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Abstract 

Magneto-optical materials exhibiting strong Faraday rotation are essential for advanced non-reciprocal 

photonic and electronic devices. Beyond conventional doping, high-entropy design offers a novel paradigm 

for engineering functional properties by introducing atomic-scale configurational disorder. Here, high-entropy 

M-type hexaferrite (Ca0.2Sr0.2Ba0.2Pb0.2La0.2)Fe12O19 (HEM) ceramics were prepared and characterized 

systematically. While retaining the hexagonal structure (P63/mmc), HEM displays significantly enhanced 

room-temperature magnetic properties (Ms ≈ 53.5 emu/g) and a giant Faraday rotation angle (~105°/mm) at 

0.2 THz. Raman spectroscopy reveals that the elemental high entropy at the Me-site modifies the local Fe-O 

bonding, especially strengthening the Fe-O stretching at the 2b site, which may contribute to the enhanced 

Fe3+-O2--Fe3+ superexchange interactions. Meanwhile, the refined domain structures may be associated with 

a higher domain wall density and are consistent with the enhanced magnetization under an applied magnetic 

field. These two contributions synergistically support the simultaneous enhancement of magnetic and 

magneto-optical responses. This work establishes high-entropy design as a powerful strategy for tailoring the 

magnetic properties and Faraday effect of M-type hexaferrites, paving the way for further innovations in 

advanced ferromagnetic materials.  
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Introduction  

Ferrites with a hexagonal crystal structure are termed hexaferrites (HFs). These materials are extensively 

studied due to their high magnetocrystalline anisotropy and excellent magnetic properties, enabling 

applications in memory devices[1], communication antennas[2], catalysis[3-5], microwave absorbers[6-8], 

sensors[9] and optical isolators [10], etc. Among all these HFs, M-type subgroup is particularly prominent 

owing to its relatively simple crystal structure and strong uniaxial magnetic anisotropy along the c-axis. M-

type hexaferrites with a general formula MeFe12O19 (where Me typically is a divalent cation such as Sr, Ba, 

Pb, or Ca), exhibit a hexagonal structure with the space group P63/mmc at room temperature. The diversity of 

possible Me cations allows for the synthesis of high-entropy M-type hexaferrites with a stable and single phase 

structure[11, 12]. The unit cell features a layered structure described by the stacking sequence SRS*R*. Here 

S is the spinel block (Fe6O8)
2+, R represents the hexagonal block (MeFe6O11)

2-, and asterisk (*) indicates a 180° 

rotation of the S/R block around the c-axis[13]. Specifically, each unit cell comprises a total of 64 ions, among 

which 24 iron ions are distributed across five different sites: 2a, 2b, 4f1, 4f2, and 12k, as shown in Fig. 1a. 

Spins at 2a, 2b, and 12k sites are oriented in the upward direction, while those at 4f1 and 4f2 sites are oriented 

downward. This antiparallel ferrimagnetic spin alignment results in a net magnetic moment of 20 µB per 

formula unit (equivalent to 5 µB per Fe3+ ions). This room-temperature ferrimagnetic behaviour of M-type 

subgroup originates from the superexchange interactions between adjacent Fe3+ ions mediated by O2- ions 

[14], as illustrated in Fig. 1b, which also confer a large saturated magnetisation and high  coercivity. Moreover, 

the ferrimagnetism in LaFe12O19 system, owing to the presence of Fe2+ cations, arises not only from 

superexchange interactions between Fe3+ ions but also from superexchange interactions between Fe2+ ions and 

possible Fe3+-O2--Fe2+ mechanism[15], depicted in Fig. 1b. The combination of strong ferrimagnetism and 

non-dispersive gyrotropic features makes M-type hexaferrites ideal candidate materials for nonreciprocal 

devices especially at microwave/terahertz frequencies.  

The Faraday rotation effect is a magneto-optical phenomenon in which the polarization plane of a linearly 

polarized light beam rotates as it propagates through a medium under an applied magnetic field parallel to its 

direction of propagation[16]. As illustrated in Fig. 1c, this typically results in an elliptically polarized 

transmitted beam, an outcome known as Faraday rotation[10]. While extensive research on Faraday rotation 

has been conducted in the microwave and infrared frequencies[16], the terahertz frequencies—which lies 

between them—has received comparatively little attention. It is therefore essential to extend the study of the 

Faraday rotation effect to the terahertz frequencies. Such research is crucial for applications like suppressing 

back-reflected radiation, which enables source protection and noise cancellation[17, 18]. Previously, 

observing the Faraday effect required the application of an external magnetic field, which was both costly and 

complicated[19, 20]. Recently, a zero-magnetic field methodology has been developed to measure Faraday 

rotation of magnetized materials using the modified terahertz time-domain spectroscopy (THz-TDS), as 

