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ABSTRACT 

 
Ferrimagnetic SrFe12O19 (SrM) is a mother phase for ferrite permanent magnets, which 

are commonly used due to its low cost compared to that of Nd-based permanent magnets and 

broader uses in permanent magnet markets. Recently, it has been debated its electronic ground 

state. It has been proposed, in its single crystal form, the SrM is in a quantum paraelectric state, 

while polycrystalline SrM is a ferroelectric state. In this work, strain can stabilize ferroelectricity 

at room temperature, while keeping its ferrimagnetism. The strained SrM shows not only clear 

magnetic hysteresis but also ~ 4.4 μC/cm2 as remnant polarization. From high temperature 

thermal annealing, its crystallinity and ferroelectricity are even strengthened. Those are visualized 

by significant reduction in full width half maximum of the rocking curve and ~ 7.9 μC/cm2 in 

remnant polarization The results indicate the new functionality can be discovered from old and 

well-known materials. 
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Hexaferrites have served as the backbone for ferrite permanent magnets[1,2]. Its lower 

cost compared to that of Nd-based magnet has made it popular in this sector of the markets. 

However, their intrinsically low saturation magnetization has always been considered to be 

improved. To improve their magnetic properties, industrial approaches have been based on 

‘alchemy’ based routes, which involve random substitution of elements such as Co, La, and 

Ba.[1,2] Industrial needs are primarily focused on the use of cost-effective elements, but until 

recently, the structure-property relationships has not been actively considered in this material. For 

example, since the magnetic ground state of most hexaferrites is ferrimagnetic (See. Fig. 1), it 

should be possible to tune the magnetic exchange interaction through structural modifications 

from strain engineering[3-5].  

Recently, hexaferrites have attracted attentions due to their possible multifunctionality. 

For example, several hexaferrites were discovered to have multiferroic property.[6-9] However, 

in M-type hexaferrite SrFe12O19 (SrM), the electronic ground state is still controversial.[10-12] 

Rowley et al. argued that due to quantum criticality, their ferroelectric Curie temperature should 

occur at cryogenic temperatures. In their work, they claimed that the uniaxial electric dipole 

moment along the c-axis was due to off-equator displacements of Fe3+ in the FeO5 lattice (See Fig. 

1). However, quantum fluctuations prevent the onset of long-range ferroelectric ordering. 

However, Kostishyn et al. observed clear room temperature ferroelectric hysteresis with ~ 45 

μC/cm2, which supports multiferroism in this material[13]. In addition, Tan et al. claimed oxygen 

treatment at moderate temperature enhanced its polarization value over 100 μC/cm2 at room 

temperature[12].  

Given these observations, it is reasonable to assume that epitaxial strain may induce 

similar lattice distortions in SrM to promote ferroelectricity as strain is known to be an active 

knob to perturb the electronic properties of perovskite-based complex oxides[14-17], for example.  
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In this work, we stabilized epitaxial (001) SrFe12O19 on (111) SrTiO3 and observed robust 

ferroelectricity at room temperature. Due to the intrinsic difference in lattice constants between 

the film and the substrate, the films include a built-in substrate-induced strain. From density 

functional theory, strain can stabilize ferroelectricity through off-centering of Fe ions. Thus, we 

conclude the SrFe12O19 epitaxial film is multiferroic.   

 

(001) SrFe12O19 (SrM) on (111) SrTiO3 (STO) or (111) Nb-doped STO (0.5% Nb doping) 

were grown by pulsed laser deposition (PLD). To optimize the growth conditions, each film was 

grown at temperatures ranging from 650 to 800oC, oxygen partial pressures ranging from 0.005 

mTorr to 100 mTorr, a laser of 2.2 mJ/cm2, and a repetition rate of 10 Hz. A KrF excimer laser 

with a wavelength of 248 nm was used. The as-deposited films were cooled in the same growth 

oxygen partial pressure in which they were grown. The impurity-free and epitaxial films grown 

under optimal conditions (800oC, 10 mTorr) were post-annealed in air to enhance their 

crystallinity.  

For structural analysis, all the films were characterized with x-ray reflectivity, θ-2θ scan, and 

ω rocking curves. Several samples were analyzed with φ-scans to find the epitaxial relationship 

between the SrM film and STO substrate. Surface morphologies were also checked with atomic 

force microscope, particularly potential surface roughening due to high temperature thermal 

annealing and we found no significant surface roughening occurred in our SrM.  

