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ABSTRACT

The much lower magnetic ordering temperature of multiferroic fluorides strongly limits their practical applications [J. F. Scott and R. Blinc,
J. Phys. 23, 113202 (2011)]. In this paper, (010) oriented BaCoF4 films have been prepared on (0001) Al2O3 substrates by pulsed laser
deposition. The clear observation of amplitude and phase hysteresis loops by piezoresponse force microscopy confirms the ferroelectricity at
room temperature. In contrast to the antiferromagnetism in bulk BaCoF4 with a much lower N�eel temperature of 69.6 K [Eibsch€utz et al.,
Phys. Rev. B 6, 2677 (1972)], clear magnetic hysteresis loops are observed in BaCoF4 films, indicating the weak room temperature
ferromagnetism. The nearly unchanged saturated ferromagnetic magnetization of about 30 emu/cm3 between 5K and 300K suggests that the
Curie temperature of BaCoF4 films is much higher than room temperature. Exchange bias is clearly observed, with a blocking temperature of
250K. Magnetoelectric coupling is demonstrated by the observed magnetocapacitance effect at room temperature.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0002466

Multiferroic materials, possessing magnetic and ferroelectric
orderings simultaneously, exhibit distinctive physical phenomena and
device functions.1–3 Oxide perovskites are the most widely studied sin-
gle phase multiferroic materials.4 However, the contradictory require-
ments of outer shell electronic occupation of 3d transition metal (TM)
ions for ferroelectricity and magnetism, due to the covalent bonding
with O2� ions, significantly impede the realization of multiferroic
oxides with strong magnetoelectric coupling at room temperature.
One possible solution is to search multiferroic materials in fluorides
with the ionic bonding with F� ions, due to the higher electronegativ-
ity of F compared to O.5

There aremany ferroelectric fluorides containing 3d TM ions, which
are potential multiferroic materials.6 The BaMF4 (M¼Mn, Ni, Co, etc.)
family is one of the most widely studied ferroelectric fluorides, and ferro-
electricity has been experimentally demonstrated with Curie temperature
much higher than room temperature.6 However, antiferromagnetism is
observed in the BaMF4 family with the N�eel temperature typically lower
than 100K.6 For practical applications, both ferroelectric and magnetic
orderings should persist at least up to room temperature.

Films are a kind of nanomaterial with one dimensional size down
to the nanometer scale, which might bring different physical

properties, because of the geometrical confinement. Furthermore,
films are the general format for the electronic devices, and the proper-
ties can be finely tuned by extrinsic parameters, such as strain induced
by the lattice mismatch with the substrate, interfacial structural modi-
fication, composition modification, etc. Recently, Borisov et al. epitaxi-
ally grew BaCoF4 films by molecular beam epitaxy (MBE); weak
ferromagnetism has been observed up to 19K with weak antiferro-
magnetism up to 41K, in contrast to the collinear antiferromagnetism
in bulk BaCoF4, which has been explained by the induced strain from
the mismatch with (0001) Al2O3 substrates.

7 In this paper, we applied
pulsed laser deposition (PLD) to grow BaCoF4 films on (0001) Al2O3

substrates, and weak ferromagnetism higher than room temperature
has been realized.

The BaCoF4 target was prepared first by conventional solid state
reaction using BaF2 and CoF2 powders as raw materials with a molar
ratio of 0.85:1. The raw material was grounded thoroughly, laminated
and sealed in a copper tube filled in an Ar atmosphere, and then
heated at 923K for 24 h. BaCoF4 films were deposited on (0001)
Al2O3 substrates with a substrate temperature of 773K by PLD using a
KrF excimer laser. A metal mesh was placed between the target and
the sample holder to prevent the direct deposition of target particles
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during the laser ablation. The base pressure of the chamber was
8� 10�4Pa, the pulsed laser energy was measured to be 35 mJ on the
target surface, and the repetition rate was 5Hz. The thickness of films
was controlled to be about 50 nm by adjusting the laser pulse number
(30 000 in this paper). The crystal structure was studied by x-ray dif-
fraction (XRD, Rigaku Smartlab3) with Cu Ka radiation. The surface
morphology was imaged using a scanning electron microscope (SEM,
FEI Inspect F50). The concentration of each element was analyzed by
x-ray photoelectron spectroscopy (XPS, PREVAC) with an Al Ka