Ju
st

 A
cc

ep
te

d



 

4 

 

demonstrated in our previous work[13]. As reported for YIG ferrites, the total non-reciprocal phase rotation 

(Φ) in the THz region can be calculated as the below equation 1[18]: 

Φ = 
𝛽+−𝛽−

2
z                                                                       (1) 

where β+ and β- are propagation constants of the right-handed circularly polarized (RCP) and left-handed 

circularly polarized (LCP) waves, respectively. z is the sample thickness. These two propagation constants 

can be described by β+ = ωn+/c and β- = ωn-/c, respectively, where ω is the circular frequency of the incident 

wave, n+ and n- are refractive indices for the RCP and LCP eigenwaves, and c is the speed of light (≈ 3 ×108 

m/s). Substituting these expressions into equation (1) yields: 

Φ = 
ω(n+−n−)

2c
z                                                                    (2) 

Though the incident frequency ω of THz waves varies, the intrinsic factors governing Φ are primarily the 

refractive index difference(n+ - n-) and sample thickness z[18].  

The compositional design via ions doping and solid-solution formation is a prevalent strategy for tuning 

magnetic properties[21]. This approach works by influencing key electronic and microstructural parameters, 

including lattice parameters, grain size, content of point defects, indirect exchange interactions between 

adjacent magnetic ions, etc. For example, introducing magnetic ions with larger magnetic moments into the 

crystal lattice can directly increase the saturation magnetization[22] and tune microwave dielectric properties 

[23]. One common methodology involves the partial substitution of host cations (Me2+ or Fe3+ ions) with 

dopants of identical valence but differing ionic radii [13, 22, 24-28]. This substitution may induce significant 

lattice distortion, which can increase the net magnetic moment and strengthen indirect exchange interactions 

between magnetic ions of mixed valence states or ionic radii. The concept of high entropy (HE), first proposed 

in the context of alloys[29, 30], has recently gained significant attention across materials science. High entropy 

alloys (HEAs) are typically defined as single phase materials containing five or more principal elements in 

near-equimolar ratios at the same lattice point, yielding a configurational entropy exceeding 1.5R (where R is 

the gas constant)[31, 32]. This paradigm has since been extended to numerous material classes, including 

oxides[31, 33, 34], carbides[35], nitrides[36], silicides[37, 38], which have attracted considerable research 

interest due to their superior properties.  

Though few studies have reported high entropy HFs with compelling magnetic performances[24, 39, 40], 

this area remains underexplored. In contrast to parent compositions, high-entropy magnetic oxides possess a 

complex crystal structure. This complexity and crystal heterogeneity manifests as locally disordered magnetic 

moments and enhanced spin-induced polarization[41], enabling significant tuning of key properties such as 

saturated magnetization, magneto-optical, magnetoelectric, dielectric and mechanical properties, etc[42]. 

Despite this potential, research on the Faraday rotation effect in high entropy magnetic oxides is scarce, 

without reported studies in the THz band. As a result, the current understanding of the magnetic and magneto-

optical properties of this novel class of materials remains fundamentally incomplete. 
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In this work, the composition (Ca0.2Sr0.2Ba0.2Pb0.2La0.2)Fe12O19 was designed, whose configurational 

entropy (ΔSconfig ≈ 1.61 R) exceeds the typical threshold of 1.5R for high entropy materials. The selection of 

these elements is well-supported in other high-entropy oxides, such as (Ca0.5Sr0.5Ba0.5Pb0.5)Nb2O7[43], 

(Li0.2Ca0.2Sr0.2Ba0.2La0.2)TiO3[44] and (Ca0.2Sr0.2Ba0.2La0.2Pb0.2)TiO3 [45] ceramics, etc. Furthermore, the 

feasibility of designing high-entropy M-type hexaferrites using Ca2+, Sr2+, Ba2+, Pb2+, and La3+ cations is well 

supported by reported works in low entropy M-type HFs like BaFe12O19[26, 46], SrFe12O19[47], PbFe12O19[11, 

25], and LaFe12O19[48]. While ion doping has been shown to enhance the THz Faraday rotation of M‑type 

HFs, for example from 0.75 to 1.30 in Nb doped SrFe12O19 ceramics[13]. In contrast, this high entropy strategy 

offers three distinct advantages: (i) severe lattice distortion, (ii) sluggish diffusion, and (iii) the cocktail effect. 

Nevertheless, the THz Faraday rotation of high entropy HFs has not yet been systematically investigated, and 

the present study provides the first experimental evidence of entropy-engineered THz Faraday rotation 

responses in the M-type HFs. 

