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Abstract
We report on the electrodynamic properties of the single crystalline lead-substitutedM-type barium
hexaferrite, Ba0.3Pb0.7Fe12O19, performed in the broad frequency range including radio-frequency,
terahertz and sub-terahertz bands, which are particularly important for the development of
microelectronic devices.We demonstrate how changing on amolecular level the chemical
characteristics (composition, intermolecular interaction, spin-orbital interaction) of lead-substituted
M-type hexaferrite influences its radio-frequency and terahertz electrodynamic response. Our results
indicate a critical temperature range, 50 K<T<70 K,where significant changes of the electro-
dynamic response occur that are interpreted as freezing of dynamical oscillations of bi-pyramidal
Fe(2b) ions. In the range 5–300 K, the heat capacity shows no sign of any phase transition and is solely
determined by electron and phonon contributions. An anomalous electrodynamic response is
detected at 1–2 THz that features a rich set of absorption resonances which are associatedwith
electronic transitionswithin the fine-structured Fe2+ ground state and are visualized in the spectra
due tomagnetostriction and electron–phonon interaction.We show that lead substitution of barium
in bariumhexaferrite, BaFe12O19, leads to the emergence of a pronounced dielectric andmagnetic
relaxational dynamics at radio-frequencies and that both dynamics have the same characteristic
relaxation times, thus evidencing the bi-relaxor-like nature of Ba0.3Pb0.7Fe12O19.We associate the
origin of the relaxations as connectedwith themotion ofmagnetic domainwalls. In order to unveil
crucial influence of chemical substitution on electrodynamic characteristics of the compound, we
analyze our results on substituted compound in comparisonwith the data available for pristine
barium (BaFe12O19) and pristine lead (PbFe12O19) hexaferrites. The obtained spectroscopic data on
the dielectric properties of Ba0.3Pb0.7Fe12O19 provide insight into fundamental phenomena
responsible for the absorptionmechanisms of the compound and demonstrates that chemical ionic
substitution is an effective tool to tune the dielectric properties of thewhole family of hexaferrites.
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1. Introduction

The hexagonal ferrites with the general formula AM12O19 (where A=Ba, Sr, Pb;M=Fe, Al, etc)were
discovered in the first half of the 20th century [1]. Subsequently, the temperature evolution of electromagnetic,
thermodynamics,mechanical, calorimetric, etc properties of the pure bariumhexaferrite BaFe12O19 have been
extensively investigated as described elsewhere [2]. The interest on these compoundswas recently revived due to
the possibility tomanipulate their functional properties by inducing crystalfield distortions with dopants
[3–14]. In particular, the values of the coercive force [15], Curie temperature [16, 17], magnetic permeability and
the dielectric permittivity reveal strong changes caused by doping and chemical substitution [18]. In addition,
the non-crystalline formof the hexaferrites addsmore complexity/richness to their phase diagram since the
magnetic order is greatly influenced by the physical and chemical properties of the granules (impurity state,
phase and granulometric composition, dispersity and granular crystal structure), which are largely influenced by
synthesismethod. All thismake substituted bariumhexaferrites promising for practical applications, such as
radio-frequency absorbing coatings,magnetic recording, fabrication of permanentmagnets and various
components inmicrowave devices, telecommunication, etc. As a result, electromagnetic properties [19–25] and
growthmethods, such as sol–gel [26–30], co-precipitation [31, 32] and the standard ceramicmethod [33, 34], of
these compounds are nowunder extensive investigations.

