conditions.

2. Results and Discussion

Our study focuses on a set of BFO films 9-58 nm in thickness,
grown epitaxially on LAO substrates by pulsed laser deposition
(Experimental Section). The XRD pattern near the (001),, reflec-
tion (Figure 1a) shows a clear thickness-dependent trend of the
BFO film peak shape and Laue fringes, while the BFO out-of-
plane (c) lattice parameter (Figure 1b), calculated from the (001-
004) peak positions, shows a discontinuity, such that the ¢ pa-
rameter is larger for film thicknesses below 20 nm. Notably, the
value of ¢ for the thinnest films is considerably higher than all
reported literature values for T-like BFO grown on LAO.13I Such
an observation suggests that a structural phase transition occurs
at a thickness between 13-20 nm; later, we confirm this using
advanced XRD techniques.

To examine the possibility that the thickness-dependent struc-
tural parameters influence the magnetic order, we used conver-
sion electron Mdossbauer spectroscopy (CEMS). This technique
probes the hyperfine interactions at the °” Fe nucleus and can give
important information on the spin ordering in BFO films.53!]
When taken at various temperatures, CEMS can also yield infor-
mation about the magnetic transition temperature.*?) Critical for
the present study, when applied to fully enriched °”Fe BFO films,
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Figure 1. Structural and magnetic properties of thin T-like BFO films. a) X-ray diffraction 26-w scans near the 001 reflections for BFO and LAO. b) BFO
out-of-plane c-lattice parameter as a function of thickness (determined from the 001-005 BFO peak positions; details in Experimental Section), showing
a possible structural transition at t 20 nm. c¢) CEMS spectra collected at 290 K, with the data shown as open circles, and fits as solid lines (see text). d)
Hyperfine field By at 290 K, showing a monotonic decrease in the strength of magnetic interaction. Dashed lines in (b) and (d) are guides to the eye.

CEMS can offer a sufficient signal-to-noise ratio to probe films
thinner than 10 nm.[**34

The CEMS spectra taken at 290 K, presented in Figure 1c, show
that the magnetic order has a strong thickness dependence. We
first consider the 58 nm film. The spectrum of this sample ex-
hibits a distinct outer sextet with a hyperfine magnetic field (By)
of 50T, overlaid by a broader inner magnetic component arising
from the overlapping of multiple sets of six-line patterns. Previ-
ously it was found in T-like BFO films that such a spectrum arises
from Fe3* ions in two separate BFO phases — one T-like phase
(broad component) and one R-like phase (sharp sextet with hyper-
fine field of 49 T).['%! Here, from the fitted hyperfine parameters,
and since these films do not contain any detectible relaxed R-like
phase (Supporting Information Figure S1), we attribute the outer

Adv. Physics Res. 2024, 2400068 2400068 (3 of 10)

sextet to Fe>* ions in an impurity phase of a-Fe,0; with a minor
spectral area (less than 5%). Although standard structural mea-
surements (not shown) did not detect this phase, it is plausible
that CEMS is a more sensitive probe for such minority magnetic
phases. The T-like phase component was fitted with a distribu-
tion of hyperfine fields, with a mean hyperfine field of (B ) =
24 T. The blue-shaded regions in Figure 1c show the fraction of
Fe, O, phase fitted for each film.

Next, we consider the thinnest film of 9 nm. The CEMs spec-
trum in this case exhibits a two-peak structure (with some much
weaker outer peaks, once again related to the Fe,O, phase). The
observation of such an extremely narrow set of peaks is consistent
with magnetic order at, or very close to, a magnetic transition.*!
Such an observation of the bulk AFM order in a film of this

© 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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Figure 2. a) Average magnetic hyperfine field <By> in T-like BiFeO; films for various thicknesses obtained using both lab-based (9-58 nm) and
synchrotron Méssbauer source (9, 13 nm) measurements. Fits to the data using the Brillouin function are shown as lines. The value of Ty is denoted
by the arrow. b) Example of SMS data with data as blue circles, fit as solid lines. c¢) Example distribution of B¢ values used to fit the spectrum in (b). d)
Contour plot of Byyg(t, T) (from CEMS measurements) showing a clear decrease at low thickness, characteristic of finite size scaling.

thickness is unprecedented, well beyond the means of the clas-
sical technique of neutron diffraction.>?”) Fitting this spectrum
with a single sextet (for Fe,O;) and distribution of By, yields an
average <B;> of ~8 T for the T-BFO phase at room temperature.