 

Figure 1. (a) The crystal structure of HEM hexaferrites with space group P63/mmc. (b) Superexchange 

interactions between adjacent Fe3+ (Fe2+) ions mediated by O2- ions. (c) Schematic of Faraday rotation 

effect. 

2. Materials and methods 

High purity powders of CaCO3 (99.0%, Sigma), SrCO3 (99.9%, Sigma), BaCO3 (99.8%, Alfa), PbO 

(99.9%, Sigma), La2O3 (99.9%, Sigma) and Fe2O3 (99.945%, Alfa) were used as starting materials to 

synthesize high-entropy hexaferrites with the chemical formula (Ca0.2Sr0.2Ba0.2Pb0.2La0.2)Fe12O19 ceramics, 

abbreviated as HEM. Prior to weighing, the carbonate precursors (CaCO3, SrCO3, and BaCO3) were dried at 

200°C for 24 h to remove the absorbed moisture. All starting powders were weighed precisely according to 
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the stoichiometric ratios and ball-milled in ethanol for 12 hours at 250 rpm using stainless steel balls. The 

prolonged milling step is crucial for achieving the fine particle size and homogeneity. The resulting slurry was 

then calcined in air at 1100°C for 6 hours. To ensure microstructural homogeneity, the calcined powder was 

subjected to a second round of ball-milling under identical conditions. The milled powder was mixed with 

10wt% polyvinyl alcohol (PVA) and then heated to 800°C in air for 2 hours. Finally, all ceramic pellets were 

sintered in an oxygen-rich atmosphere at 1200°C for 6 hours. The density of the ceramics was measured using 

the Archimedes method.  

The crystal structure of sintered (Ca0.2Sr0.2Ba0.2Pb0.2La0.2)Fe12O19 ceramics was analyzed by X-ray 

powder diffraction (XRD) using a Panalytical X’Pert Pro CubiX3 diffractometer with Cu K radiation (λ = 

1.5418 Å). Data was collected over a 2θ range of 5-120° with a step size of 0.0315°. The morphology and 

elemental distribution of thermal etched HEM ceramics were studied by scanning electron microscopy (SEM, 

FEI Inspect-F, Oxford, UK) equipped with an energy-dispersive X-ray spectrometer (EDX, Oxford INCA, 

UK). Chemical states of the constituent elements were analyzed by X-ray photoelectron spectroscopy (XPS, 

Thermo Fisher Scientific) after surface cleaning by Ar+ ion etching. The Fe 2p and O 1s XPS spectra were 

deconvoluted using a Shirley background and the Gaussian-Lorentzian product (GLP) function, as reported 

in previous work[49]. Local Fe-O bonding environments were probed using Raman spectroscopy (Horiba 

LabRAM HR Evolution). Domain morphologies were imaged by magnetic force microscopy (MFM, Bruker 

Dimension Icon) at room temperature. High-resolution transmission electron microscopy (HRTEM, FEI 

Verios G4) was employed to further investigate the micromorphology and lattice spacings of the crushed HEM 

powder. 

For dielectric measurements, HEM ceramics were polished to 0.5 mm thickness and coated with silver 

paste (Gwent Electronic Materials Ltd., C2011004D5). The temperature dependence of the relative 

permittivity (ε') and loss tangent (tanδ) was measured from -160°C to 160°C at selected frequencies using an 

LCR meter (Agilent 4284A) integrated with a computer-controlled furnace. Magnetic hysteresis (M-H) loops, 

along with zero-field-cooling (ZFC) and field-cooling (FC) magnetization curves, were acquired using a 

vibrating sample magnetometer integrated with a superconducting quantum interference device (VSM-

SQUID, Quantum Design) over a wide range of magnetic fields and temperatures. The Faraday rotation of 

pre-magnetized HEM ceramics (~0.8 mm thick) in the THz region was characterized using a modified 

terahertz time-domain spectroscopy system (THz-TDS, Techs Ltd, Canada) in a transmission mode[13]. The 

complex permittivity and loss tangent in this paper were extracted from the Fourier-transformed THz time-

domain spectrum[50].  

3. Results and discussion 
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Figure 2. (a) Room temperature XRD pattern of HEM crushed powder with labelled hkl lines, in comparison 

with standard PDF files for other M-type hexaferrites. (b) Rietveld refinement of HEM XRD pattern. (c) 

Bright field image and (d) HRTEM image of crushed HEM powder. 