To determine valence state and metal-oxygen hybridization, X-ray absorption spectroscopy 

(XAS) of the Fe L-edge and O K-edge and X-ray magnetic circular dichroism (XMCD) were 

performed using the 2A beamline at the Pohang accelerator laboratory. Elemental specific- and 

bulk- magnetism were determined using the XMCD and a SQUID magnetometer (MPMS-3 from 

Quantum Design). Since SrM has strong crystalline magnetic anisotropy[18,19], all the magnetic 

information is from the out-of-plane direction, which is equivalent to the surface normal of the 
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thin film. Sum rule was applied to find element-specific spin magnetic moment (Mspin)and orbital 

magnetic moment (Morbital). Details can be found in the previous works[20-22]. To determine 

potential multiferrism in SrM, ferroelectric test and dielectric measurements were performed at 

room temperature. Dynamic hysteresis measurement technique was applied for the P-E loops and I-

E curves with TF analyzer 2000 from AixACCT Co.  

Theoretical calculations were performed using the first-principles density functional theory 

with the plane-wave-based Vienna ab initio simulation package (VASP) [23-25]. The revised 

Perdew, Burke, and Ernzerhof generalized gradient approximation is adpated for the exchange-

correlation function [26]. We use the projector augmented wave (PAW) potentials that include ten 

valence electrons for Sr (4s2, 4p6, and 5s2) atom, eight for Fe (3d7 and 4s1) atom, and six for O 

(2s2 and 2p4) atom [27]. The unit cell in our calculations has two Sr atoms, twenty four Fe atoms, 

and thirty eight O atoms with the optimized lattice parameter of a = b = 5.855 Å, and c = 22.831 

Å. A plane-wave cutoff energy of 600 eV is used with a Monkhorst-Pack grid with 8×8×2 k-point 

mesh is used for the all calculations[28]. We use the nudged elastic band (NEB) method to 

calculate the ferroelectric double well potential energy barrier [29]. We applied the onsite 

Hubbard-U correction of 4 eV to Fe using the Dudarev formalism [30]. We have considered the 

ferrimagnetic collinear spin ordering on the Fe atoms consisting of  the up spin on the two 

bipyramidal and fourteen octahedral Fe sites whereas the down spin on the four octahedral and 

the two tetrahedral Fe sites, respectively. All calculations are converged in energy to 10-7 eV per 

unit cell and the structures are fully optimized with the forces convergence of 10-3 eV/Å. 

 

Growth condition optimization is based on structural characterization of the as-grown 

SrM thin films. Growth PO2 and growth temperature (TS) were used as parameters to optimize 

the epitaxial SrM thin films. Figure 2(a) shows single crystal epitaxial thin films are obtained in 

relatively narrow growth conditions, where the TS is at 800oC and PO2 is  between 1 and 10 mTorr. 
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Figures 2(b), (c), and (d) show x-ray reflectivity (XRR), θ-2θ scan, and φ-scans from the c-axis 

oriented optimized thin film. XRR shows clear Kiessig fringes, and the thickness of the as-grown 

film was determined to be ~ 70 nm. Figure 2(c) shows the normal scan of the optimized SrM 

films, and it is clearly seen that the film is epitaxial and c-axis oriented without any impurities. 

The result is consistent with the previous report[31]. To elucidate the epitaxial relationship 

between SrM and STO, we performed φ-scans of (2013) SrM and (220) STO, respectively. The 

results from (220) STO shows three-fold symmetry, while those from (2013) SrM shows six-fold 

symmetry. In addition, the peak positions from the STO and the SrM coincid. Confirming the 

heteroepitaxial growth of SrM thin films on 111 STO substrates with a (0001)[112̅0] SrM // (111) 

[11̅0] STO. 

 

 Although the SrM thin films were epitaxial, the full width half maximum (FWHM) from 

the rocking curve result of the as-grown SrM was ~0.7o, which is rather broad. In order to enhance 

the crystallinity of the SrM film, we post-annealed several SrM samples in air using a muffle 

furnace. Figure 3(a) shows that with thermal annealing, the rocking curve peak is shapened, while 

the cyrstallinity did not deterioate. Figure 3(b) shows the 0014 rocking curves. The FWHM value 

was reached down to ~0.15o, when the film was annealed at 1100oC. When we compared AFM 

images between the as-grown SrM and the annealed SrM at 1100oC, the r.m.s. roughness (~1 nm) 

was essentially unchanged. Figure 3(c) and (d) show that the grain growth occurs, and as a result 

we can claim that growth aggromoration in addition to enhanced crystallinity occured. Note that 

we also observed the enhanced contrast in Kiessig fringes in x-ray reflectivity (See Figure 3(e)). 

