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Strong magnetoelectric coupling in multiferroic Co/BaTiO; thin films
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We have found evidence for a strong magnetoelectric (ME) coupling at room temperature between
polycrystalline Co layers (5—40 nm) and single-crystalline (001)-oriented BaTiO; layers (15—17 nm). We took
advantage of the quasi-single polarization orientation, perpendicular to the film plane, of the ferroelectric BaTiO;
domains in the tetragonal phase. Using ferromagnetic resonance spectroscopy with the Co magnetization aligned
either parallel or antiparallel to the BaTiO; polarization, we assessed a strong anisotropy of about 0.14 T in the
Co resonance field positions, indicating a coupling constant of 0.27 s/F. When sweeping the temperature through
the phase transitions of BaTiOs, the two resonance positions are shifted in opposite directions. The ME coupling
induces a notable magnetic anisotropy resulting in high values of the out-of-plane remanent magnetization. Our

results are promising for future multiferroic devices.
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Multiferroic structures involving ferromagnetic and ferro-
electric orders are key elements for the development of novel
memory and logic devices with low energy consumption and
nanometer-ranged sizes.'™ Single phase multiferroics with
ordering temperatures above 300 K are rare since insulating
behavior and cooperative cation off-centering required for fer-
roelectricity are antagonist to parallel magnetic spin ordering.*
Artificial composite multiferroic systems are an alternative
that received renewed attention recently.>™ In particular, they
promise relevant functionalities, among which the manipula-
tion of magnetization by use of an electrical voltage instead of
a magnetic field, through switching of electric polarization.®’
This requires a strong and well-understood magnetoelectric
coupling between the ferromagnetic (FM) and ferroelectric
(FE) components. In spite of the tremendous research effort,
the fundamental physics behind magnetoelectric interactions
remains puzzling in many aspects.'?

Most works on FM/FE systems have been carried out
using FE (e.g., BaTiO3) bulk crystals.''~'® Although ade-
quate to show evidence of interactions between FE and FM
phases, this situation is hardly of any help when considering
nanometer-sized systems. The intrinsic electric properties of
a FE macroscopic crystal are likely to be different from
those of the thin film counterpart.!”!® The transposition of
coupling phenomena should thus be considered with care. In
particular, a FE crystal generally consists of domains with
different polarization orientations, each of which may exert
a different influence on the overlying FM film.'® Moreover,
when applying electric fields to a FE crystal, magnetoelastic
effects may overcome purely magnetoelectric effects, because
of large piezoelectric distortions.

Here we have found evidence by ferromagnetic resonance
spectroscopy that a strong magnetoelectric coupling exists
in a system where both FM and FE are thin films: Co
(540 nm)/BaTiO3 (17 nm) layers grown on SrTiO3(001)
substrates. The epitaxial BaTiO3 layers at room temperature
have a (quasi) single out-of-plane polarization state that allows
using them as a ferroelectric reference state. Depending on
whether the magnetization vector of Co is aligned parallel
or antiparallel to the electric polarization vector of BaTiOs3,

1098-0121/2013/88(12)/121409(5)

121409-1

PACS number(s): 75.85.4-t, 07.57.Pt, 68.37.—d, 75.70.—i1

distinct Co ferromagnetic resonance fields are measured at
300 K. These resonance fields shift oppositely upon cool-
ing/heating through the phase transitions of BaTiO3. On the
contrary, no shift at all is observed when the magnetization is
perpendicular to the polarization.

The 15-17-nm-thick ferroelectric BaTiO; (BTO) layers
were grown by atomic oxygen assisted molecular beam epi-
taxy. Details on the growth process and on the high crystalline
quality/stoichiometry of our BTO (001) films are given in
Ref. 20. Atroom temperature, for thicknesses above 10 nm, the
BTO layers adopt the perovskite-derived tetragonal structure
with lattice parameters close to the bulk ones: a = 3.99 A,
¢ = 4.04 A. Atomic force microscopy [Fig. 1(a)] shows that
the final surface exhibits 100—150-nm-wide flat terraces (mean
roughness = 0.2 nm) with unit-cell steps decorated by Ba-rich
oxide three-dimensional (3D) clusters/lines. Piezoresponse
force microscopy (PFM) reveals [Fig. 1(b)] that at 300 K the
electric polarization of the as-grown film is almost entirely out
of plane with ~90% of the domains polarized outwards along
the ¢ axis. The polarization may easily be reversed by use of
small voltages (2—4 V) between the tip and the Nb-doped
SrTiO3 substrate. Figure 1(b) shows a circle of 0.7 um
diameter along which the polarization has been switched
downwards after poling by use of the tip.