The goal of the present studywas to explore the broad-band electrodynamic properties of Ba0.3Pb0.7Fe12O19

and, in particular, to unveil the influence of partial substitution of the twelve-fold coordinated cation subsystem
on the bariumhexaferrite crystal lattice dynamics. ThoughBaFe12O19 and PbFe12O19 are isostructural, the
physical properties of the two compounds are drastically different in regard to the electronic configurations of
the two largest cations Ba2+ andPb2+ [35]. In contrast to Ba2+ ions, the outer shell of Pb2+ has two lone
electrons, which allows nearest neighbor electronic exchange thus affecting the bond lengths; as a result the
coordination environment of the Pb ions becomes strongly distorted. Pb-substituted Ba1–xPbxFe12O19 crystals
with 0.2<x<0.8 revealed a large displacement ellipsoid for themixed-occupied Ba/Pb site [35, 36]. These
results are similar towhatwas observed byMoore andGupta [37] for pure leadM-hexaferrite. One can thus
expect that for the bariumhexaferrite the ionic displacements will increase with growth of lead content.With
this inmind, we have synthesized large high quality Ba1–xPbxFe12O19 single crystals with x=0.7 in order to
study the induced significant changes in coordination distortions and, correspondingly, in the low-frequency/
energy lattice dynamics.We stress an extraordinary relevance of hexaferrites, the compounds that reveal a
unique combination of bright physical properties, likemultiferroicity, quantum criticality, relaxor- and
bi-relaxor-like behaviors. It is worthmentioning that despite the available thorough studies ofM-type
hexaferrites, their electrodynamic properties in the terahertz (THz) frequency region are still unexplored. In this
paperwe report on thefirst detailed spectroscopic study of Ba0.3Pb0.7Fe12O19 compound in radio, THz, far-
infrared andmid infrared frequency ranges in a broad temperature interval, from5 to 300 K.

2. Experimental

M-type bariumhexaferrite single crystals Ba0.3Pb0.7Fe12O19were grown byflux technique using a resistive
furnace that allows the use of crucibles up to 30 ml in volume [38]with a precise temperature control. The initial
charge contains stoichiometric ratio of BaFe12O19 and 80 at%of lead oxide used asflux. The starting
components (lead oxides, iron and barium carbonate)were preliminarily dried for 6 h in an oven at a
temperature of 400 °C.The charge of 20 gweight was then grinded in an agatemortar and loaded into a 30 ml
platinumcrucible that was placed in a resistive furnace and heated up to 1000 °Cat a rate of 200 °C h−1. The
solutionwas held for 3 h to achieve full homogenization. For crystallization, platinum rodwas used as a cooler.
The temperaturewas decreased at a rate of 4–5 °C h−1. At 900 °C the furnace was switched off. The obtained
crystals were separated by boiling in a nitric acid. As a result, black crystals were obtainedwith characteristic
hexagonal faceting of up to 5 mm.

The composition of the obtained crystals was studied using a Jeol JSM-7001F electronmicroscopewith an
Oxford INCAX-max 80 energy dispersive x-ray (EDX)fluorescence spectrometer. X-ray analysis of the samples
was carried out on a powder x-ray diffractometer (PXRD)RigakuUltima IV using the PDXL Integrated x-ray
powder diffraction software. To determine the phase composition and crystal lattice parameters, several crystals
were grounded to a powder and PXRDwas performed in the 2θ range 10°–90°with rate of 1°/min.