Applying the same analysis to the spectra for the other film
thicknesses (13 and 20 nm) yields intermediate values of (B;)
for the T-BFO phase. When plotted as a function of thickness
(Figure 1d), the value of By, at 290 K is seen to decrease monoton-
ically with decreasing thickness, implying thus that the magnetic
order in these films has a dependence on thickness. Interestingly,
this transition occurs at a thickness that coincides with the onset
of the structural transition as observed in XRD data (Figure 1).
This observation provides a prima facie case that both the struc-
tural and magnetic transitions are intertwined, but we show later
that this is not necessarily true.

Having established that the strength of the magnetic interac-
tions in our T-BFO films at 290 K is influenced by thickness, we
next consider the antiferromagnetic (Néel) transition tempera-
ture Ty: does it also show such a dependence? We explore this in
Figure 2. To determine Ty in Fe-containing compounds, one can
perform CEMS measurements over a wide range of temperatures
— including at temperatures above the transition, giving a more
accurate determination of T,.l'®323¢] For this, we used an in-
house-developed Peltier thermoelectric cooling-heating setup!*’!
that allows CEMS measurements between 260 and 350 K (full
data in Figures S2 and S3, Supporting Information). Since CEMS
measurements at temperatures below 200 K are more challeng-
ing, for the 9 and 13 nm films we employed synchrotron Méss-
bauer source (SMS) experiments at 3-220 K (see Figures S2 and
S3, Supporting Information). SMS spectra were measured at the
ID18 beamline at the European Synchrotron Radiation Facility
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(ESRF) (Experimental Section) with the sample placed in a He
gas exchange cryostat. The full spectra were fitted in the same
manner as described in Figure 1c, with a single sextet for the
secondary phase, and a distribution of By for the T-BFO phase
(example shown in Figure 2b,c). Note that some of the B, dis-
tributions show an asymmetry (example distributions for other
thicknesses and temperatures in Figure S4, Supporting Informa-
tion), but there appears not to be a clear trend with either temper-
ature or thickness. The origin of this is currently not known, but
it may be that for the thinnest layer, we are probing some prox-
imity effects (the bottom interface with the substrate and the top
interface with the air), which modify the electronic and magnetic
environment of the Fe site in these regions. Further study would
be required to fully explore this scenario. Extracting the mean
value of hyperfine field <B,;;> for the T-BFO phase at various
temperatures yields the trends of the hyperfine field presented
for the 4 thicknesses in Figure 2a. Figure 2d is a contour plot
(with interpolation) of the same data for temperatures 260-350
K.

For all films, the data show the expected monotonic decrease
in hyperfine field strength with temperature.[*! The temperature
value at which the B, value reaches zero is defined as Ty. To de-
termine this value, the data were fitted with a Brillouin function
(J = 5/2). This approach is analogous to that taken when mea-
suring the intensity of half-order reflections in neutron diffrac-
tion as a function of temperature.l'! However, importantly here,
by virtue of the ~100% enrichment in °’Fe, our CEMS measure-
ments can provide unambiguous determination of the AFM or-
der parameter within reasonable measurement timeframes (e.g.,
a similar measurement by neutron diffraction at 9 nm thickness
would require ~30 days of counting time).

© 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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Figure 3. Conversion electron Méssbauer spectroscopy (CEMS) spectra collected at temperatures above the AFM transition. Measured data are open
circles, while the fits are shown as solid lines. Note that the relative intensity and spacing of the two peaks, related to the electric field gradient and thus

the FE polarization, remains approximately constant for every thickness.

