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Magnetic phase transition induced ferroelectric polarization in BaFeF,
with room-temperature weak ferromagnetism
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The BaMF, (M = Fe, Co, Ni, and Mn) family consists of typical multiferroic materials, having antiferromag-
netism at around liquid nitrogen temperature. In this paper, polycrystalline BaFeF, has been prepared by solid
state reaction. The slight deficiency of Fe leads to the coexistence of valence states of + 2 and + 3, facilitating
the electrons to hop between the neighboring Fe?* and Fe** ions through the middle F~ ion, leading to the
strong double exchange interaction with weak ferromagnetism above room temperature. A bifurcation at ~170 K
between the zero-field-cooled and field-cooled temperature-dependent magnetization curves indicates the onset
of two-dimensional antiferromagnetism, which is completed at ~125 K with the sudden drop of magnetization.
Despite being a type-I multiferroic, its magnetoelectricity (ME) can be evidenced by the pyroelectric current,
which shows a peak starting at ~170K and finishing at ~125K. The saturated ferroelectric polarization
change of ~34 uC/m? is observed, which is switchable by the reversed poling electric field, and decreases to
~30 £C/m? under a magnetic field of 90 kOe. This ME can be qualitatively reproduced by first-principles cal-
culations. Our results represent substantial progress to search for high-temperature multiferroics in ferroelectric

fluorides.
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I. INTRODUCTION

Multiferroic materials, possessing ferroelectric and mag-
netic orderings simultaneously, provide fascinating functions
of mutual control of ferroelectricity and magnetism by electric
and magnetic fields through magnetoelectric (ME) coupling
[1-3]. However, single-phase multiferroic materials are very
rare since most studies are focused on oxide perovskite fer-
roelectric materials containing 3d transition metal (TM) ions
[4-7]. Due to covalent bonding between O and 3d TM ions,
the requirements for the outer shell electronic structure for 3d
TM ions are contradictory for ferroelectricity and ferromag-
netism, ferrimagnetism, or antiferromagnetism [8]. To break
this limit, one possible solution is to search for single-phase
multiferroic materials with more ionic bonding containing 3d
TM ions [9].

The BaMF4 (M = Fe, Co, Ni, and Mn) family consists
of typical ferroelectric materials, which was reported by
Eibschiitz and Guggenheim [10] and Eibschiitz et al. [11]. Fer-
roelectricity with spontaneous polarization of several ;£C/cm?
has been reported by pyroelectric measurements, and the
Curie temperature was determined to be much higher than
room temperature [11-13]. However, the superexchange in-
teraction between the neighboring 3d TM ions through the
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middle F~ ions generally leads to antiferromagnetic coupling.
Furthermore, due to the ionic bonding between 3d TM and
F~ ions, the overlapping of the electron clouds is rather small,
leading to the much weaker exchange interaction. Thus, the
magnetic structure of BaMF, is essentially antiferromagnetic,
with Néel temperature 7y much lower than room temperature
(20-80 K) [14].

ME in BaMF, has been preliminarily studied. Weak fer-
romagnetism has been observed in BaMnF,, which has been
attributed to ferroelectrically induced spin canting between
the neighboring Mn?* ions through the ME effect [15].
Magnetization in BaMnF, has the dominant orientation after
field cooling due to coupling with spontaneous polarization
through ME, and the exchange bias effect has been observed
[16]. Ederer and Spaldin [14] have calculated the magnetic
structure of BaNiF,, and spin canting between the neigh-
boring Ni** ions has been reported, which leads to the net
magnetic moment. However, due to the symmetry being for-
bidden, the net magnetic moments were aligned antiparallel to
each other to form weak antiferromagnetism. They predicted
the electric-field-switchable magnetic order parameter due to
its orientation depending on spontaneous polarization. Weak
antiferromagnetism in BaNiF, has been demonstrated by
wasp-waisted field-dependent magnetization hysteresis loops
[17]. However, direct observation of the ME effect has not yet
been reported.