For the infrared and terahertzmeasurements, plane-parallel samples were cut frombulk single crystals and
carefully polished, with two distinct orientations of the crystallographic c axis: parallel (x-cut) and normal (z-cut)
to the sample surface. This enables optical (terahertz and infrared)measurements in polarization geometries
with the electric field vector E of the probing radiation parallel and perpendicular to the c axis. Samples with
thicknesses 173 (z-cut plate), 188 and 251 μm (x-cut plates)were used for the THz and IR experiments. Spectra
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of transmission and reflection coefficients of the prepared samples weremeasured using a set of spectrometers.
Reflection coefficient spectra in the far-infrared andmiddle infrared ranges (frequencies 30–8000 cm−1)were
recordedwith the resolution of 2 cm−1 using standard Fourier-transform infrared spectrometer Vertex 80v
equippedwithHyperion 2000microscope setup. In addition, we performed infrared transmission
measurement inmagnetic field up to 7 Tusing anOxford Spectromagmagnetooptical cryostat attached to the
Fourier-transform spectrometer Bruker IFS 113v. At THz frequencies, ν=8–100 cm−1, time-domain
TeraView spectrometer was used to directly determine the real ε′ and imaginary ε″ parts of the complex
dielectric permittivity ε*=ε′+iε″ from the complex (amplitude and phase) transmission coefficient spectra,
with the frequency resolution of 1 cm−1. At even lower frequencies, down to 1.5 cm−1, directmeasurements of
ε′ and ε″ spectra were performedwith a quasioptical spectrometer based onmonochromatic radiation
generators with continuously tunable frequency (backward-wave oscillators) [39].With themeasured spectra of
ε′ and ε″, THz reflection coefficient spectrawere calculated using standard Fresnel equations andmergedwith
themeasured infrared reflection coefficient spectra. The spectral analysis of the so-obtained broad-bandTHz-IR
reflectivity and transmissivity spectra in combinationwith the directly determined THz spectra of ε′ and ε″was
performed, as is described below. As a result, temperature-dependent broad-band dielectric response of
Ba0.3Pb0.7Fe12O19was obtained for polarizations parallel and perpendicular to the crystallographic c axis, E||c
andE⊥c. The spectrawere obtained at temperatures down to 6 Kwith open-cycle liquid heliumoptical
cryostats. Here, we discuss the results obtained below 1000 cm−1 since above this frequency the spectra were
featureless and corresponding reflectivity data were used to determine the high-frequency dielectric constant
needed for the spectral analysis, as described below.

Radio-frequency dielectricmeasurements were performed in the E||c geometry at frequencies 40 Hz–
10MHz and at temperatures 4–300 K. The samples were prepared in the formof plane-parallel plates with
typical dimensions 0.70 mm×0.65 mm×0.15 mmwhere the c axis waswithin the plate surfaces. To obtain
the complex dielectric functionwemeasured the complex conductance using anAgilent 4294A andKeysight
E4980AL-102 impedance analyzers. The employed ac signal levels of 10 and 50 mVwere confirmed to bewell
within the linear response regime. Repeatedmeasurements using different contactmaterials (silver paint,
amorphous carbon paint) and different sample geometries were performed in order to successfully resolve and
separate intrinsic sample response from the extrinsic contributions due to contact resistances and surface layer
Maxwell–Wagner relaxation [40, 41].

SQUIDdcmagnetizationmeasurements underH=100 Oe and formagneticfield orientationH||cdisplayed
nodifference between the zero-field-cooled andfield-cooled data, aswell as a virtually temperature-independent,
saturated susceptibility fromroom temperature down to 2 K (not presentedhere), which suggests that the studied
compound is a very soft ferromagnet at all studied temperatures. Therefore, low-amplitude acmagnetic
measurementswere performed at temperatures 4–300 Kand in the frequency range 2 Hz–11 kHz, using a high-
resolution home-made ac susceptibility system.As a nonlinear ferromagnetic response starts already above 0.5 Oe
(not shownhere) a very low acmagnetic excitationfield ofH=0.2 Oe in theH||c geometrywas used.

Heat capacity of the crystals wasmeasured by the pulse 2τmethod [42], separating the heat capacity
contribution of the sample from the one of the holder. The sample holder consists of a thin foil heater (Vishay
strain gage ED-DY-031DE-350) and the thermometer (Lake Shore CernoxCX-1050-BR) suspended on
constantan 50 μmthinwires. Flat rectangular sample with amass of 12.5 mgwas fixed on a back side of the
heater with a thin layer of GE varnish. Themeasurements have been performed in a high vacuum (better than
10−6 mbar) and in the temperature interval 4–315 K. The unit cellmolar heat capacity cP has been calculated
based on theZ=2molarmass ofM=2320.8 g mol−1.