The fittings in Figure 2 reveal that Ty for the thickest film of
58 nm is found to be 324 + 10 K, in reasonable agreement with
the reported value for a thicker 200 nm T-like BFO film by Mac-
Dougall et al.'*] Interestingly, the Ty found for this T-like BFO
film (i.e., without any R-like phase) is considerably lower than
the previously reported value of 360 + 20 K for the T-like compo-
nent in a 70 nm thick mixed phase R-like/T-like sample grown
under the same conditions.!"®! From a ferroelectrics perspective,
one would expect the opposite behavior—for instance, the critical
temperature of a pure tetragonal phase would be higher than the
transition for a mixed tetragonal rhombohedral phase.*! This
suggests that the coexistence of R-like and T-like phases can sta-
bilize the AFM order within the T-like fraction to higher tran-
sition temperatures, perhaps through a strengthening of the G-
AFM order parameter mediated by the R-like/T-like interphase
boundaries. This observation requires deeper investigations.

For thinner films, the value of Ty decreases monotonically
with thickness, reaching 290 K for the film of 9 nm. To the best of
our knowledge, this is the thinnest film of BFO for which T\ has
been reported. As we discuss later, the fitting of T versus thick-
ness allows us to explore parameters such as the critical exponent
and the correlation length.

A further salient feature of the CEMS spectra above the AFM
transition is the asymmetry in the paramagnetic quadrupolar
doublet. For a single crystal in the case of isotropic recoilless frac-
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tion (i.e., in the absence of the Goldanskii-Karyagin effect),[**] the
line intensity ratio of the doublet is related to the angle between
the main principal axis of the electric field gradient (EFG) at the
*’Fe nucleus and the Méssbauer y-ray direction. In the case of
equal intensity of the two lines in the doublet, this angle would
be zero — implying an EFG direction along [001]. The CEMS
spectra (taken at temperatures above the AFM transition) in a
zoomed-in section near 0 mm s~! are presented in Figure 3. We
find for all films that there is a clear asymmetry in the doublet,
with a difference in intensities that cannot be accounted to the
less than 5% Fe, O, phase. This means that the direction of the
EFG, or in other words, the ferroelectric P direction, is tilted
from the [001] direction by (according to our fits) ~32 degrees,
while (for the 9 and 13 nm films) the shape of the unit cell is
tetragonal.

Interestingly, the magnitude of the quadrupole splitting is
0.47 mm s7', 7% higher than that observed in bulk BFO and
rhombohedral films.[*?! Since the magnitude of quadrupole split-
ting is related to the electric potential at the nucleus (in turn re-
lated to the polarization magnitude),! then in this simple pic-
ture, our results imply that T-like BFO has only 7% higher po-
larization magnitude than R-like BFO. Such an observation was
also made by Bea et al.l'% where the giant polarization value of
150 uC cm™2 (reported by some authors!“!l) was not found. This
once again highlights that in highly strained BFO films, various

© 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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Figure 4. Temperature-dependent XRD reciprocal space mapping. a—c) 58 nm film at 200, 400, and 700 K. The film undergoes a transition from mono-
clinic M¢ to monoclinic My, to tetragonal symmetry. d-f) 9 nm film at 150, 305, and 500 K. A single spot is seen at all temperatures, demonstrating that
the film is in a tetragonal phase down to 150 K. Note that the horizontal splitting along HOO in d) is due to twinning in the LAO substrate. This splitting
is not observed in e) and f) as these RSMs were collected in the OKO in-plane direction.

possible structural and polar phases (with differing polarization
and structural parameters) can exist.[*>#3]

The P direction inferred from our measurements—tilted by
320 from [001]—may appear at first glance incompatible with
tetragonal-like BFO films, but it is instructive to revisit the results
of Chen et al., who performed ferroelectric characterization of T-
like BFO films using in-plane electrodes.l*!] Their study showed
a large in-plane P component — up to 44 uC cm~2 along the [100]
direction. Combining this value with the out-of-plane magnitude
of polarization of 75 uC cm~? measured for some T-like BFO
films,!"% yields a P vector rotated by ~30 degrees from [001]. This
is consistent with our results from the EFG direction extracted
from our CEMS results in Figure 3, at least for the films of 20
and 58 nm which are an M. phase.