Motivated by these discussions, it is necessary to realize
ferromagnetism above room temperature in BaMF, materials,
and the dependence of the ME effect on electric polarization
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should be directly measured. In this paper, BaFeF, has been
investigated since Fe is a typical 3d TM element which always
forms a ferromagnetic compound with high Curie tempera-
ture. By slight deviation from the stoichiometric BaFeF, with
less Fe concentration, a portion of the Fe ions change to
be in 43 valence state. Thus, a double exchange interaction
between the neighboring Fe?* and Fe*" ions can be formed,
leading to ferromagnetic exchange interaction and weak ferro-
magnetism above room temperature. Furthermore, the electric
field reversable polarization change and magnetic field tun-
able polarization change are observed, which are ascribed to
the phase transition to two-dimensional antiferromagnetism.

II. EXPERIMENTAL DETAILS

BaFeF, is synthesized by solid state reaction. The molar
ratio of BaF, and FeF, powders is finely adjusted to be 1:0.95
to obtain a pure phase sample. The raw materials are mixed
and ground for 1 h in a mortar. The mixture is pressed into
small discs with diameters of 10 mm, which are then put into
a copper tube. The tubes are sealed in an arc-melting furnace
filled with pure Ar atmosphere (99.99%). Finally, the copper
tubes are placed in a furnace and heated at the temperature of
650 °C for 36 h. After that, the furnace is naturally cooled
down to room temperature, and the final products are ob-
tained.

The crystal structure is studied by x-ray diffraction (XRD,
Rigaku Smartlab 3) with Cu K« radiation (A = 1.5406 A).
The surface morphology is characterized by a scanning elec-
tron microscope (SEM, FEI Inspect F50), and the elemental
composition is analyzed by the attached energy-dispersive
x-ray spectroscope (EDS). The valence state of each ele-
ment is analyzed by x-ray photoelectron spectroscopy (XPS,
PREVAC) with an Al K« x-ray source (hv = 1486.6eV).
Second-harmonic generation (SHG) measurements are car-
ried out on a home-built system. The wavelength of the
excitation laser is 800 nm, which is frequency doubled by a
barium borate crystal from a femtosecond laser (Chameleon
Compact OPO, center wavelength: 900 nm, repetition rate:
80 MHz), and the integration time is 1s. The excitation
laser is focused by a microscopy objective (50x, numer-
ical aperture: 0.5). The ferroelectric properties are tested
by a scanning probe microscope (SPM, Asylum Research
Cypher). The magnetic properties are studied by a supercon-
ducting quantum interference device (Quantum Design). The
T dependence of the pyroelectric current (Iyy) is collected
upon 7T increasing from 5 to 300 K using a Keithley 6514
programmable electrometer, with a sample warming rate of
4 K/min. In addition, to explore ME coupling, the measure-
ment is performed in a physical property measurement system
(Quantum Design) under a magnetic field of 90 kOe. The vari-
ation in electric polarization (AP) is obtained by integrating
the pyroelectric current with the time. To confirm the electric
field reversable AP, an electric field of +2 kV/cm is applied
during the cooling process to 5 K, which is removed during the
warming process for the pyroelectric current measurements.

Our density functional theory (DFT) calculations are
performed using the Vienna Ab initio Simulation Pack-
age [18]. The electronic interactions are described by
projector-augmented-wave pseudopotentials with semicore

states treated as valence states [19]. To precisely describe
the crystal structure, the generalized gradient approximation
with Perdew-Burke-Ernzerhof functional modified for solids
(PBEsol) parametrization is adopted [20]. To count the corre-
lation effect, the Hubbard Uy = U —J = 4 eV [21] is applied
to Fe 3d orbitals using the Dudarev approach [22]. The plane-
wave cutoff energy is fixed as 500 eV. The k-point grids of
5 x 3 x 6 are adopted for both structural relaxation and static
computation. The convergent criterion for the energy was set
to 107°eV, and that of the Hellman-Feynman forces during
the structural relaxation is 0.001 eV/A. The polarization is
calculated using the standard Berry phase method [23,24].

