Field-induced magnetization of BiFeQ; in ultrathin La,;Sr;MnQO;/BiFeQO;

superlattice

Surendra Singh,l’* J. Xiong,2 A. P. Chen,2 MRF itzsimmons,3 Q. X. Jia®

'Solid State Physics Division, Bhabha Atomic Research Centre, Mumbai 400094 India
*Center for Integrated Nanotechnologies, Los Alamos National Laboratory, Los Alamos, NM,
USA
’0ak Ridge National Laboratory, Oak Ridge, TN, USA

*Email: surendra@barc.gov.in

Abstract:
We report the observation of field-induced magnetization of BiFeOs; (BFO) in an ultrathin
Lag 7Sro3MnO3; (LSMO)/BFO superlattice using polarized neutron reflectivity (PNR). The depth
dependent structure and magnetic characterization of subnano layer thick (thickness ~ 0.7 nm
each) LSMO/BFO hetrostructure is carried out using X-ray reflectivity and PNR techniques.
Our PNR results indicate parallel alignment of magnetization as well as enhancement in
magnetic moment across LSMO/BFO interfaces. The study showed an increase in average
magnetization on increasing applied magnetic field at 10K. We observed a saturation
magnetization of 110+15 kA/m (~0.7ug/Fe) for ultrathin BFO layer (~2 unit cell) sandwiched

between ultrathin LSMO layers (~ 2 unit cell).
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In complex oxides the competition between, charge, spin, orbital, and lattice degrees of
freedom lead to fascinating functional behavior. Due to breaking of space and/or time
symmetries intrinsic to an interface, additional unique properties can emerge that are absent in
bulk materials,'* Specifically, coupling between ferromagnetic (FM), antiferromagnetic (AFM),
and ferroelectric (FE) order parameters via strain or magnetoelectric effects may yield new
routes to achieve strong magnetoelectric coupling in a multiferroic.”

Being a prototypical multiferroic, BiFeO; (BFO) has received much scrutiny.”” BFO is a
single phase multiferroic material which exhibits magnetoelectric coupling between FE (7¢ =
1103 K) and AFM (Tx = 643 K) order parameters. There have been mixed reports about the
origin of ferromagnetism in BFO films, '’ which include epitaxial strain,” * oxygen deficiency
or presence of Fe*",* and deformation of oxygen octahedral.'’ Indeed, theoretical calculations
suggest a weak ferromagnetism in BFO can result from canting of the AFM structure due to
Dzyaloshinskii-Moriya interaction; however, the estimated value of uncompensated
magnetization can be much smaller than observed."'

In addition to interest in BFO films, there has also been interest, motivated by the
possibility to realize magnetoelectric coupling, in heterostructures of BFO and Lag 7Sro3MnOs
(LSMO).'*'* Magnetic moments at the interface of BFO and LSMO hetrostructure, reported
earlier, have been attributed to Fe-Mn hybridization and orbital reconstruction, which is
associated with charge transfer possibly occurring in close proximity to the BFO/LSMO
interface.'> "’

Understanding and probing interface magnetisms in complex metal-oxide heterostructures
are of both scientific and technological importance. In previous experimental work, we observed

uncompensated magnetization in the antiferromagnet BFO layer in BFO/LSMO superlattice with



thickness of each layer ~ 6 unit cell (u. c.), grown on SrTiO; (STO)."® Theoretical calculations
accompanying this work suggested such magnetization can indeed develop via spin-exchange
effects in a BFO/LSMO superlattice.'® Further, ab initio calculations suggest both AFM and FM
exchange coupling across the BFO/LSMO interface which strongly depends on the termination
of the LSMO film.'® The calculations'® also suggested strong induced magnetization for even
thinner films (~3 u. c¢.). Thus, we were motivated to measure the magnetic depth profile across an
ultrathin BFO/LSMO superlattice (with 2 u. c¢. thick BFO layers) using polarized neutron
reflectivity (PNR) technique. Field dependent magnetization of BFO layer and ferromagnetic
LSMO layer shows similar trend at 10K suggesting a ferromagnetic coupling at the interface of
BFO/LSMO superlattice.

A superlattice structure of [(BFO),,/(LSMO),]y was grown on an (001) STO substrate by
pulsed laser (KrF) deposition, where the m and » are 2, u. c¢. of BFO and LSMO, respectively,
and N = 32 is the number of repetition of BFO/LSMO bilayer. The deposition rate was controlled
through appropriate focus of laser beam on the target, where the nominal growth rate was
~0.01A/pulse. The substrate temperature during film growth was initially optimized and was
maintained at 750 °C as calibrated by the pyrometer. The oxygen pressure during deposition was
200 mTorr. Evidence of structurally well-defined interfaces of similar hetrostructures was
obtained using x-ray diffraction, transmission electron spectroscopy (TEM) and Rutherford
Backscattering Spectroscopy.'® The magnetization hysteresis of the superlattice was measured
with vibrating sample magnetometer (VSM). Depth dependent structure and magnetization of the
superlattice was analyzed by X-ray reflectivity (XRR) and polarized neutron reflectivity (PNR)

techniques.'®"” X-ray diffraction (XRD) (Figure 1a) and XRR (Figure 1b) were measured using



Cu K, radiation and PNR was measured at Asterix spectrometer at Los Alamos Neutron
Scattering Center (LANSCE)."”