All characterized HEM ceramics exhibited dense microstructures, with a relative density of 

approximately 95%. Figure 2 presents the room-temperature XRD pattern of sintered and crushed 

(Ca0.2Sr0.2Ba0.2Pb0.2La0.2)Fe12O19 powder. All observed diffraction peaks, indexed with their corresponding 

hkl planes in Fig. 2a, are in good agreement with the standard ICDD Powder Diffraction Files of other M-type 

hexaferrites (e.g., SrFe12O19 #33-1340, BaFe12O19 #43-0002, and PbFe12O19 #41-1373, CaFe12O19 #27-1029, 

and LaFe12O19 #13-0474). In this regard, HEM hexaferrite ceramics prepared by a conventional solid-state 

reaction method, crystallizes as a single hexagonal phase with the P63/mmc (No. 194) space group, 

demonstrating the entropy-stabilization effect on the phase structure. The XRD pattern of HEM was refined 

using the GSAS software, assuming that Ca2+, Sr2+, Ba2+, Pb2+and La3+ cations occupy the same 

crystallographic site. The refinement converged with good statistics, as evidenced by the low Rp (1.06%), Rwp 

(0.81%), and χ² (1.440) values. The refined lattice parameters are summarized in Table S1, with a comparative 

analysis against other M-type hexaferrites (Table S2). The c/a ratio and lattice volume for HEM is 3.918 and 

691.30 Å3, respectively, which are comparable to those reported for pure SrFe12O19 (c/a = 3.921, V = 692.89 

Å3)[13]. This alignment can be attributed to the similar ionic radii of the constituent cations. The average ionic 

radius at the A-site is 1.448 Å for HEM, which closely matches that of Sr2+ (~1.44 Å). The microstructure of 

the synthesized HEM ceramics was further examined by low resolution and high-resolution TEM. Fig. 2c 

Ju
st

 A
cc

ep
te

d



 

8 

 

reveals a bar-shaped crystal, a morphology consistent with the hexagonal crystal structure and indicative of 

strong crystalline anisotropy at room temperature. A representative HRTEM image taken from the region 

marked by the yellow rectangle area in Fig. 2c is shown in Fig. 2d. The image displays well-defined lattice 

fringes with an interplanar spacing of 0.29 nm, corresponding to the (110) crystal plane of HEM ceramics. 

The SAED pattern of HEM was depicted in Figure S1 and is referenced with Miller indices in the 

corresponding SAED visual representations. The good agreement between SAED and XRD pattern confirms 

the structural assignment and single hexagonal phase of HEM sample. 

Elemental composition and distribution were analyzed using SEM coupled with EDX. Figure 3 

represents the grains’ morphology and corresponding EDX mapping images of HEM ceramics after thermal 

etching. The microstructure consists of densely packed, flake-like grains with average dimensions of 

approximately 3.2 ± 0.5 µm in diameter and 0.6 ± 0.2 µm in thickness. The dense microstructure with fine 

grain size can be attributed to the sluggish diffusion inherent to the high-entropy design. In M-type hexaferrites, 

the c-axis represents the preferred growth direction for such platelet morphology. As reported by hexaferrites 

with layered structures[51], this crystallographic orientation is perpendicular to the easy magnetic axis along 

c axis. The EDX mapping results depicted in Figs. 3a-g demonstrate that constituent elements (Ca, Sr, Ba, Pb, 

La, Fe and O) are distributed uniformly on the fracture surfaces. Quantitative EDX analysis (Table S3) further 

verifies that the experimental atomic percentages of all elements align closely with their theoretical 

stoichiometric values, confirming the successful synthesis of the targeted HEM composition. 

 

Figure 3. EDX mapping (a-g) and SEM micrograph (h) of HEM hexaferrites after thermal etching. 

The chemical states and electronic structures of constituent elements in the HEM sample were analyzed 

by XPS. The survey spectrum and high-resolution spectra for Ca 2p, Sr 3d, Ba 3d, Pb 4f and La 3d core levels 

are presented in Figs. S2a-f, with all binding energies corrected by standard carbon peaks (284.8 eV). As 

shown in Fig. S2a, from the full survey spectrum of HEM, signals of Ca, Sr, Ba, Pb, La, Fe, and O are easily 

identified, confirming the designed composition. In the Ca 2p spectra (Fig. S2b), the dominant peaks are 

located at 350.48 eV and 346.78 eV, corresponding to Ca2+ 2p1/2 and Ca2+ 2p3/2, respectively. The Sr 3d 
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spectrum is fitted with spin-orbit doublets at 135.28 eV and 132.98 eV, characteristic of Sr 2+. Similarly, the 

Ba 3d peaks at 794.78 eV and 779.58 eV are assigned to Ba2+ 3d3/2 and Ba2+ 3d5/2. The asymmetric Pb 4f 

peaks at approximately 137.7 eV and 142.5 eV align with Pb2+ 4f7/2 and Pb2+ 4f5/2, consistent with previous 

studies of PbO[52]. As illustrated in Fig. S2f, the characteristic peaks of La 3d are located at 834.9, 838.8, 