III. RESULTS AND DISCUSSION

A. Crystal structure, micromorphology, and elemental analysis

It has been reported that the crystal structure of BaMF, is
orthorhombic with a [MFs] octahedral chain, and the space
group is A2jam [25,26]. The crystal structure of BaFeF,
powders is studied by XRD, and the pattern is shown in
Fig. 1(a). The Rietveld refinement is applied to get the crystal
lattice constants by GSAS-1I using the crystallographic data
of BaFeF, (CIF ID#1539611) [27]. The discrepancy factors
of refinement are Wrp = 9.31% and x2 = 3.119. The pure
phase is confirmed by the fact that all the peaks can be
indexed to the standard data of BaFeF,. The refined results
show the orthorhombic structure for the cell with parameters
of a = 5.7680(6) A, b = 14.9640(8) A, and ¢ = 4.2592(7) A,
and the cell volume is V = 366.634 A3. The schematic crystal
structure is shown in the inset of Fig. 1(a), in that the [FeFs]
octahedra form the linear chain along the ¢ axis and the puck-
ered sheet along the a axis, and Ba cations are separated by
these octahedrons, which agrees well with previous reported
data [21,28].

The SEM image of BaFeF, powders [Fig. 1(b)] shows the
irregular shape with different sizes. The elemental mappings
for Ba, Fe, and F are shown in the inset, and the uniform color
indicates homogeneous distribution. According to the EDS re-
sults, the atomic ratio of Fe and Ba is ~0.89, indicating slight
deficiency of Fe in BaFeF, powders, which is due to slightly
smaller amount of FeF, than the stoichiometric composition.
Thus, to balance the valence state of each element, the valence
state of Fe should deviate from +2 and partly in 43, which
will be confirmed by the following XPS results.

XPS measurements are performed to study the valence
state of each element, and the collected spectra are shown in
Fig. 2. As can be seen, the survey spectrum [Fig. 2(a)] shows
the presence of Ba, C, O, F, and Fe elements in the BaFeF,
powder. Additionally, there are Auger signals assigned to the
Fe KMM and F KLL transitions. C and O may come from
the adsorbed impurities in the air, and C 1s at 284.6 eV is
used to correct the instrument error. Ba 3d3,, and 3ds,, are
at 794.9 and 779.8 eV, respectively, leading to the separation
of 15.1 eV, which can be attributed to Ba>* ions [29,30].
The high-resolution Fe 2p spectrum is shown in Fig. 2(c).
The spectrum is deconvoluted into the main peaks from Fe?*
and Fe®" together with the corresponding satellite peaks. As
can be seen, the fitted curve agrees with the experimental
curve quite well. The peaks at 710.7 and 724.3 eV are from
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FIG. 1. (a) Rietveld refined x-ray diffraction (XRD) pattern of the BaFeF, powders; the inset shows the schematic diagram of the crystal
structure viewed along [001] and [100] orientations. (b) The scanning electron microscope (SEM) image of BaFeF, powders; the insets show
the elemental (Ba, Fe, and F) mapping (top right) from the selected area marked by the red dotted box; and the energy-dispersive x-ray
spectroscope (EDS) results of the concentration of each element.

Fe?*, like those of FeF, [31]. The peaks at 712.4 and 726  Fe deficiency, which will make 25% Fe in the +3 valence
eV confirm the existence of Fe** ions due to the nonstoi-  state if the F concentration keeps constant. The XPS peak
chiometric raw materials with less FeF, [32]. However, the =~ of F ls can be deconvoluted to two peaks. The peak at
concentration of Fe** should be low due to the much smaller ~ 684.9 eV can be ascribed to Fe-F bonding in the stoichiomet-
peak area. A rough estimation of Fe>* concentration can be  ric area [33]. The other peak at 684.2 eV can be attributed to
calculated to be ~33% from the area ratio with Fe?t of 1:2, Fe-F bonding in the Fe deficient area. The area ratio of the F
if we assume the equal scattering factor of Fe’' and Fe’* 1s peak at 684.2 eV to that at 684.9 eV is also 1:2, which is

ions. This is quite consistent with the EDS result of 11%  consistent with the area ratio of Fe’* to Fe**.