3. Results

3.1. Composition andXRDdata
In a search for the optimal PbO flux content needed for crystal growth [36] it was found thatwhen using 80 at%
(atomic percent) of PbO themelting temperature isminimal and provides stable formation of the hexaferrite
phase. Single crystals of up to 5 mm in size were grown. Concentrations of Fe, Ba and Pb in the samples were
determined by EDX study to be 37.62, 0.96 and 2.18 at%, respectively, equivalent to the chemical formula
Ba0.3Pb0.7Fe12O19. Comparison of our PXRD results with the literature XRDdata [43, 44] clearly indicates the
single-phase character of themagnetoplumbite-type structure of our crystals. Analysis of systematic absences
and symmetry-equivalent reflections unambiguously indicated the hexagonal crystal symmetry with the space
group P63/mmc (N194) and lattice parameters a=5.8911(20)Å and c=23.181(7)Å atT=300 K.Wehave
processed the data and obtained the theoretical pattern of Ba0.3Pb0.7Fe12O19 and its Rietveld refinement using
Rigaku PDXL software. As a result, we have Rwp=4.69% andRp=3.01%. The obtained patterns are shown
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infigure 1where black dots correspond to experiment, pink line—to calculation and blue line is the difference
between experiment and calculation.

3.2. Terahertz and infrared spectroscopy results
The room temperature terahertz and infrared spectra of reflection and transmission coefficients and complex
dielectric permittivity ε*(ν)=ε′(ν)+iε″(ν)ofBa0.3Pb0.7Fe12O19 for theE||c andE⊥cpolarizations are shown in
figure 2.At frequencies below40 cm−1, the spectra of transmission and reflection coefficients exhibit periodic
oscillations due to the Fabry–Perot interference of the radiationwithinplane-parallel samples. These oscillations
allowan additionalway todetermine the real and imaginary permittivities at the frequencies ofmaximal
transmissivity,where the interactionof the probing radiationwith thematerial is themost effective and the accuracy
of thedielectric parameters determination is the best [44]; correspondingdata are shownby stars. Interferometric
effects disappear above approximately 40 cm−1 due to increased absorption; here all spectral features are connected
with absorption resonances. Broad-band spectra of real and imaginary dielectric permittivitieswere obtainedby
using a least-square procedure for a combined analysis of the spectra of THz and IR reflection coefficient spectra
(with theTHz reflection coefficients calculated basing on thedirectlymeasured ε′ and ε″ asmentioned above), THz
transmission coefficient spectra and the spectra of directlymeasuredTHzε′ and ε″ spectra. Transmission and
reflection coefficientsweremodeledwithwell-knownFresnel expressions for optics of layered structures [45]. The
dielectric absorption resonanceswerefittedwith the Lorentzian expressions for complexdielectricpermittivity:
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where fj= e nD j j
2 is the oscillator strength of the jth resonance,Δεj is its dielectric contribution, νj represents

the resonance frequency, γj is the damping factor and ε∞ is the high-frequency dielectric constant that was
determined from the reflectivity spectrameasured up to 8000 cm−1 (see electronic supplementary information
available online at stacks.iop.org/NJP/21/063016/mmedia).

According tofigure 2, the spectra for the two polarizations,E⊥c andE||c, strongly differ by the number of the
absorption resonances and their intensities.We associate narrow absorption lines in the infrared rangewith
phononmodes. Their observed numbers are in agreement with the results of a factor group analysis that yields
17 E1umodes active in the E⊥c polarization and 13A2umodes active in the E||c polarization [35], see below. For
theE||c polarization, in the range 5–30 cm−1 the experimentallymeasured values of ε″ significantly exceed the
results obtained by fitting the spectrawith Lorentzians, see figure 2(d). This is an indication of an extra
absorption exceeding that of the lowest-frequency ‘tails’ of the IR phonons. Introducing an additional dielectric
Lorentzian does not simultaneously fit ε′(ν) and ε″(ν) spectra together with the spectra transmission and
reflection coefficients. The onlyway to satisfactorily reproduce these spectra was to introducemagnetic
Lorentzianmodes (see, e.g. inMukhin et al [46]):
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whereΔμj is themagnetic contribution, νj is the resonance frequency and γj is the damping factor. The
corresponding fitting results are represented by solid lines infigures 2(a), (b), and the so-obtained real and