Ferromagnetic Co films with thicknesses equal to 5, 15,
and 40 nm were deposited in situ in ultrahigh-vacuum condi-
tions on BTO/SrTiO3(001) at room temperature, keeping the
nominal BTO thickness between 15 and 17 nm. The films were
capped with ~6 nm Au to avoid ex situ Co oxidation. One of the
Co thicknesses investigated was reproduced twice in order to
cross-check the results. Typical reflection high-energy electron
diffraction (RHEED) patterns are shown in Fig. 1(c). The rings
in the RHEED diagram of Co reveal the polycrystalline nature
of the Co film; the presence of some preferentially orientated
grains is suggested by some additional 3D spots. The x-ray
reflectivity curve related to the thicker Co film is displayed in
Fig. 1(d). The fit shows that the interface between BTO and Co
is sharp with a roughness lower than 0.7 nm. Considering an
eventual formation of CoO at the interface did not improve the
fit. The Co film is continuous as confirmed by high resolution
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FIG. 1. (Color online) (a), (b) Typical topographic (a) and phase
(b)PFM 1 x 1 um? images obtained ex situ from a 20-nm-thick BTO
film after 4 V poling along a circle of 0.7 um diameter. (c) Typical
RHEED patterns obtained after 17 nm of BTO, and then 40 nm of
Co have been deposited on the SrTiO; substrate. (d) Experimental
x-ray reflectivity curve simulated using a sharp interface system: Au
(5.2 nm)/Co (38.2 nm)/BTO (16.5 nm)/SrTiO; with surface/interface
roughness of 2.9, 1.4, 0.7, and 0.2 nm, respectively.
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transmission electron microscopy (HRTEM) (Fig. 2). Some
hcp Co grains with their ¢ axis along the in-plane [100]gT0
axis are identified in the image zooms.

The magnetic properties have first been studied by su-
perconducting quantum interference device (SQUID) and/or
vibrating-sample magnetometry (VSM). The raw signals were
corrected for the diamagnetic contribution of the substrate.
The magnetization M of the thicker Co film (40 nm) measured
at 300 K as a function of an external field oy H is shown
in Fig. 3(a) with the field in the surface plane (IP) or
out of the surface plane (OP). The IP hysteresis loop is
as expected from polycrystalline hcp Co with a saturation
magnetization (M, = 1.43 x 10° A m™!) consistent with that
of bulk crystals, a remanent magnetization M, almost equal
to M; (M, = 0.85Mj;), and a small coercive field (uoH,, =
1 mT). The OP hysteresis loop reveals a rather high remanent
magnetization M, value about 15% of M, and for moderate
field values 0 < poH < 0.7 T, a magnetization standing
between 15% and 60% of saturation. Similar OP M-H curves
were measured for the 15- [inset Fig. 3(a)] and 5-nm-thick
Co films. This OP magnetization behavior is unexpected
from continuous polycrystalline thin films for which shape
anisotropy should align magnetization in the plane of the
film in low magnetic field conditions.?!*> The OP M-H
curves of our Co/BTO layers are close to that reported
for 40-nm-thick hep (0001)-textured Co layers grown on
Al,O3(0001) and where the magnetocrystalline anisotropy
(MCA) acts in favor of a magnetization along the Co ¢ axis,
and thus along the OP z direction.?” In our case, since we deal
with polycrystalline Co thin films, the MCA averaged on all
grains contributes negligibly. Therefore, the only explanation
for the OP behavior is that the Co/BTO interface plays a
major role; in other words, that the BTO layers are responsible
for the magnetic perpendicular anisotropy. Figure 3(b) shows

FIG. 2. HRTEM image of the Au (10 nm)/Co (40 nm)/BTO (17 nm) system, with zooms showing hcp Co grains with different epitaxial

relationships with respect to BTO.
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FIG. 3. (Color online) (a) Hysteresis loops measured at 300 K of
a 40-nm-thick Co film deposited on a 17 nm BTO film in the in-plane
(IP) and out-of-plane (OP) configurations. The inset shows that the
OP signal from the 15 nm Co film is similar to that of the 40 nm film.
(b) Topographic (left) and MFM images (middle and right) of the Au
(10 nm)/Co (40 nm)/BTO (17 nm) system, after the sample has been
magnetized OP.

images obtained by magnetic force microscopy (MFM) on
the Au(6 nm)/Co(40 nm)/BTO(17 nm) system at the OP
remanence. The topographic image is as expected from a rough
Au surface with 3D clustering. The magnetic domains in the
MFM image appear in the form of stripes with alternating dark
and bright contrast (domains with up and down magnetization),
irregularly aligned at ~45° of the [100]gro direction. The
stripe pattern closely resembles that observed on (0001)-
textured Co films.?? It derives from the minimization of the
magnetic free energy by means of antiparallel alignment of
OP magnetized domains.