@ (b) 3ds. Ba3d

—~ =4 —~ 779.8 eV

2l = Ll 3dyp

= 4 =

2 o <

S & &

[q\] —

S \dﬂ @ 2.1 g

2 : o2 2

2= A m —

00 800 700 600 500 400 300 200 800 795 790 785 780 775 770

9
Binding Energy (eV) Binding Energy (eV)
@ 2p,, Fe2p _ @ 490y Fls
2 710.7 eV 2
g =
: g
>
%‘ o 684.2 eV
g g
= k=

735 730 725 720 715 710 705 700 692 690 688 686 684 682 680 678 676
Binding Energy (eV) Binding Energy (eV)

FIG. 2. (a) The full-scan spectra, (b) Ba 3d, (c) Fe 2p, and (d) F 1s x-ray photoelectron spectroscopy (XPS) spectra of BaFeF, powders.
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FIG. 3. Second-harmonic generation (SHG) results are measured at the room temperature. (a) SHG intensity of BaFeF, with different
excitation power; the inset is the excitation power-dependent SHG intensity in logarithmic coordinates. (b) Polarization angle dependence of
the SHG intensity. (c¢) Phase-voltage and amplitude-voltage piezoelectric curves at room temperature.

B. Nonlinear optical behavior, magnetic phase transitions,
and ferroelectric polarization

The spontaneous polarization of BaFeF, has been con-
firmed by the pyroelectric current measurement, but the
reverse of polarization by electric field has not yet been re-
ported, which has been ascribed to the much larger radius
of Fe?* ions, leading to the too-high energy barrier [21].
BaFeF, has a polar space group, which can be demonstrated
by SHG measurements. The excitation wavelength is 800 nm,
and the corresponding SHG signal appears at 400 nm. The
SHG intensity increases with the enhancement of power, as
shown in Fig. 3(a). The inset of Fig. 3(a) shows the SHG
intensity dependence on the power intensity, both in log scale,
and the linear fitting shows the slope of ~2.09, which is very
close to the theoretical value of 2 [34]. This indicates that
SHG intensity is proportional to the square of the power in-
tensity, demonstrating the nonlinear optical principal [35,36].
Since the polarization-resolved SHG shows crystal-symmetry
dependence, we perform angle-dependent SHG intensity mea-
surements with the excitation laser parallel to polarization.
The polarization-dependent SHG intensity in Fig. 3(b) shows
a twofold rotational symmetry by varying the azimuthal angle
6, with its minimum at 60° and maximum at 150°, which also
exhibits nonlinear behavior.

We perform electric-field-dependent polarization P(E)
measurements to check the ferroelectric properties of BaFeF,.
However, the large leakage current impedes the observation of
well-shaped P(E) loops. To avoid the severe leakage problem,
we use piezoresponse force microscopy by SPM taken in the
normal mode of atomic force microscopy to confirm the fer-
roelectric properties. Clear butterfly shaped phase-voltage and
amplitude-voltage hysteresis loops can be observed, as shown
in Fig. 3(c), indicating the ferroelectric properties of BaFeF,.
The nearly 180° phase change indicates the total reverse of
ferroelectric polarization might be realized because a much
higher electric field can be applied from the acuate tip with a
very small radius.

The macroscopic magnetism is characterized by measur-
ing the M(H) curves at various temperatures, as shown in
Fig. 4(a). It can be clearly seen that S-shaped M(H) curves
can be observed up to 300 K, in contrast to the previ-
ous reported linear M(H) curves for BaMnF,, BaNiF,, and