 

 After confirming considerable changes in crystallinity in the annealed SrM, XAS was 

used to determine the valence state of Fe and metal-oxygen hybridization. XAS data from the Fe 

L-edge show the valence states of both the as-grown and th e annealed SrMs are nearly identical. 
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Especially,  the L2-edge spectrum consists of doublet, where each peak is closedly related to the 

number of electrons in either t2g and eg levels in Fe ions[32].  The similar shape in the L2-edge 

specra indicates valence state are not changed as shown in Figure 4(a). From these results, the 

valence state of Fe ions in both SrMs is 3+. Thermal annealing does not lead changes in valence, 

but only crystallinity. XAS data from the O K-edge were also obtained to see the changes in metal-

oxygen hybridization. Both spectra near 532 eV show double peak features, which are originate 

from crystal field splitting between t2g and eg sites [33]. Although we observed a slight increase 

of peak intensity near 532 eV, corresponding to Fe-O hybridization, overall the spectra are similar 

and indicate enhanced crystallinity does not lead to the dramatic changes in chemical state.  

 XMCD measurements were performed at room temperature in a 0.5 T magnetic field  as 

shown in Fig. 4(c). The XMCD features are qualitatively similar to that of previously reported 

results.[33] Note that we clearly observed two dips and two peaks. The two dips are the magnetic 

signal originating from octahedral irons, while the peak are the magnetic signal originating from 

tetrahedral irons[33]. These are alighned antiferromagnetically. As can be seen from Fig. 4(d), the 

coercive fields in our SrM films are less 0.3 T and therefore XMCD in 0.5 T will reflect a 

magnetically saturated state. In both the SQUID and XMCD data, the saturated magnetic moment 

of the annealed SrM film is higher than that of the as-grown SrM film. Quantitatively, from M vs. 

H curves, we calculated saturation magnetic moment in Bohr magneton per Fe. The values are 

1.02 μB/Fe for as-grown SrM and 1.26 μB/Fe. When we adopted the sum rule [20,21] and 

calculated element-specific spin magnetic moment (Mspin) and orbital magnetic moment (Morbital) 

from Fe L-edge XMCD. As seen in Table R1, the Mspin from the annealed SrM is larger than that 

from the as-grown SrM film, while the Morbital shows that the magnitude of the Morbital is larger 

from the as-grown SrM. Since the Mspin and Morbital are contributed in opposite way, the difference 

in overall magnetic moment from Fe L-edge XMCD spectra is further apart. The overall value is 

slightly smaller than that from the saturation magnetic moment, thus we believe magnetism is 

mainly form the Fe sites and their interactions. 
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To check whether our SrM are ferroelectric, we measured dielectric constants and 

polarization-electric field (P-E) at room temperature. For realizing capacitor geometry, we grew 

SrM thin films on 0.5% Nb doped SrTiO3. With the Pt top electrode, we could form the capacitor 

geometry for the measurements of electrical properties. (We here note that such an asymmetric 

electrode strucure can result in an asymmetry in the shape of hysteresis loop such as imprint.) 

First Fig. 5(a) and (b) show frequency-dependence on dielectric constants and dissipation factors 

of as-grown and annealed thin films, respectively, from the multiple points in each film. As can 

be seen that both dielectric constant (ε) and dissipation factor (tan(δ)) are well-matched. This 

indicates spatially uniform dielectric properties in each film. In addition, the dielectric constants 

are around 400 and 600 at 104 Hz for as-grown and annealed thin films, respectively, which are 

similar to those of SrM ceramics [12] and the small values ( >1) of dissipation fatctors suggest 

that the films has a high quality with low dielectric loss. Note that overall dielectric constant from 

the annealed SrM shows higher that that of the as-grown SrM.  

Next, Figs. 5(c) through (f) are  P-E and current vs. electic field (I-E) curves of each 

film. Even though each curve shows an asymmetric shape as expected, distinct ferroelectric 

hysteresis curves were obtained for SrM thin films with driving voltages of up to 300 kV/cm. The 

increases in the remanant polarization (Pr) and the coercive field (Ec) with the driving voltage 

confirm that the SrM exhibit significant ferroelectric properties. The Pr of the as-grown SrM is 

thus estimated to be  ~4.4 μC/cm2, while the Pr of the annealed SrM is  ~7.9 μC/cm2. In addition, 

the annealed SrM has the lower Ec value of 91 kV/cm than that of as-grown film (144 kV/cm). 

More importantly, in the I-E curves, it is clearly seen current peaks. This indicate direct 

displacement current peaks, which imply the presence of spontaneous polarization (Ps) switching. 