Since the Curie temperature of Co is 1400 K, any change
of the magnetization with the temperature 7 could be related
to magnetostriction effects through BTO lattice distortions
with respect to the parent perovskite cubic structure: Starting
from the tetragonal phase at 7 = 300 K and decreasing
the temperature, a first transition occurs at 278 K towards
an orthorhombic phase, a second one at 183 K towards a
rhombohedral structure. Importantly, for a single crystalline
(001) BTO crystal, the electric polarization switches from
[001] to (101) or (111) direction, respectively, and the
perpendicular component of the electric polarization decreases
with abrupt jumps. The situation for thin BTO films is more
complex. The critical temperatures and the polarization states
of the different phases may be modified by the strain induced
by the substrate, the thermal expansion mismatch between
the film and the substrate, or the reduced-size effects.?3~%’
At 300 K, our (001)-oriented BTO films are unstrained, have
the tetragonal structure, and exhibit a polarization essentially
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FIG. 4. (Color online) FMR resonance magnetic field values
measured at room temperature as a function of the angle 6 between
the magnetic field and the sample normal axis for the 40-nm-thick
Co film on BTO (17 nm).

parallel to [001]. Hysteresis M-H loops measured with the
thicker film in the IP geometry did produce jumps of M,
and M, at temperatures close to those of the rhombohedral-
orthorhombic and orthorhombic-tetragonal phase transitions.
However, the weak magnitude (*1.5%) of these jumps makes
any quantitative analysis difficult. Magnetization measure-
ments in the OP geometry are problematic since the OP
remanent magnetization is worth only 15% of the saturation
value due to the presence of up and down domains.

The magnetic response was thus investigated by using a
more direct and sensitive technique, which is ferromagnetic
resonance (FMR) spectroscopy. Here, a microwave radiation
(v & 9.5 GHz) is absorbed by the Co film at specific resonance
magnetic fields H.s which depend on the experimental ge-
ometry. Figure 4 shows the angular variation of the resonance
field for the Co(40 nm)/BTO(17 nm) film when varying the
angle 6 between the external applied magnetic field and the
normal z axis of the sample, from 0° to 180°. The large shift
of the resonance field between 0° and 90° can be simulated on
the basis of the Kittel formula. For & = 0 (or ), the resonance
field H,s is given by

moHres = hv/(gcoms) + oM, (1)
while for 6 = 7 /2, it is given by
[hv/(gCO/LB)]Z = [MOHres + Ko M] Mo Hres (2)

with gco, = 2.18. Equations (1) and (2) consider only demag-
netization field effects due to the thin film shape anisotropy
through the (uoM) term which is very large (=17500 x
10~* T). In the case that MCA intervenes, the (uoM) term
in (1) should be replaced by an effective value (woMesr) =
(uoM — 2Ke/M). Due to the polycrystalline nature of
our Co film, the average on the differently oriented grains
makes the ((oM.gr) term moderately reduced with respect to
(noM). Unexpectedly, a noticeable asymmetry is detected in
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the resonance curve of Fig. 4 comparing the behavior at 0°
and 180°, respectively. The same measurements performed
with a polycrystalline Co film of equivalent thickness on top
of a TiO,/Si(001) substrate have led to a perfectly symmetric
resonance curve. The asymmetric resonance field values in
the OP geometry are explained according to the modified
formula (see Ref. 28) with respect to (1) which includes a
magnetoelectric coupling term:

moHres = hv/(gco ) + oM, — (ZKMZ/MS) +AP, (3

where P, is the OP BTO polarization, and A stands for the cou-
pling constant which appears in the interface magnetoelectric
free energy (+A MP) of the system if any. The sign of P,
in (3) is defined with respect to magnetization: it is written
+P if P is parallel (||) to M, and —P if P is antiparallel
(anti-]|) to M. Assuming that the BTO film has a single
orientation of the polarization, in the case & = 0°, the magnetic
field H is applied parallel to the BTO polarization P; in the
case § = 180°, it is applied antiparallel. The high resonance
fields in the OP geometry imply the magnetization is close to
saturation (M, &~ M,). We thus test || or anti-|| alignments of
the polarization P and magnetization M vectors, respectively.
The shift of the resonance field in Fig. 4 by —1400 x 107* T
at 180° with respect to that at 0° corresponds to (2AP).