Figure 1.Rietveld refinement of Ba0.3Pb0.7Fe12O19 single crystal. Panel (a): black dots—experimental pattern, pink line—calculated
pattern. Panel (b): difference between experiment and calculation.
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imaginary parts ofmagnetic permeability are shown by the dashed lines infigures 2(c), (d), indicatingmagnetic
absorption line located at 7 cm−1. Similarly, in theE⊥c configuration, we have detected at least two extra
magnetic absorption resonances at 1.5 and 2.4 cm−1 (dashed lines infigures 2(g), (h)).

For theE||c polarization, all 13A2u phononmodes predicted by factor group analysis are resolved located
above 70 cm−1 already at 300 K.With decreasing temperature phonon lines get narrower and in addition extra
absorption lines become clearer at 15–65 cm−1, see figure 3.We consider these lines as dielectric in origin (see
below) and analyze the spectra using Lorentzian expression (1). The analysis provides evidence for four
resonances located at≈22 (R1 resonance),≈34 (R2),≈45 (R3) and≈59 cm−1 (R4). The temperature behavior
of dielectric contributions and resonant frequencies of this terahertz quadruplet is rather unusual as shown in
figure 4.

The R2 andR3modes (see figures 3 and 4) red-shift upon cooling, while the temperature dependences of the
R1 andR4modes positions showminimumandmaximum, respectively, at around 250 K. The dielectric
contributions of all the fourmodes reachmaxima at 250 K andminima at 100 K.Wenote that the combined
dielectric contribution of the quadruplet is strongly temperature dependent:Δεtot(300 K)=4.11,

Figure 2.Room temperature spectra of reflection (a), (e) and transmission (b), (f) coefficients, of real (c), (g) and imaginary (d), (h)
dielectric permittivities (solid lines) and ofmagnetic permeabilities (black dotted line) of Ba0.3Pb0.7Fe12O19 single crystalline sample,
for the polarization E||c (panels from (a) to (d), sample thickness 251 μm) andE⊥c (panels from (e) to (h), sample thickness 173 μm).
Red dots showdirectlymeasured quantities, lines correspond to least-square fits using Lorentzian expression tomodel absorption
resonances, as described in the text. Oscillations below 40 cm−1 on panels (a), (b), (e) and (f) are caused by Fabry–Pérot interference of
the probing radiation due tomultiple reflections within the plane-parallel samples. Stars on panels (c), (d), (g) and (h) show the values
calculated from the interferometricmaxima in the transmissivity spectra as described in the text. The difference between experimental
data and thefits on panel (d) is discussed in the text. The insets in panels (b) and (f) showmeasurement configuration for two principal
polarizations, c is themain crystallographic axis, k is thewavevector, e andh are the components of the probing electromagnetic
radiation. In panel (f), transmission coefficient below≈5 cm−1 ismeasuredwith BWO-spectrometer. In addition, room temperature
spectra of imaginary part of dielectric permittivity of pure BaFe12O19 single crystal in 10–90 cm

−1 spectral range is shown in panel (h).
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Figure 3.Terahertz spectra of transmission (a), reflection (b) coefficients (sample thickness 188 μm), of real (c) and imaginary
(d) parts of dielectric permittivity of single crystalline Ba0.3Pb0.7Fe12O19M-type hexaferrite for polarizationwithE||c at three different
temperatures as indicated. Dots showmeasured quantities and lines correspond to the least-squarefit results using Lorentzian
expression tomodel absorption resonances, as described in the text. Oscillations seen below 100 cm−1 in panels (a) and (b) are due to
interference of the probing radiationwithin plane-parallel samples. The complex absorption band in the 10–80 cm−1 region consists
of at least four absorption lines, designated as R1, R2, R3 andR4. In the inset of panel b the configuration of the experiment is shown,
where c is themain crystallographic axis, k is the radiationwavevector, e andh are components of the probing electromagnetic
radiation.