These show that our SrM films have some typical ferroelectric behavior [34]. Even if both as-

grown and the annealed SrMs are ferroelectric, the annealed SrM has the higher remnant 
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polarization (Pr).  In I-E curves in Figs. 5(e) and (f), rather broader peaks and dips near the zero 

field can be seen. It is likely that the broader peak and dip near zero bias are found in Mn and/or Fe-

based multiferroic materials such as CoFe2O4-doped 0.94Na0.5Bi0.5TiO3-0.06BaTiO3 and YMO3. This is 

related to modulation in space charge polarization due to the fluctuation of transition metal’s valence 

state[35,36].  

 

To elucidate the physical origin of the ferroelectric behavior in ferrimagnetic strained 

SrM, we apply the biaxial compressive strain along the in-plane direction. As shown in Fig. 6(a), 

the energy difference between ferroelectic and paraelectric phase always shows negative value, 

supporting that the ferroelectric state is energetically favorable under the biaxial compressive 

strain. We can see that the compressive biaxial strain generates the ferroelectric atomic 

displacements in paraelectric SrM and induces the phase transition to ferroelectric SrM. (See the 

inset of Fig. 6(a)). Figure 6 (b) shows the double well potential for the 3% strained SrM. The 

energy barrier is estimated about 0.03 eV per each formula unit, and the value of the electric 

polarization is 5 μC/cm2. Interestingly, even if Fe ions are distributed in bipyramidal, octaheral, 

and tetrahedral sites, the ferroelectric atomic displacements have been induced only at the 

bipyramid sites. Such a selective response is unique in SrM and quite different from substrate-

induced ferroelectricity observed in conventional ferroelectric complex oxides [15,37-39].  

 

  In summary, we stabilized epitaxial (001) SrFe12O19 on (111) SrTiO3 and observed 

robust ferroelectricity at room temperature. In addition, thermal annealing strengthens both 

ferroelectricity and magnetism by enhancing crystallinity. The stabilization of ferroelectricity 

under compressive strain is likely due to off-centering of Fe ions from DFT calculation.   Since 

both ferrimagnetism and ferroelectricity are from the same element, it is expected a large 

magnetoelectric coupling[12] and its tuning by control of strain state. 
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Table 1. Magnetic moments from SQUID and XMCD of Fe L-edge spectra 
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Fig. 1. Atomic structure of SrFe12O19  
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Fig. 2. (a) Growth phase diagram of SrFe12O19 (SrM) epitaxial thin films on (111) SrTiO3. Only 

filled blue circles are the condition for epitaxial thin films. (b) X-ray reflectivity and its fitting of 

epitaxial SrM thin film grown at the optimal growth condition. (c) X-ray diffraction of the 

epitaxial SrM thin film on (111) SrTiO3. (d) Phi scans of (220) SrTiO3 and (2013) SrM epitaxial 

thin film.   
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Fig. 3. (a) X-ray diffraction of epitaxial SrM thin films annealed at different temperatures in air. 

(b) Full width half maximum of rocking curves from 0014 diffraction of SrM. Topographic images 

of (c) the as-grown SrM and (d) SrM annealed at 1100oC.  (e) X-ray reflectivity and its fitting of 

SrM annealed at 1100oC.  
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Fig. 4. X-ray absorption results are seen: (a) Fe L-edge spectra and (b) O K-edge spectra of as-

grown and annealed SrM epitaxial thin films. (c) X-ray magnetic circular dichroism of as-grown 

and annealed SrM epitaxial thin films at 0.5 T and 300 K. (d) Magnetic hysteresis curves of as-

grown and annealed SrM epitaxial thin films at room temperature, when the magnetic field is 

parallel to film surface normal.    
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Fig. 5. Frequency-dependent dielectric constants (ε) and dissipation factors (tan δ) from (a) as-

grown and (b) annealed SrM epitaxial thin films. Polarization (P) versus electric field (E) curves 

of (c) as-grown and (d) annealed SrM epitaxial thin films. Current (I) vs. electric field (E) curves 

of (e) as-grown and (f) annealed SrM epitaxial thin films. For electrical measurements, (111) 0.5% 

Nb doped SrTiO3 substrates were used. All the measurements were taken place at room 

temperature.  
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Fig. 6. (a) Energy difference between ferroelectric and paraelectric phase versus compressive 

strain. Inset shows atomic structure in stabilization of ferroelectric phase. (b) Energy versus 

polarization curve in stabilization of ferroelectric phase. Clear double well potential is built.   
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