851.8 and 855.6 eV, corresponding to the +3 state of La ions. The asymmetric Fe 2p spectrum (depicted in 

Fig. 4a) was deconvoluted to reveal the coexistence of Fe2+ and Fe3+ cations. The corresponding binding 

energies for Fe3+ 2p3/2 and Fe2+ 2p3/2 are summarized in Table S4. The partial reduction of Fe3+ is attributed to 

the charge compensation upon La3+ incorporation, as well as the oxygen vacancy formation during high 

sintering temperature. The Fe2+/Fe3+ ratio for HEM was quantitatively derived from the area ratio of the Fe2+ 

2p3/2 and Fe3+ 2p3/2 peaks in the deconvoluted XPS spectra, consistent with previous work. The calculated ratio 

is 0.23(2) for HEM, much lower than that of pure SrM[13]. According to charge neutrality considerations, the 

reduction of Fe3+ is intrinsically coupled with the generation of oxygen vacancies. This is further supported 

by the deconvolution of the O 1s spectrum (Fig. 4b), which reveals three components at 533.58 eV (adsorbed 

oxygen), 531.58 eV (oxygen in the reduced state), and 530.28 eV (lattice oxygen)[53, 54]. Given that magnetic 

properties can be tuned by Fe2+ ions and oxygen vacancies (defect chemistry), it is compulsory to distinguish 

the individual contributions of each defect species. In conventional La3+ doped M-type HFs[15, 48, 55], the 

substitution of divalent cations by La3+ is known to induce partial Fe3+ reduction for charge compensation. 

However, although the present HEM composition also contains a substantial amount of La3+, the significantly 

lower Fe2+/Fe3+ ratio indicates that the high‑entropy design effectively suppresses Fe3+ reduction. Therefore, 

changes of magnetic/dielectric properties of HEM cannot be attributed to the presence of La3+ substitution, 

but rather originates from the collective high‑entropy effect. 

 

Figure 4. Deconvoluted Fe 2p (a), and O 1s (b) high resolution XPS spectra of HEM pellets. (c) Raman 

spectra of crushed HEM powder within 200-900 cm-1. (d) Enlarged view of Raman spectra from 300 to 650 
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cm-1. (e) FTIR spectra measured at room temperature from 2000 to 400 cm-1. (f) The MFM phase image of 

polished HEM ceramics. 

Raman spectroscopy was employed to probe the local structural environment and potential lattice 

disorder in the HEM ceramics. Group theory predicts 42 Raman-active modes (11 A1g + 14 E1g + 17 E2g)[56, 

57] in SrFe12O19 and BaFe12O19 ferrites. Room-temperature Raman data was presented in Figs. 4c, d, with 

frequencies of major peaks corresponding to Fe–O vibrations summarized in Table S5. Based on earlier 

established assignments for M-type hexaferrites[57], the Raman peak at 682.6 cm-1 (Fig. 4c) with the most 

intense response is attributed to the stretching vibration of Fe–O bonds at the 2b site[58]. This greatly enhanced 

Fe (2b)-O bonding may contribute to, though does not directly prove, an enhancement of the Fe3+(2b)–O2-–

Fe3+(2b) superexchange interaction. While other weaker Raman features (Fig. 4d) originate from symmetric 

stretching modes associated with Fe–O bonds at the 2a, 12k sites and 4f2 site[58-60].  

Fig. 4e represents the FTIR spectrum of HEM hexaferrite. Two characteristic absorption bands are 

observed at approximately 448 cm-1 (vo) and 599.27 cm-1 (vt), corresponding to the stretching vibrations of 

Fe–O bonds at octahedral (2a, 12k) and tetrahedral sites (4f2), respectively[58, 61]. The force constant for 

tetrahedral site (Kt) and octahedral site (Ko) is determined by equations 3 and 4 [58, 61], as given below: 

Kt = 4π2c2vt
2µ                                                                        (3) 

Ko = 4π2c2vo
2µ                                                                       (4) 

Where c is the light speed, vt corresponds to the wavenumber of tetrahedral sites, while vo corresponds to the 

wavenumber of octahedral sites, and µ (= 
𝑀𝑜 × 𝑀𝐹𝑒

𝑀𝑜 + 𝑀𝐹𝑒
) is the reduced mass of the Fe3+(Fe2+) and O2- ions (~1.85

×10-26 kg). Based on the measured wavenumbers, the calculated force constants are Ko ≈ 132 N/m and Kt ≈ 

236 N/m. The comparison of wavenumbers and force constants with those of BaM and SrM hexaferrites is 

summarized in Table S6. Evidently, both the Ko and Kt values of HEM are smaller than those of BaM but 

larger than those of SrM. Since the force constant K serves as a symbol of the Fe-O bonding strength and 

stiffness, a shorter bond length and stronger bonding manifest as larger K values. Such structural modifications 

may further impact magnetic properties of the design hexaferrites.  