source (h�¼ 1486.6 eV). The ferroelectric properties were character-
ized using a scanning probe microscope (SPM, Asylum Research
Cypher). The magnetization was measured using a superconducting
quantum interference device (SQUID, Quantum Design) from 5K to
300K. Au electrodes were deposited on the surface of the film, and the
capacitance C was measured with the electric field applied in the film
plane. The magnetocapacitance (MC) effects were measured at room
temperature with the magnetic field applied in the film plane.

Figure 1(a) shows the XRD pattern of the BaCoF4 target. It can
be clearly seen that all the diffraction peaks are indexed to the standard
data (PDF#21-0065) and no impurity phase can be observed. At room
temperature, bulk BaCoF4 has an orthorhombic crystal structure with
lattice parameters of a¼ 5.8519 Å, b¼ 14.628 Å, and c¼ 4.2102 Å.8

For Al2O3, it has a hexagonal unit cell of a¼ 4.763 Å and
c¼ 12.991 Å.7 Figure 1(b) shows the XRD pattern of BaCoF4 films,
and only (040) and (080) peaks can be observed, indicating the pre-
ferred (010) growth direction. A sudden jump is observed near the
(0006) Al2O3 peak, which is due to the change in the attenuation ratio
during the measurement. The grain size is calculated to be about
18 nm using the Scherrer equation. The surface morphology was stud-
ied by SEM, and the images are shown in the inset of Fig. 1(b). The
surface is quite smooth with fine grains, except for some large particles,
which might be due to the particles ejecting from the target surface
during the laser ablation. These particles on the film surface have been
significantly reduced after the insertion of a metal mesh between the
target and the sample holder, which blocks the trajectory of particles
from the target to the substrate.

The BaMF4 family is typical ferroelectric materials, but the ferro-
electric hysteresis loop is difficult to be observed due to the serious
leakage. Borisov et al. performed the ferroelectric measurements at
14K, and a saturated polarization of 2 lC/cm2 has been obtained in
BaCoF4 films.7 To avoid the leakage, we used piezoresponse force
microscopy (PFM) by SPM taken in the normal mode of atomic force
microscopy (AFM) to confirm the ferroelectric properties. PFM
hysteresis loops are clearly observed, due to the fact that the film has

grains with slightly deviated orientations, as shown in Figs. 2(a) and 2(b).
Clear butterfly shaped phase–voltage and amplitude–voltage hysteresis
loops indicate the ferroelectric properties of BaCoF4 films. Various
maximum voltages were applied, and the typical rectangular-shaped
phase–voltage hysteresis loops with nearly unchanged coercive voltage
exclude the possible artifact induced by the ionic motion under the elec-
tric field, which may mislead to the conclusion of ferroelectricity.9

In order to understand the magnetic behavior of the deposited
films, we performed the temperature dependent magnetization (M–T)
and field dependent magnetization (M–H) measurements. The M–T
curve was measured under a magnetic field of 200Oe after zero field
cooling (ZFC) and field cooling (FC) processes with a cooling field
(Hcool) of 200Oe, as illustrated in the inset of Fig. 3(a). It is observed
that ZFC and FC curves are well bifurcated over the entire temperature
range, indicating that the irreversible temperature is higher than
300K.10 FC magnetization only slightly increases with decreasing tem-
perature and remains nearly constant below 150K, indicating a robust
ferromagnetic character. A broad peak in the ZFC M–T curve is
observed at about 250K, which might be superparamagnetic due to
the cluster structure of fine particles. TheM–T curves of BaCoF4 films
are similar to those of BaMnF4 films, but different from those of
BaNiF4 films that have nearly overlapping ZFC and FC curves, and
the magnetization continuously decreases upon increasing tempera-
ture up to 300K.11,12 This might be due to the different magnetic
structure of BaNiF4, for which the net moment of spin canting tends
to be aligned antiparallel, leading to the formation of weak
antiferromagnetism.13

Figure 3(a) shows the M–H curves measured at 300K and 5K.
The ferromagnetic component was extracted by subtracting the linear
part in the M–H curves after linear fitting for the high field part.