Finally, to conclude this section, we mention that the mag-
nitude of the quadrupole splitting is found to be constant at
0.47 mm s™' for all films (9-58 nm thick), implying that there
is no decrease of the P magnitude as might be expected for films
of thickness approaching the critical thickness. In other words,
our CEMS data do not show any evidence of finite size effects on
the ferroelectric order parameter down to 9 nm thickness.

We next determine if the observed scaling of the Néel temper-
ature is correlated with known structural phase transitions in T-
like BFO.[121317:45:46] For this, we collected XRD reciprocal space
maps around the (104) or (103) BFO reflections at various tem-
peratures (Figure 4). These reflections allow us to distinguish be-
tween tetragonal (single peak), monoclinic M, or monoclinic M,
structures.[*7]

To fully understand the data presented in Figure 4, it is instruc-
tive to revisit the structural phase transitions reported thus far
for epitaxial BFO. Recall that the T-like BFO phase is only sta-

Adv. Physics Res. 2024, 2400063 2400068 (6 of 10)

bilized when grown as an epitaxial thin film under high (=5%)
compressive strain (e.g. on LaAlO,). At room temperature, T-
like BFO is a monoclinically distorted M phase and possesses
a large out-of-plane polarization (but a non-zero in-plane com-
ponent, as discussed above). T-like BFO undergoes a series of
structural phase transitions just above 300 K. Upon increasing
temperature, the system traverses a Mo —» M, — T phase tran-
sition series with corresponding transition temperatures ~400 K
and ~600 K respectively.'*] Following the symmetry of the film,
the ferroelectric polarization is (presumed to be) confined to the
(010) plane (M), to the (110) plane (M,), and finally to the [001]
direction (T) as a function of increasing temperature.

Returning to the data, for the thickest film of 58 nm, the
structure was found to be M. at 200 K (Figure 4a), M, at 400
K (Figure 4b), and tetragonal at 700 K (Figure 4c), consistent
with previous reports on BFO tetragonal-like films of compara-
ble thickness.!'7#%] By contrast, the 9 nm thick film shows a single
peak at temperatures of 150, 305, and 500 K (Figure 4d,e,f respec-
tively). The presence of a single peak implies a tetragonal struc-
ture, meaning that the film maintains the same crystallographic
arrangement down to at least 150 K. A similar result was ob-
tained with the 13 nm film (data not shown). These XRD results
demonstrate that these T-like BFO films thinner than 20 nm pos-
sess — structurally speaking — a tetragonal distortion that is main-
tained down to a very low temperature (as previously observed in
Ref[17]), while the AFM transition remains relatively elevated at
290 K. This demonstrates a clear decoupling of the structural and
magnetic transitions.

Further, when compared with the polarization analysis pre-
sented in Figure 3, we arrive at an intriguing conclusion: despite
crystallizing with a tetragonal structural arrangement, the films

© 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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Figure 5. Structure-magnetic order phase diagram for ultrathin T-BFO films. a) For films with thickness < 20 nm, the AFM and M-My structural phase
transitions deviate strongly, demonstrating a decoupling of the transition. b) Despite having a structurally tetragonal unit cell, the films with t < 15 nm

have a canted P vector, as shown by the red arrow.

of 9 and 13 nm have a P direction not strictly locked to the [001] di-
rection (along the c axis). Such an observation suggests a situation
where the crystallographic structure is tetragonal, but the true
symmetry may be reduced. Catalan and Scott have previously in-
ferred a scenario where “the external shape of the unit cell may be
tetragonal, (but) the internal degrees of freedom responsible for
the polarization might remain monoclinic.”(®) Whilst the unam-
biguous proof of such a concept is challenging, our EFG analysis
in Figure 3 hints that this scenario is possible in highly strained
BFO. Such observations have been made in other epitaxial thin
films, for instance, orthorhombic space group with a tetragonal
lattice in SrTiO, films,[*®! or monoclinic distortions in tetragonal
phases of PbTiO; films.[*]