The MFM measurements were performed on a well-polished pellet with a surface roughness below 20 

nm to ensure reliable phase contrast. The corresponding MFM phase image is shown in Fig. 4f, covering a 

scan area of 5 µm × 5 µm. The alternating dark and bright contrast within the MFM phase image correspond 

to domains with different out-of-plane magnetization orientations. Well-defined stripe magnetic domains are 

clearly observed, with an average width of 0.23±0.05 µm and a length of 2.15±0.60 µm. These magnetic 

domains with slight angular variation caused by high configurational entropy design may be associated with 

high domain wall mobility, thereby enabling an enhanced magnetization under an applied magnetic field. The 

presence of such stripe domains, which are analogous to those reported in other uniaxial hexaferrites[62], 
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provides direct evidence for the magnetocrystalline anisotropy inherent to the layered structure of HEM 

compositions.  

As shown in Fig. 5a, the permittivity increases monotonically over the entire temperature range. The 

increase in permittivity at high temperatures is mainly caused by thermally excited polarization and defects 

(vacancies, defect pairs and domain walls)[63]. A prominent, frequency-dependent relaxation peak is observed 

in the loss tangent. The peak temperature shifts from 280 K at 1 kHz to 395 K at 100 kHz, indicating a 

thermally activated relaxation behaviour. This relaxation behaviour can be attributed to combined effects of 

the electron hopping process (d-d transitions) and point defects (e.g., oxygen vacancies), consistent with 

previous reports on M-type hexaferrites[13, 64]. This relaxation behaviour should follow the Arrhenius law: 

f = f0exp(
−𝐸𝑎

𝑘𝐵𝑇
)                                                                       (5) 

where f is the measurement frequency, f0 is the frequency constant, Ea is the activation energy of charge carriers, 

kB is Boltzmann’s constant, and T is the temperature corresponding to the loss tangent. As highlighted in 

Fig. 5b, the activation energy Ea (0.43 eV) and characteristic relaxation frequency f0 (1.69 × 1010 Hz) are typical 

values for oxygen vacancy migration in M-type HFs[13]. Furthermore, room-temperature permittivity 

decreases significantly with increasing frequency, following the Koop's phenomenological theory[55]. At 

higher frequencies, the space charge polarization and electron hopping between defect sites cannot follow the 

rapidly oscillating electric field, leading to a reduced dielectric response.  

Temperature dependent dielectric properties for HEM from RT to 350℃ are shown in Figure S3. Two 

distinct anomalies are observed in both relative permittivity and loss tangent across the measured temperature 

range. The first anomaly, centered at approximately 300°C, exhibits strong frequency dispersion, with the 

peak position shifting toward higher temperatures with decreasing frequency. This behaviour is characteristic 

of a relaxor-like phase transition, consistent with the ferrimagnetic to paramagnetic transition commonly 

observed in M-type hexaferrites[13]. The frequency dependent relaxation near this transition arises from the 

critical slowing down of spin dynamics or concomitant fluctuation of local magnetic moments (Fe2+/Fe3+). 

Moreover, the m' decreases with the measured increasing frequency, because the electron hopping fails to 

follow the rapidly alternating electric field, resulting in a frequency‑dependent reduction in polarization until 

it stabilizes[4]. The second anomaly, located at approximately 200°C, also displays frequency dependent 

characteristics. This feature is tentatively attributed to magnetic structural transitions associated with domain 

wall motion. However, the precise microscopic origin of this anomaly: whether dominated by domain wall 

relaxation, dipolar effects, or electron hopping between Fe2+ and Fe3+ remains to be clarified. Further 

investigations, including temperature dependent magnetic and structural characterizations, are required to 

unambiguously resolve the critical behaviour of HEM at high temperatures.  
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Fig 5. (a) Temperature dependence of relative permittivity and loss tangent of HEM ceramics. (b) Arrhenius 

law fitting of loss tangent data. (c) ZFC and FC curves of HEM ceramics measured within 1.8 K to 400 K. 

(d) Variation temperature M-H loops of HEM ceramics within ±10 kOe. (e) A comparison of the Ms and Mr 

of prepared HEM ceramics and the state-of-the-art low entropy M type HFs[11, 48, 65]. Here, CaM, SrM, 

BaM, PbM, and LaM represent CaFe12O19, SrFe12O19, BaFe12O19, PbFe12O19, and LaFe12O19, respectively. 

(f) Faraday rotation of HEM ceramics after magnetizing in the THz band.  