BaCoF, [16,17,37]. However, a small coercivity of 7 Oe is
observed for the M(H) curve at 300 K, indicating the soft
ferromagnetism in BaFeF,. With further decreasing temper-
ature to <60 K, the M(H) curves clearly show the hysteresis
loop with significantly large coercivity. To further understand
the magnetic properties of BaFeF,, zero-field-cooled (ZFC)
and field-cooled (FC) temperature-dependent magnetization
M(T) curves are measured, as shown in Fig. 5(a). For the
FC process, a magnetic field of 200 Oe is applied. The FC
magnetization increases slightly with decreasing temperature
to ~125K. Then a drastic decrease of magnetization can be
observed. With further decreasing temperature, a hump can
be observed with a peak position at ~56 K. Below ~20 K, the
magnetization increases drastically with decreasing tempera-
ture. The ZFC magnetization shows a similar trend with FC
magnetization, but a bifurcation can be observed at ~170 K
between the FC and ZFC M(T) curves. With further de-
creasing temperature, ZFC magnetization shows the drastic
drop at slightly higher temperature than FC magnetization.
BaMF, has a layered structure, with a puckered sheet in the
ac plane. Due to the larger separation between the neighbor-
ing layers, the interlayer exchange interaction is weaker than
the intralayer exchange interaction. Thus, two-dimensional
antiferromagnetism is formed inside each layer first with de-
creasing temperature [e.g., BaMnF, (50 K), BaNiF, (150 K),
and BaCoF, (95 K)] [16,17,37]. With further decreasing tem-
perature, three-dimensional antiferromagnetism is formed.
Though the two-dimensional antiferromagnetic transition in
BaFeF, has not been reported, it is reasonable to attribute
the sudden drop of magnetization at ~125K to the form of
the two-dimensional magnetic structure. The hump at 56 K,
close to the previously reported Ty of ~60K for BaFeF,,
can be attributed to the three-dimensional antiferromagnetic
transition [10]. The separation between FC and ZFC M(T)
curves starts at 170 K, indicating that the intralayer antifer-
romagnetic exchange interaction emerges at 170 K. However,
in the beginning, only antiferromagnetic clusters formed in
the paramagnetic bulk due to the slight inhomogeneous distri-
bution of each element or electronic fluctuation. With further
decreasing temperature, the antiferromagnetic clusters expand
and finally connect. Then the two-dimensional antiferromag-
netic structure is completely formed.
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FIG. 4. (a) Magnetic field dependence of magnetization M (H) at different temperature cooled under the magnetic field of 1000 Oe; the
inset is the enlarged view. (b) The schematic diagram for the superexchange interaction between Fe?" ions and the double exchange interaction

between Fe?* and Fe** ions.

Interestingly, the magnetization only shows gradual de-
crease with increasing temperature up to 300 K and, together
with the S-shaped M(H) curve at 300 K with coercivity of
7 Oe, indicates the existence of room temperature weak ferro-
magnetism. In our previous work on Sr3Fe,F;,, BasFe;F9_s,
and PbsFe;F9 prepared using the same raw materials and
under similar conditions, only linear M (H) curves have been
observed at 300 K, excluding the possible ferromagnetic im-
purities under the detecting limit [29,38,39]. This is abnormal
since such ferromagnetism has not been observed at 300 K in
bulk BaMnF,, BaCoF,, and BaNiF, [16,17,37]. In stoichio-
metric BaFeF,, Fe should be in the +2 valence state. As can
be seen in Fig. 4(b), due to the ionic bonding between Fe?*
and F~ ions, the overlapping of electron clouds is quite small,
leading to the much weaker exchange interaction and low
magnetic ordering temperature. Furthermore, only superex-
change interaction between the Fe2* ions can be established,
leading to antiferromagnetism in BaFeF,. As confirmed by the
XPS results of the existence of Fe>" ions, double exchange
interaction might be formed between the neighboring Fe?™
and Fe" ions. The outer shell electronic structure of Fe** is
3d°, while that of Fe** is 3d°. An electron in F~ can jump to
the neighboring Fe** with spin down antiparallel to the local
d spins due to the half-filled nature of Fe**. Then an electron
with spin down in Fe?* can jump to F~ to occupy the vacancy.
This is called double exchange interaction. After this process,
the Fe’* ion becomes Fe?", while Fe’* changes to Fe’'.
Thus, the electronic structure before and after are the same,
indicating the degenerated states. This will not only lead to
ferromagnetic exchange interaction between the neighboring
Fe’* and Fe?" ions but also enhance the interaction strength
due to the increased electron hopping possibility. Thus, weak
ferromagnetism can be established even up to room temper-
ature. However, due to the nonuniform distribution of Fe3*
ions, strong ferromagnetic interaction can only be established
at the regions with local high concentration of Fe** ions. The
low concentration of Fe®* ions between these regions induces
weak exchange interaction, which is easily reversed by the
magnetic field, leading to low coercivity and soft ferromag-
netism at high temperature.