Figure 4.Temperature dependences of the dielectric contributions (a), (c) and resonance frequencies (b), (d) of the low-frequency
(below 70 cm−1) absorption lines observed in two single crystalline Ba0.3Pb0.7Fe12O19M-type hexaferrite samples. The parameters of
the R1, R2, R3 andR4 lines (panels (a) and (b)) are obtained for polarization E||c for the plane-parallel samplewith the crystallographic
c axis lyingwithin the sample plane. The parameters of the L1, L2, L3 and L4 lines (panels (c) and (d)) are obtained for polarization E⊥c
for z-cut sample.
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Δεtot(130 K)=1.64,Δεtot(6 K)=2.65; thismightmean certain charge transfer between related degrees of
freedom.

A distinct set of absorption lines is observed also for the perpendicular polarization, E⊥c, see figures 2(e)–
(h). The infrared phononmodes reveal small changes in their frequency positions (by 5–6 cm−1), damping
factors and dielectric contributions. Changes of the parameters of the THzmodes are significantlymore
pronounced. A broadminimum in the transmission coefficient is observed between 10 and 80 cm−1. Its
complex shape can be reproduced by involving at least four absorption lines (modeledwith expression 1)which
become clearly resolved at 6 K, as shown infigure 5. This figure shows in details the low-frequency response for
the polarization E⊥c at three temperatures: 300, 160 and 6 K. Four resonances, L1–L4, are resolved in the
spectra. On cooling, the L2, L3, L4 peaks show certain blue-shift until the plateau in their frequencies behavior is
reached at 50–80 K,while the frequency of the L1 resonance exhibits amaximumaround 130 K. A similar
behavior is detected for the dielectric contributions of the peaks, which decrease on cooling and saturate around
the same temperature of 50–80 K, except for the L2 peakwhoseΔε(T) shows a shallow dip around 130 K. The L4
resonance is resolved only below 180 K. The combined dielectric contribution of the quadruplet decreases by
half when the temperature is reduced from300 to 6 K:Δεtot(300 K)=26.47,Δεtot(6 K)=10.22 also showing
possible charge transfer between excitations.

3.3. ACmagnetic susceptibility and dielectric properties
The complex acmagnetic susceptibilityχ=χ′–iχ″ of Ba0.3Pb0.7Fe12O19 is shown infigure 6 togetherwith the
solid lines representing the least-squarefits to theCole–Cole expression

c c wt= D + a-[ ( ) ] ( )/ 1 i , 30
1

whereΔχ is the ac susceptibility strength, τ0 themean relaxation time, and 1− α describes the distribution
width of the relaxation times, see figure 7. Themagnetic relaxation strength does not depend on temperature
which implies that the number of respondingmagnetic entities remains constant. At the same time, themean
relaxation time of the overdamped response τ0=1/2πfp follows anArrhenius-type behavior τ0∝exp(W/kBT),
where fp corresponds to the loss peak frequency,W≈100 meV is the activation energy and kB is the Boltzmann
constant. Such an activated acmagnetic response is characteristic for the slowing down of domain-wall
dynamics in ferromagnets [47]. Therefore, we assign the observed dispersivemagnetic response to the
thermally-activated dynamics of domainwalls, associatedwith the underlyingmagnetic structure.