The datasets from Figures 1-4 can be collated to construct the
phase diagram presented in Figure 5a. We categorize the mag-
netism as antiferromagnetic (AFM) or paramagnetic (PM), while
the structural phase is either tetragonal (T), monoclinic M, or
monoclinic M,. The precise value of temperatures of the M—
M, and M,-T transitions for the 20 and 58 nm films were taken
from previously reported datal'?! to construct the likely transition
lines. Note that the phase boundary between AFM and PM is fit-
ted using a finite-scaling law, as discussed next. The phase dia-
gram demonstrates several key points.

First, the AFM—PM Néel transition temperature shows a scal-
ing as expected for critical behavior. Extrapolation of the trend
line suggests a critical thickness between 1-2 nm. Since BFO is
multiferroic, we compare our results with the FE order parame-
ter as well. Our extrapolated critical thickness is consistent with
early works which showed stable ferroelectricity down to at least
~2 nm in R-like BFO films (grown on SrTiO, substrates)>*! but
is much lower than recent reports of the FE transition in BFO
with stripe domains.l’?l A direct correspondence for the critical
thickness of T-like BFO for these thickness ranges is currently
unavailable.

The observed scaling of Ty with thickness prompted us to
check if we could cast light into critical behavior. Scott et al.
demonstrated a critical slowing of spin fluctuations in the vicinity
of the magnetic transitions for bulk BFO,53] and we examined if
a similar phenomenon can be found (especially for the thinnest
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cases) since their Ty is decoupled from the structural transition.
We attempted to fit the Ty in a critical exponent framework where
the Néel temperature has a dependence given by28>4]

Iy (&
YT ) ‘<T>‘ @

where & is the correlation length at 0 K, Ty (c0) is the AFM tran-
sition temperature in the bulk limit, 4 = * is the shift exponent
(inverse of critical exponent), and ¢ is thickness. We neglected
the effect of strain, following the arguments of Scott et al.l>3! Fit-
ting the data yields the line shown in Figure 5a. This fit gives
us the product £y4 = 1.185. Using nominal values of &, ranging
from 0.5 to 1.4 nm, depending on if we consider C-type or G-
type AFM respectively, we obtain 4 values ranging from 2.37 to
0.85. This yields a critical exponent v of from 0.42 (when &, =
0.5 nm) to 1.18 (when &, = 1.4 nm). Since v cannot take values
larger than 1,%] this strongly hints that C-type AFM mechanism
is dominant for ultrathin T-like BFO. To thoroughly examine this
possibility, one would need to grow (and measure) films at much
lower thicknesses, which is currently a significant experimental
challenge.

A second important feature of Figure 5a is that we see a clear
decoupling of the structural M — M, and AFM — PM transi-
tions, as revealed by the divergence of these phase boundaries at
thicknesses below ~20 nm. Interestingly, in this thickness range,
we find that although the crystal structure is nominally tetrag-
onal, the EFG direction is 32° tilted from [001], as highlighted
by the schematic unit cells and P vector directions shown in
Figure 5b. Several groups had initially proposed that the struc-
tural and magnetic transitions are coupled,['>!% but more re-
cently, it was shown that the strength of the coupling between
the magnetism and the structural M. - M, transition is related
to the magnitude of the monoclinic g angle. If # — 90, then the
coupling strength between the Ty and structural transition be-
comes zero, and the transitions are essentially “decoupled”. A
fine-tuning of the coupling strength between these parameters
was demonstrated using La doping to modify the monoclinic
angle.l’] The confluence of the phase transition temperatures to
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300 K at 15 nm in Figure 5 also suggests a multiferroic triple-
phase point, very similar to that observed by Jang et al.>®] Here,
instead of using A-site doping, the triple phase point could be
obtained through thickness control.