FIG. 1. XRD patterns of (a) BaCoF4 target and (b) BaCoF4 film on the (0001) Al2O3

substrate; the inset shows the surface morphology of the BaCoF4 film. The intensity
in (b) is on the log scale.

FIG. 2. PFM taken in the normal mode of AFM, (a) phase–voltage and (b) amplitu-
de–voltage curves measured at various maximum voltages.

FIG. 3. (a) M–H loops of BaCoF4 films at T¼ 300 K and T¼ 5 K. Bottom right
inset: FC and ZFC M–T curves of BaCoF4 films. (b) M–H loops at T¼ 5 K after
cooling with a field of 200 Oe and �200 Oe with the enlarged view in the bottom
right inset.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 116, 152906 (2020); doi: 10.1063/5.0002466 116, 152906-2

Published under license by AIP Publishing

https://scitation.org/journal/apl


The clear observation of hysteresis loops at 300K confirms the room
temperature ferromagnetism. The bulk BaCoF4 has collinear antiferro-
magnetism with linear M–H curves at low temperature.14 Weak ferro-
magnetism has been observed below 19K in epitaxial BaCoF4 films
grown by MBE with magnetization of around 0.15 lB per formula unit
at 10 kOe.7 In contrast to its absence in bulk, the Dzyaloshinskii–Moriya
(DM) interaction is allowed in BaCoF4 films because of the strain,
leading to the net magnetization from the slightly canted neighboring
antiferromagnetic aligned spins.7,14 The strain is generally induced by
the lattice mismatch between the film and the substrate.15 From the
M–H loop of our PLD-grown BaCoF4 films shown in Fig. 3, the magne-
tization at 10kOe is about 0.18 lB per formula unit using the crystalline
parameters of BaCoF4 (PDF#21-0065). The value of the magnetization
similar to that of MBE-grown BaCoF4 films suggests the mechanism of
strain also existing in our BaCoF4 film. However, for BaCoF4 films
grown by MBE, weak antiferromagnetism was observed upon further
increasing temperature to 41K.7 In our work, clear ferromagnetic hys-
teresis loops can be observed with the saturated magnetization nearly
unchanged from 5K to 300K. Due to the significant difference in the
magnetic properties, the strain is clearly not enough to explain the
enhanced ferromagnetism in our BaCoF4 film prepared by PLD.

Because the film was deposited in the PLD chamber in high
vacuum, the composition of the film might slightly deviate from the
stoichiometry due to the easy volatilization of F, and F vacancies might
be formed. To confirm this, XPS measurements were performed. The
relative area ratio of the F1s peak to Co2s is 4.4 in the target, which
decreases to 0.8 in the film, indicating the decrease in the F concentra-
tion and hence the likely formation of F vacancies in the films. Weak
room temperature ferromagnetism has been observed in ZnO-based
diluted magnetic semiconductors, which was explained by the media-
tion of O vacancies using the bound magnetic polaron model.16,17

Similarly, the formation of F vacancies might provide the ferromag-
netic mediation between Co2þ ions, leading to the observed weak
room temperature ferromagnetism. Indeed, in both our previous work
on BaMnF4 and BaNiF4 films, weak ferromagnetism has been
observed at room temperature.11,12 The XPS measurements were also
performed on BaMnF4; the area ratio of F1s peak to Mn2p peak is 3.7
in the target, which decreases to 2.4 in the film. Thus, we can conclude
that F vacancies are also formed in the BaMF4 films prepared by PLD,
which provide the ferromagnetic mediation needed to explain our pre-
vious published results.11,12 In BaCoF4 films prepared by MBE, F
vacancies are probably not formed and the complicated magnetic
structure at low temperature is due to the competition between
DM interaction and the single-ion anisotropy.7 In contrast, in the
BaCoF4 film prepared by PLD at low pressure, ferromagnetic media-
tion by F vacancies leads to the observed room temperature weak
ferromagnetism.