Figure 5.Terahertz spectra of transmission (a), reflection (b) coefficients (sample thickness 173 μm), real (c) and imaginary (d) parts
of dielectric permittivity of single crystalline Ba0.3Pb0.7Fe12O19M-type hexaferrite for polarizationwithE⊥c at three different
temperatures as indicated. Dots showmeasured quantities; lines correspond to least-square fit results using Lorentzian expression to
model absorption resonances, as described in the text. Complex band in the 10–80 cm−1 region consists of at least four absorption
lines designated as L1, L2, L3 and L4. The oscillations below 20 cm−1 and above 80 cm−1 in transmission and reflection spectra are
due to interference of the radiationwithin the plane-parallel sample.
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Figure 8 shows the low-frequency complex dielectric response of the compound. As can be seen from
figure 7, the obtained dielectric relaxation time follows a very similar activation behavior as the one of the
magnetic response, both in activation energies and in their absolute values. In glassy systems that follow the
Arrhenius gradual slowing down instead of Vogel–Fulcher type behavior, a glass transition temperatureTg is
commonly defined as the temperaturewhere the characteristic relaxation time τ0 extrapolates to the value of
100 s [48]. In our case, for dielectric and acmagnetic responsewe get very close values ofTg≈30 K and 36 K,
respectively. Furthermore, the temperature independence of the dielectric contribution implies that the number
of responding dipolar entities does not change. Therefore, in the covered temperature range the low-frequency
response of Ba0.3Pb0.7Fe12O19 points to a bi-relaxor-likemechanism inwhich both dielectric andmagnetic
responses stem from the same overdamped dynamics related to themagnetic domainwalls.

3.4.Heat capacity
To checkwhether significant changes in the absorption lines parameters could be caused by a phase transition,
the heat capacity of Ba0.3Pb0.7Fe12O19wasmeasuredwith the results presented in figure 9. The temperature

Figure 6.Real (χ′) and imaginary (χ″) parts of acmagnetic susceptibility of Ba0.3Pb0.7Fe12O19 single crystal as a function of frequency
(a), (b) and temperature (c), (d) obtainedwith the amplitude of 0.2 Oe for the geometryH||c.

Figure 7.Temperature dependences of theCole–Cole parameters (main graph shows relaxation time and inset depicts dielectric and
magnetic contributions) of the dielectric (E||c, solid triangles) and themagnetic (H||c, open triangles) relaxations observed in
Ba0.3Pb0.7Fe12O19 single crystal. The straight lines in panel represent the Arrhenius-type activation behavior of the dielectric and
magneticmean relaxation timeswith activation temperatures 730 K and 1100 K and characteristic relaxation times 4 ns and 13 ps,
respectively.
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dependence of cP does not show any feature that could indicate a phase transition. At the highest temperatures
the heat capacity approaches theDulong–Petit limit, whereas at the lowest temperatures it can bewell
approximated by theDebye-typeβT3 contribution of acoustic phonons [49] together with aweak linear
contribution∼γT. TheDebye temperature of 61.6 K estimated fromβ corresponds to the acousticmode
frequency of about 43 cm−1. The combinedDebye (cD) and the linear contributions are represented by the solid
line infigure 9.

The remaining contribution fromoptical phonons cP–cD–γT isfitted to contributions of the remaining 63
opticalmodes, each representing a set of 1 longitudinal and two transversal opticalmodes that are dispersionless
and isotropic and havingDulong–Petit contribution of 3R at high temperatures. Therefore, the contribution of

Figure 8. Spectra of real (a), (c) and imaginary (b), (d) parts of dielectric permittivity of single crystalline Ba0.3Pb0.7Fe12O19 at different
frequencies (a), (b) and temperatures (c), (d) for theE||c polarization.

Figure 9.Temperature dependence of themeasuredmolar heat capacity cP (open circles) of Ba0.3Pb0.7Fe12O19 single crystal. Debye
and linear contribution cD+γT (black line)were obtained from thefit of the low temperature cP. Excess contribution of optical
phonons, presented only up to 150 K, and the Einstein function cE (green line)were obtained from the fit of the low temperature
excess contribution. Total contribution ofDebye, linear and Einstein, cD+γT+cE (red line),fits well the experimental data.
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eachmode is approximated by the Einstein expression cE (dashed line) in thewhole temperature range [49]with
the lowest oscillator frequency of 42 cm−1. This value is, however, somewhat lower than the highest acoustic
mode obtained by theDebye term,which is probably a consequence of the approximation: as the heat capacity is
a cumulative and not selective technique, it is hard to obtain subtle differences, such as phonon dispersion, etc.
The remaining contributions to the heat capacity stem fromopticalmodes that are distributed between 100 and
1000 cm−1 (not shown here).