A series of FMR spectra measured at different temperatures
T across the orthorhombic-tetragonal phase transition are
displayed in Figs. 5(a) (8 = 180°) and 5(b) (6 = 0°),
respectively. The derived values of the Co resonance field
HoHs are plotted as a function of T in Figs. 5(c) and
5(d). Raising the temperature from 220 K, the resonance
field poHies first slowly decreases in each geometry with the
same slope, then from 2260 up to 290 K markedly shifts to
lower or higher values depending on the geometry: The shifts
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are —850 x 10™* T for M anti-|| P and +550 x 10™* T
for M||P. These shifts of poH.s occur concomitantly to the
BTO orthorhombic-tetragonal transition. Coming back from
310 to 220 K, one observes a small hysteresis in the Hes-T
curve [Fig. 5(d)]. The negative (positive) shift at 270 K
for the field H antiparallel (parallel) to the BTO polarization
P may solely be explained by the magnetoelectric AP, =
AP term in Eq. (3). The slow linear decrease of resonance
positions as a function of 7" on both sides of the BTO phase
transition is attributed to the weak MCA contribution which
accordingly monotonously decreases with raising temperature.
Note the same linear decrease with 7' has been measured for
the reference Co/Ti0,/Si sample.

Our Co/BTO/SrTiO3(001) sample is almost fully polarized
OP, therefore, we should not observe any shift of the resonance
field with temperature if the magnetization is in plane i.e.,
perpendicular to the electric polarization. Indeed, the FMR
resonance spectra in the IP configuration do not shift at all in
the 220-310 K temperature range [Figs. 5(e) and 5(f)].

In a BTO single crystal, the orientation of P varies
from the [001] direction towards [101]-like directions at
the tetragonal-orthorhombic transition. The configuration of
electric polarization in our thin BTO film in the orthorhombic
phase is unknown. We observe that the magnetic resonance
fields in this phase do not depend on the orientation of the
sample (0° or 180°) with respect to the magnetic field. From
Eq. (3), we can conclude that, in this phase, we have an average
(P;) = 0 (an equal number of domains with + P, polarization,
or a nonferroelectric phase). With this assumption, retaining an
average value of 700 x 10~* T for the (A P,) coupling term
and a polarization magnitude in the tetragonal phase equal to
that of bulk BTO (P, = 26 £C/cm?), we derive a A coupling
value equal to 0.27 s/F, in good agreement with the theoretical
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FIG. 5. (Color online) (a), (b) FMR spectra of the 40-nm-thick Co/BTO film in the OP configuration collected at different temperatures
from 220 to 310 K, with the magnetic field H applied either (a) antiparallel or (b) parallel to the BTO polarization P, respectively. (c), (d)
Resonance field values as a function of temperature in the two configurations: (c) M anti-| P and (d) M | P. (e), (f) FMR spectra in the IP
configuration and related resonance field as a function of temperature.
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prediction of Sukhov et al®® The (AP;) value is of the same
order of magnitude as the ©y AM change with polarization
orientation calculated by Duan et al. for the Fe/BTO system.?’
Importantly, we have checked that the shifting of the resonance
field between the two 0° and 180° orientations disappears
when increasing the temperature from 300 to 390 K where
the BTO layers transform into the paraelectric (P, = 0) cubic
phase.

The Co/BTO magnetoelectric coupling can explain the
rather high value of OP M, /M, at room temperature. The OP
magnetization could be favored by the OP electric polarization
via an anisotropy term in the energy.*°

In summary, a strong magnetoelectric coupling has
been demonstrated on a FM/FE nanometer-thick system:
Co/BaTiO3; grown on SrTiO3(001). This coupling is unam-
biguously determined through the ferromagnetic resonance
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behavior of Co. At 300 K, || and anti-|| alignments of BaTiO3
polarization and Co magnetization produce distinct resonance
field values. These resonance positions shift oppositely at the
structural phase transitions (278 and ~390 K) of the BTO
film. Last, the coupling induces a significant out-of-plane
remanent magnetization of the FM film in the 5—40 nm
thickness range.
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