The magnetic properties of HEM ceramics were characterized by temperature-dependent magnetization 

measurements. Fig. 5c presents the FC and ZFC magnetization curves, while Fig. 5d shows M-H hysteresis 

loops measured at various temperatures under an applied field of ±10 kOe. HEM exhibits typical hard 

ferrimagnetic behaviour across the entire temperature range. The saturated magnetization (Ms) increases 

significantly at cryogenic temperatures, a trend consistent with the FC/ZFC data and attributable to reduced 

thermal perturbation of spins. Conversely, the coercive field (Hc) decreases with lowering temperature, which 

can be understood within the framework of multidomain theory[66], where Hc ∝ 
√𝐴𝐻𝐴

𝑀𝑠D
. Here, A is the 

exchange stiffness, HA is the magneto-crystalline anisotropy, Ms is the saturated magnetization and D indicates 

the grain size factor. The observed decrement in Hc VS. measured temperature thus suggests a dominant 

influence from the rising Ms at low temperatures. Moreover, the M–H loops reveal a pronounced decrease in 

the coercivity for HEM samples (~1850 Oe), in contrast to pure SrM (~4200 Oe)[13]. This lower coercivity 

implies a reduced resistance to magnetization reversal, consistent with enhanced domain‑wall mobility under 

an external field[12].  

A comparison of Ms and Mr between HEM and conventional M-type hexaferrites is summarized in Fig. 

5e. Among them, the HEM ceramic exhibits superior magnetic properties, featuring both a high Ms (53.5±0.5 

emu/g) and Mr (26.3±0.3 emu/g). The squareness ratio, Mr/Ms, a key indicator of magnetic domain 

configuration, is determined to be 0.49 for HEM. This ratio is slightly below the 0.5 threshold, indicating a 
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multidomain magnetic structure of HEM, in agreement with the behaviour reported for previously reported 

low entropy M-type HFs[5, 8, 64]. Clarifying the magnetic mechanism requires understanding both the site 

occupancy and the role of Fe2+. In La doped SrM HFs, Fe2+ ions preferentially occupy the 2a site (octahedral, 

spin-up)[15]. Although replacing Fe3+ (5 μB) with Fe2+ (4 μB) tends to decrease the net magnetization, the 

presence of Fe2+ at the octahedral site can induce local lattice distortion, releasing the orbital magnetic 

moment[67], and can also induce the Fe2+ (2a)-O2--Fe3+ (2b) superexchange interaction within the 

sublattice[15]. The interplay of these competing effects contributes to the magnetic performances. In addition, 

the simultaneous occupation of the Me site by five cations (Ca2+, Sr2+, Ba2+, Pb2+, and La3+) with different 

ionic radii introduces local lattice distortions that alter the Fe–O–Fe bonding geometry along the 

superexchange pathways. Notably, this Me site is located in close proximity to both the spin-up Fe3+ (2b) and 

spin-down Fe3+ (4f2) sites in M-type HFs[68]. Such local structural complexity is a key factor in enhancing 

magnetic properties, as it strengthens the Fe3+ (2b)-O2--Fe3+ (2b) superexchange interaction, evidenced by 

Raman spectroscopy discussed above. While the most intense Raman peak (located at 682.6 cm-1) corresponds 

to Fe–O bonding at the 2b site, the direct verification of site-specific occupancy and its influence on magnetic 

exchange would require complementary techniques such as Mössbauer spectroscopy or neutron diffraction. 

Nevertheless, the observed correlation between the structural modifications at the 2b site and the enhanced 

magnetic properties underscores the effectiveness of high-entropy design in regulating the spin configuration 

and net magnetization of hexaferrites. 

To evaluate its potential for magneto-optical applications, the Faraday rotation effect was investigated. 

Fig. 5f displays the complex refractive indices for right-handed and left-handed circularly polarized light. A 

pronounced difference (∆𝑛′ = n'+- n'-) between the two indices is observed, directly reflecting the strength of 

the Faraday rotation effect as depicted in equation 2 and previous work[13, 16]. Meanwhile, three low-entropy 

M-type hexaferrites (SrFe12O19, SrFe11.99Nb0.01O19, and SrFe11.97Nb0.03O19) were prepared under the identical 

processing conditions for comparison. The THz Faraday rotation properties of these compositions were 

systematically measured, and the results are presented in Figure S4. All three reference samples exhibit 

substantially smaller Δn′ values than HEM, confirming the pronounced enhancement of the Faraday rotation 

in HEM. However, since these reference samples do not contain La3+ and differ from HEM in oxygen 

stoichiometry and Fe2+/Fe3+ ratio, they do not fully decouple the contribution of configurational disorder from 

those associated with La incorporation, oxygen non-stoichiometry or coexistence of Fe2+ and Fe3+. A 

compositionally relevant La-containing control would allow a more direct separation of these contributions. 