The specular reflectivity, R, of the sample was measured as a function of wave vector
transfer, Q = 4z sinf/4 (where, 8 is angle of incidence and 4 is x-ray or neutron wavelength). The

reflectivity is qualitatively related to the Fourier transform of the scattering length density (SLD)

17,18

depth profile p(z), averaged over the whole sample area. For XRR, p,(z), is proportional to

: 17,18
electron density.'”

In case of PNR, p(z) consists of nuclear and magnetic SLDs such
that p*(2) = p,(2) + CM(2), where C =2.853x10” A? m/kA, and M(z) is the magnetization (in
kA/m) depth profile."” The sign +(-) is determined by the condition when the neutron beam
polarization is parallel (opposite) to the applied field and corresponds to reflectivities, R*(Q).

Thus, by measuring R'(Q) and R(Q), p,(z) and M(z) can be obtained separately. Normalized
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2
spin asymmetry (NSA) is defined as (R" - R")/Rg, where Ry (= 0 ) is Fresnel decay.'” It is used

to enhance the role of magnetization depth profile in our analysis.

Fig. 1(a) presents a 0-20 XRD pattern of BFO/LSMO heterostructure. It is evident from
this pattern that all the layers show (001) texture. Together with the in-plane XRD scan (not
shown here), the experimental results suggest epitaxial growth across the superlattice. Inset (i)
shows the XRD peak around the STO (001) reflection. Inset (ii) shows the rocking curve of the
LSMO/BFO (002) peak, where the full width at half-maximum (FWHM) is about 0.09°,

suggesting high crystalline quality of the superlattice.
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Fig. 1 (a) Typical 6-26 (out of plane) XRD pattern (in log axis) of the superlattice

[(LSMO),/(BFO);]32 on (100) SrTiO; substrate showing high quality, epitaxial multilayer. Inset

(i1) shows the rocking curve with FWHM of 0.0923° of LSMO/BFO (001) diffraction peak. (b)

X-ray reflectivity (XRR) from superlattice. Inset shows the depth profile of the electron

scattering length density (ESLD) of the superlattice which gives the best fit to XRR data.

Fig. 1 (b) shows the XRR data (closed circles) normalized to the asymptotic value of the

Fresnel decay (Rr)

Error! Bookmark not defined.

as a function of wave vector transfer, Q = 4zsiné/A (6 is



angle of incidence and /A is x-ray wavelength), from the sample. Inset of Fig. 1 (c) shows the
electron scattering length density (ESLD) depth profile of sample which gave best fit (solid line)
to XRR data. The ESLD profile confirms the periodic multilayer growth.

The macroscopic magnetic characteristics of the hetrostructure were investigated as a
function of temperature and magnetic field. Fig. 2 (a) shows the magnetization vs. magnetic field
hysteresis at 10 K from the superlattice along the plane. We observed coercive fields (H.) of
about 360 Oe at 10 K. The saturation magnetization of about 160 kA/m was achieved at a field
of ~6 kOe. Closed circles (blue) on M-H plot are the fields on which we have made PNR
measurements and are discussed later. Fig. 2 (b) shows VSM data for the sample after conditions
of field-cooling (FC) (cooling field Hrc = 1 kOe) and zero-field-cooling (ZFC). The FC data
were collected during the warming cycle in a field of 1 kOe (A) and 0 Oe (0). ZFC data were
collected during the warming cycle in a field of 1 kOe. We observed a strong separation of the
FC and ZFC measurements at the blocking temperature of ~45 K when measured in an applied
field of 1 kOe as the sample was warmed. In addition, the thermal remanent magnetization of
the FC sample decreases to zero at the blocking temperature. The behavior of the magnetization
of our ultrathin layers comprising the superlattice is reminiscent of superparamagnetic behavior
typically observed in nanoparticles of manganites.”® At the blocking temperature (~ 45 K) the
ZFC data show a peak in magnetization, which coincides with the loss of thermal remanent

magnetization measured in FC condition (in an applied field of 0 Oe).
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Fig. 2 (a) Magnetic hysteresis curve at 10 K of the superlattice [(LSMO),/(BFO),]s, on (100)
SrTiO; substrate. (b) Magnetization as a function of temperature for field cooled (FC) at 1kOe

and zero field cooled (ZFC) condition on warming in different magnetic fields.

PNR measurements were performed at different temperatures while warming the sample in
a field of 1 kOe after cooling in a field of 1 kOe (FC) from 300K. Fig. 3 (a) shows the R*(Q)/R¢
for 300 K and 10 K. Fig. 3 (b) and (c) show the normalized spin asymmetry (NSA) defined as
(R" - R)/Ry at these temperatures which highlights the spin dependence of the reflectivity. The
amplitude and period of the oscillatory variation in NSA are related to the magnetization contrast

across interfaces between magnetic/non-magnetic layers and the total thickness of the film

respectively.'”
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Fig. 3 (a) Polarized neutron reflectivity (PNR) from superlattice [(LSMO),/(BFO)s]> on (100)
SrTiO; substrate at 300 K and 10 K under field cooled (FC) condition in a field of 1 kOe.
Reflectivity data at 300 K and 10 K are shifted by a factor of 5 for the sake of clarity.
Normalized spin asymmetry (NSA), (R" - R")/Rg, data at 300 K (a) and 10 K (c). (d) Nuclear
scattering length density (SLD) and (e) magnetization (M) depth profile extracted from fitting

PNR data at 300 K and 10 K.