3. Conclusion

In summary, we have reported a scaling of the antiferromagnetic
transition temperature and its coupling to the lattice in T-like
BFO films. We find that i) scaling down the film thickness from
58 to 9 nm induces a decrease of ~40 K in the Néel transition tem-
perature, ii) the unit cell of films below 20 nm has a tetragonal
shape (but may possess a canted polar vector), and iii) analysis
of the CEMS doublets above the AFM transition finds no finite
size effects are detected in the polar order down to 9 nm. In the
context of studies on finite size effects in (111)-oriented R-like
BFO films,[?! our extrapolated critical thickness for AFM order
in T-like BFO is comparable. Our results are important for the de-
sign of magnonic, spintronic, and hybrid multiferroic tunneling
devices at the nanoscale.

4. Experimental Section

Thin Film Growth and Standard X-ray Diffraction Characterization: BFO
films ~100% enriched in >’Fe with thickness 9-58 nm were grown by
pulsed laser deposition on single crystal LaAlO; (001) substrates.[>7:%8] A
Bi; 15>/ FeO5 ceramic target was ablated with a frequency-tripled Nd:YAG
laser at 1 Hz with fluence ~2 | cm~2 while the substrate was kept at 550 ©C
in an oxygen environment of 6 X 1073 mbar. After growth, the films were
slowly cooled to room temperature in 300 mbar of oxygen. The film thick-
nesses were determined by X-ray reflectometry. High angle X-ray diffrac-
tion (XRD) 6-26 scans exhibited only 00/ reflections, indicative of the T-
like phase of BFO.I%8] The out-of-plane lattice parameter of the BFO layer
(Figure 1b) for each film was determined from a linear fit to the positions
of the 001-005 Bragg peaks according to sinf, = Zidn; (n=1234,
5), with 8,, the angle at which the nth film peak appears, n the peak or-
der. The slope of the linear plot is thus given by slope = ﬁ. Propagation
of the standard error from the linear fit yields the error bars presented in
Figure 1b.

Conversion Electron Méssbauer Spectrometry: CEMS spectra were col-
lected under normal incidence employing an in-house built He-5% CH,
gas flow proportional counter in tandem with a 1.5 GBq >’ Co source in a Rh
matrix operated in constant acceleration mode.[>°! Subsequently, the spec-
tra were fit using the histogram method employing the MOSFIT code.[]

Synchrotron Mdssbauer Source:  Synchrotron Mdssbauer spectroscopy
(SMS)[67] data were obtained at the Nuclear Resonance Beamline (ID18)
at the European Synchrotron Radiation Facility (ESRF) in Grenoble,
France.l52] The (111) pure nuclear Bragg reflection of a >’ FeBO; (FBO) sin-
gle crystal was used to stimulate the nuclear transition of °’Fe in the thin
film samples. The FBO crystal was placed on a WissEl velocity transducer
operated with a sinusoidal waveform. A standard y-ray beam (0.5 mm ver-
tically by 1.5 mm horizontally) was directed onto the sample at grazing
incidence. Velocity calibration was achieved with a 25 um thick natural a-
Fe foil. Background-free photon flux generated at 14.4 keV was captured
using a scintillation detector. The data were fit with the NORMOS program
using a distribution of hyperfine field values.

Low and High Temperature XRD Reciprocal Space Mapping: RSMs were
obtained for the 9 and 58 nm films at temperatures 150-300 K using a
closed cycle cryostat at the 3A beamline at Pohang Accelerator Labora-
tory, South Korea. High temperature XRD RSMs were collected using a
Rigaku Smartlab diffractometer, equipped with Cu k, _ ; radiation (A =

1.5406 A). The splitting of the 103 peak in Figure 4d arises from twinning
in the rhombohedral LaAlO; substrate. This twinning is not observed in
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Figure 4e,f as the experiment at 305-500 K took place in a different diffrac-
tometer and thus the in-plane alignment of the sample was different.
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Supporting Information is available from the Wiley Online Library or from
the author.
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