From Fig. 3(b), obvious exchange bias (EB) has been observed
and M–H loops measured at 5K after cooling under a field of 200Oe
shifts to the left and �200Oe shifts to the right. No significant shift
can be observed in theM–H curve at 5K under ZFC, as shown in Fig.
3(a), which excludes the possible measuring error. The exchange bias
field (HE) and coercive field (HC) are defined as HE¼�(HLþHR)/2
and HC¼ (HR � HL)/2, where HL and HR are the left and right coer-
cive fields. Figure 4 shows the temperature dependence of HE and HC.
Clear HE is observed below 250K, which is defined as the blocking
temperature TB. The structural deformation in BaCoF4 films may

induce the net magnetization by DM interaction, which is coupled to
the ferroelectric polarization, leading to the pinning of magnetization
and exchange bias.18

The magnetoelectric coupling effect was demonstrated by mea-
suring the magnetocapacitance efficiency MC (%), which is defined as
(C[H] � C[0]) � 100%/C[0]. Figure 5(a) shows the capacitance in the
frequency range up to 800 kHz under magnetic fields of 0Oe and
9 kOe. The capacitance increases upon increasing frequency to
600 kHz and then decreases upon further increasing frequency to
800 kHz, which is in contrast to the continuous decrease in capaci-
tance with increasing frequency for bulk BaCoF4.

14 This might be due
to the different orientation of the applied electric field. The capacitance
decreases under the magnetic field increasing from 0 to 9 kOe, indicat-
ing that the magnetoelectric coupling effect exists at room tempera-
ture. We further measured the capacitance upon increasing magnetic
field up to 9 kOe. MC decreases with the increasing field in both direc-
tions, as shown in Fig. 5(b). BaCoF4 has puckered layers of CoF6 octa-
hedra in the ac plane with an interlayer separation of 7 Å along the b
axis.19 The electric field and magnetic field are applied in the ac plane,
perpendicular to the b axis. Thus, the influence of the interlayer dis-
tance under both fields can be excluded. The magnetoelectric coupling
might be explained by the room temperature ferromagnetism and the
capacitance response through the magnetic Co2þ ions. However, due
to the much weaker interlayer interaction along the b axis, the effect of
the magnetic field applied in the ac plane for the BaCoF4 film is weaker
than the magnetic field applied along the b axis in polycrystalline bulk,
leading to the weaker MC in the BaCoF4 film.14 The linear relationship

FIG. 4. The temperature dependence of HE and HC.

FIG. 5. (a) The capacitance dependent on frequency under magnetic fields of 0 Oe
and 9 kOe and (b) MC vs magnetic field at frequencies of 400 and 800 kHz.
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between MC and the magnetic field indicates a linear magnetoelectric
coupling effect.

In summary, BaCoF4 films were prepared on (0001) Al2O3 sub-
strates by PLD. The films show a preferential (010) orientation and
granular structure with a grain size of about 18 nm. Ferroelectric prop-
erties at room temperature have been confirmed by PFM hysteresis
loops. Weak ferromagnetism has been observed with Curie tempera-
ture higher than 300K. The exchange bias effect is clearly observed at
low temperatures and persists up to around 250K, which is due to the
coupling between the net magnetization and ferroelectric polarization.
The negative magnetocapacitance effect is observed in the frequency
range up to 800 kHz, confirming the magnetoelectric coupling at
room temperature. The preparation of films may induce a structural
distortion and break the symmetry limitation in the bulk materials,
leading to the realization of the room temperature multiferroicity and
possible practical applications.
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