While such a control is beyond the scope of this work, future studies employing a systematic series of La-

substituted M-type HFs would be valuable to quantify the individual contributions. 

The ∆𝑛′ for HEM is around 1.75 at 0.2 THz, about 2.5 times greater than that of SrFe12O19 (0.75), even 

exceeds that of SFN3O with an optimized value of 1.30, and 4 times larger than that of a doped silicon wafer 

under a 3T magnetic field applied (0.4)[16]. The Δn' values at 0.2 THz were repeatedly measured on 
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independently prepared HEM ceramics, yielding a mean value of 1.75 with a standard error of ±0.04. This 

variation is within the typical uncertainty range of THz time-domain spectroscopy measurements, confirming 

the reliability of the observed enhancement. The total non-reciprocal phase retardation is further calculated to 

be Φ ≈ 2.93 rad for the 0.8 mm thick HEM sample using the equation (2). In other words, fully magnetised 

HEM samples can induce non-reciprocal polarization angle, up to 105°/mm. Moreover, a comprehensive 

comparison between HEM and reported THz magneto-optical materials is listed in the Table S7. Clearly, the 

Faraday rotation angle of HEM substantially exceeds that of SrFe12O19 (~45°/mm), as well as those of other 

conventional magneto-optical materials such as doped silicon (48~60°/mm)[16], Bi:RIG (8~18.5°/mm)[69] 

and La:YIG (~14°/mm)[70]. This giant polarization rotation angle of the HEM ceramics, makes them 

promising candidates for next-generation THz magneto-optical devices. Nevertheless, further reduction of 

insertion losses and broadening of the response bandwidth in the THz range are still required for practical 

applications. 

Previous studies have shown that the Faraday rotation effect can be enhanced by higher saturation 

magnetization and lower coercivity[13]. In the present work, the significantly improved magneto‑optical 

response was primarily attributed to the high‑entropy effect. The high-entropy approach simultaneously 

introduces multiple cations with distinct ionic radii and magnetic moments into the same sublattice. This 

creates severe lattice distortion, fluctuating exchange pathways, and configurational entropy stabilization, 

which collectively suppress long-range magnetic ordering while promoting short-range correlated spin 

structures and enhanced domain wall mobility. As illustrated in reported work, the Me site is located in close 

proximity to Fe3+ at the 2b (spin‑up) and 4f2 (spin‑down) sites in M-type HFs[68, 71]. Consequently, the 

superexchange interactions between 2b or 4f2 Fe3+ cations are influenced directly by the high-entropy design. 

Additionally, the Raman spectroscopy confirms that this high-entropy configuration significantly strengthens 

the super exchange interaction, particularly along the Fe3+ (2b) - O2- - Fe3+(2b) pathway, supporting the above 

interpretation. It should be noted, however, that when La doping is involved, charge compensation leads to 

the partial conversion of Fe3+ ions (5 µB) at the spin-up 2a site into Fe2+ ions (4 µB), which tends to reduce 

Ms[15]. Taking these factors into account, the enhancement of Faraday rotation in HEM can be attributed to 

the following contributions: i) the strengthened superexchange interaction through the Fe3+ (2b) - O2- - Fe3+ 

(2b) pathway; ii) the sluggish diffusion effect of high entropy at the Me site, which results in reduced domain 

size together with increased domain wall density, as well as enhanced domain wall mobility.  

4. Conclusions  

In summary, this work demonstrates that the “entropy engineering” strategy, applied to the Me site of M-

type hexaferrites, is an effective approach for simultaneously enhancing magnetic and magneto-optical 

properties. The Me-site atomic-scale complexity in (Ca0.2Sr0.2Ba0.2Pb0.2La0.2)Fe12O19 induces local lattice 

distortions and modifies adjacent Fe-O bonding, especially the Fe3+ (2b) - O2- - Fe3+ (2b) bonds, indirectly 

evidenced by XRD refinement and Raman data. While the exact site occupancy distribution remains to be 
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determined by future studies employing Mössbauer spectroscopy or neutron diffraction. Meanwhile, the 

sluggish diffusion effect leads to nanometer-sized domains observed by MFM images, which may contribute 

to enhanced domain wall mobility. These combined structural changes lead to a large Faraday rotation angle 

(~105°/mm at 0.2 THz) for HEM ceramics. Beyond this specific material system, this work demonstrates that 

high-entropy design, with four core effects, is a powerful strategy to tune superior magnetic and magneto-

optical properties of ferrites, further for a new generation of magnetic sensors and optical isolators.  
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