To extract the magnetization profile from the PNR measurements we fixed the parameters
(thickness of layers, interface roughness and number density of each layer) obtained from XRR
data and only the magnetization depth profile was optimized. PNR data at 300 K show negligible
spin dependent (nearly zero NSA data) suggesting very small magnetization ~ 20 + 10 kA/m for

LSMO layer and zero magnetization for BFO layer. While PNR data at 10 K (FC condition) in a
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magnetic field of 1kOe (higher than H.) clearly show spin dependent neutron reflectivity [with
large amplitude NSA data in Fig. 3 (c¢)]. Fig. 3 (d) and (f) show the nuclear scattering length
density (NSLD) and magnetization depth profiles, respectively, which yield fit to PNR data,
shown as the continuous lines in Fig. 3 (a-c)). We obtained a magnetization of 100 + 15 kA/m
and 29 = 12 kA/m for LSMO and BFO layers, respectively. The thickness averaged
magnetization for superlattice was 72 + 12 kA/m, which is comparable to the average

magnetization of ~ 80 kA/m obtained from VSM (Fig. 2 (b)) under the same measurement

conditions.
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Fig. 4 Normalized spin asymetry (NSA) data (PNR data) at different applied in-plane magnetic
field (left panel). Magnetization depth profiles (right panel) across a bilayer of LSMO/BFO at

different magnetic field which gave best fit to NSA data (left panel).



The VSM data suggest the superlattice magnetization is still approaching saturation at very
high fields of 6 kOe. Therefore, we repeated PNR measurements to higher fields. Fig. 4 (a) — (d)
shows the PNR (NSA) data at different applied magnetic field. Spin dependent PNR data clearly
depicts an increase in amplitude of NSA profile on increasing the magnetic field which indicates
an increase in average magnetization on increasing magnetic field. Fig. 4 (e) shows the
magnetization profiles across a bilayer of LSMO/BFO which gave best fit to NSA data (solid
lines in (a) — (d)) at successively higher fields. We have also fitted the NSA data (open stars with
line in Fig. 4 (d)) at 10 K in a magnetic field of 4.5 kOe, assuming zero magnetization of BFO
layer, which depicts poor fit to data hence confirming the presence of magnetic moment in BFO
layer.

Average magnetization of LSMO layer extracted from PNR measurements (Fig. 5)
increases from 100 + 15 kA/m to 218 + 22 kA/m on increasing magnetic field from 1 kOe to 4.5
kOe at 10 K under FC condition. On further increasing magnetic field to 6.1 kOe we observed a
small change in the magnetization (~ 223 + 21 kA/m) of the LSMO layer, suggesting saturation
of LSMO layer. For the BFO layer, we obtained an increase in the average magnetization from
28 +£ 10 kA/m to 109 + 15 kA/m while increasing the magnetic field from 1 kOe to 4.5 kOe at 10
K under the FC condition. The magnetization of the BFO layer remained nearly unchanged (~
112 £ 15 kA/m) as the field was increased to 6.1 kOe. The field dependence of the BFO
magnetization is the same as that of the LSMO magnetization (Fig. 5). Previously, the
temperature dependencies of the BFO and LSMO magnetizations in another BFO/LSMO
superlattice were also found to be the same.*' These results are consistent with the hypothesis

that the LSMO magnetization induces magnetization in the BFO.
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Fig. 5 (a) Average magnetization of LSMO and BFO layer as a function of applied in-plane

magnetic field.

The observed enhanced magnetic moment for whole BFO layer of thickness ~ 2 u.c. is
highest achieved magnetization for LSMO/BFO superlattice where BFO layer is
ferromagnetically (parallel) coupled to LSMO layer. Also the dependent of magnetization of
BFO layer with applied magnetic field suggest that these factors (thickness of each layer,
magnetic field and magnetization of LSMO layer) ultimately determine the strengths of various
magnetic interactions and order parameters, particularly at the interface.

In summary we have measured the magnetization depth profile of ultrathin BFO/LSMO
superlattice as a function of applied in-plane magnetic field at 10 K under FC condition. We the

field dependence of the magnetizations LSMO and BFO layers (thickness ~ 2 u. ¢ for each) to be
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the same, which suggests an intimate relationship between the LSMO and BFO uncompensated
magnetization order parameters (previously only the temperature dependence of the
magnetizations had been reported). Our comprehensive magnetization depth profiling using PNR
data imply an enhancement in saturation magnetization (~ 110 + 15 kA/m or ~ 0.70 pg/Fe) of

ultrathin BFO layer at 10 K when BFO is placed in contact with ferromagnetic LSMO.
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