The ME effect in multiferroics is typically manifested as
controlling ferroelectric polarization by a magnetic field or
magnetization by an electric field. However, as stated above
that the P(E) loop cannot be obtained due to the leakage
problem, pyroelectric current measurement is applied to get
the information of ferroelectric polarization. An electric field
of 2 kV/cm is applied during the cooling process to tempera-
ture of 5 K, and the current is collected during the warming
process with increasing temperature rate of 4 K/min. As
BaFeF, is ferroelectric with Curie temperature of 1093 K [40],
a continuous increase of I, can be observed with increasing
temperature, which has been subtracted as background signal.
As can be seen in Fig. 5(b), a sudden increase of I,y can be
observed at ~170 K, with peak position at ~150 K. Here, I,y
decreases to ~0 at ~125 K. Under temperature <125 K, no
peak of I,y can be observed. Thus, in addition to the change of
I,y with increasing temperature, the observation of a peak for
I,y indicates an extra polarization change in the temperature
range between 125 and 170 K. The polarization change AP
is calculated by integrating I, with the time, as shown in
Fig. 5(c). Here, AP starts to emerge at ~170 K and saturate
at ~125K to ~34 uC/m?. As studied for the magnetic prop-
erties, the onset of AP at 170 K coincides well with the onset
temperature of two-dimensional antiferromagnetism. The end
of the polarization at 125 K is quite close to the end of
the two-dimensional antiferromagnetic transition. Thus, it is
reasonable to attribute AP to the two-dimensional antiferro-
magnetic transition. We further repeat the pyroelectric current
measurement under a magnetism of 90 kOe. The peak posi-
tion slightly shifts to higher temperature, and the peak height
becomes smaller, indicating the possible ME effect. The cal-
culated AP saturates at a smaller value of ~30 uC/m?. We
also perform the measurement of the magnetic field depen-
dence of ME current Iy, but no clear relation can be observed,
as shown in Fig. 5(d) [7]. Similar results are observed at 10
and 60 K. This might be due to the antiferromagnetic struc-
ture, which cannot be effectively manipulated by the applied
magnetic field. To break the antiferromagnetic structure, a
much higher magnetic field is needed. To confirm whether
AP can be reversed by an electric field, we further perform
the pyroelectric current measurement after the application of
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% polarization. Namely, the experimental AP should be much
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0.31(d) =150K IV. CONCLUSIONS
0.2 In summary, polycrystalline multiferroic fluoride BaFeF,
2 ol has been prepared by solid state reaction. The S-shaped M (H)
= curves is observed at 300 K with coercivity of 7 Oe, indicating
T 0.0- the existence of room temperature weak ferromagnetism due
to double exchange interaction between the Fe’™ and Fe*"
0.1 ions through the F~ ion. The temperature-dependent pyroelec-
tric current shows a peak at ~150 K which starts at 170 K and
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H (kOe)

FIG. 5. (a) The field-cooled (FC) and zero-field-cooled (ZFC)
magnetization M(T') curves under a magnetic field of 200 Oe; the in-
set is the enlarged view. (b) The temperature-dependent pyroelectric
currents I,y (T') curves under different magnetic field. The inset shows
the curves of I, (T') and integrated polarization change AP(T') under
the positive and negative poling electric field without the magnetic
field. (c) The AP(T) curves under different magnetic field. (d) The
relationship between the magnetoelectric current /; and the magnetic
field H at T = 150K.

an electric field of —2 kV /cm during the cooling process. As
shown in the inset of Fig. 5(b), a nearly mirrored I,y (T") curve
can be observed, and AP is reversed by the reversed poling
electric field with saturated AP of —36 uC/m?>.

C. DFT calculation

To understand the pyroelectric polarization and ME, DFT
calculation is performed. With the space group A2;am,

completes at 125 K. These temperatures coincide well with
the onset of two-dimensional antiferromagnetism at 170 K
and the end of this magnetic phase transition at ~125 K. DFT
calculation confirms the polarization change due to the anti-
ferromagnetic phase transition. The ME effect is confirmed
by the decrease of saturated ferroelectric polarization change
from ~34 to ~30 uC/m? after applying a magnetic field of
90 kOe. The ferroelectric polarization change is also switch-
able by the reversed poling electric field. The observation of
the ME effect with the related mechanism to the magnetic
phase transition sheds light on realizing room temperature
multiferroic fluorides for practical applications.
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