The origin of the linear term cannot be ascribed to free charge carriers since the system is an insulator.We
assume that it can stem frompossible polaronic transport.

4.Discussion

4.1.Origin of terahertz resonances
Let us compare thedielectric response obtained forBa0.3Pb0.7Fe12O19 single crystalwith that of single crystalline
BaFe12O19 (BaM). First detailed studyof terahertz-infrared dynamics of pure BaMwas reported byMikheykin et al
[50] and the results showedno intensive absorptionbelow90 cm−1 frequency region. In the room temperature
spectra of imaginary part of dielectric permittivity of pureBaM (figure 2, panel (h)), in the range 10–90 cm−1 four
veryweak lines are detected at nearly the samepositions as in lead-substitutedBa0.3Pb0.7Fe12O19.We assign the
origin of these lines to electronic transitionswithin thefine-structuredFe2+ ground state. The intensive absorption
of the same lineshape is detected inTi-substitutedBaFe12O19 [51]. As couldbe seen from the investigationof
compoundswithdifferent concentrationof Pb2+, the intensity of the absorption growthwith increasing the lead
content in the crystal lattice (see [35, 50, 52] andfigure 3 in theESI). Both observations confirmour assignment.

The structure of theM-type hexaferrites is of themagnetoplumbite type (space group P63/mmc)with
Z=2, i.e. the unit cell contains two formula units (total 64 ions). The crystal lattice consists of layers oriented
normal to the c axis, with four alternating structural blocks of cubic and hexagonal packings. The largest cation
(Ba2+, Pb2+ or Sr2+) occupies 12-coordinated 2dWyckoff site-positon, and the Fe3+ ions occupy 5 distinct site-
positionswith different spin orientations—five-coordinated trigonal bi-pyramidal 2b, three non-equal
octahedral 12k, 2a and 4f2, and one tetrahedral 4f1 [53], see figure 10. A specific feature of the crystal structure of
theM-type hexaferrites is the presence of ten-layered closely packedO4 andBa/PbO3 sheets in the 2(h3c2)
stacking, where iron ions occupy octahedral and tetrahedral voids. Hexagonally packed h-layers (so-called R
slabs) fusewith S-blokes that have cubic c-packing. Such packing is characteristic for the structural type of spinel
(magnetite Fe3O4∼Fe2+ +Fe3

3O4), inwhich the tetrahedral positions [Fe(4f2)] are usually occupied by divalent
iron ions, and the octahedral positions [Fe(2a)]—by divalent and trivalent iron ions. The presence of Fe2+ ions

Figure 10.Crystal structure ofM-type barium-lead hexaferrite (a). Small blue balls are oxygen ions, large purple balls are Ba/Pb ions,
polyhedra of different colors represent various site-positions of iron. Coordination of Fe(2b) ion (b), and temperature-dependent
profile of the potential with threeminima (c).
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in polycrystalline BaFe12O19 was confirmed byXPS study [54] and by chemical analysis in single crystals of
BaFe12O19 and PbFe12O19 [55]. A small oxygen non-stoichiometry in the compounds can serve as ‘source’ of
Fe2+ ions in our samples. According to Pullar [56], the concentration of divalent iron throughout the volume of
the crystalline grain is large at grain boundaries, and, as a consequence, its total concentration is expected to be
larger in polycrystals rather than in single crystalline samples. A higher growth temperature also leads to an
increase of Fe2+content.

The determined dielectric contributions of the THz absorption lines are bymore than an order ofmagnitude
larger than in BaM, indicatingmuch lower concentration of Fe2+ in pristine samples.We conclude, that the
growth processes fromoxides, initially containing divalent iron, and the presence of variousmicro-defects in the
crystal lattice (e.g. boundary distortions, oxygen vacancies) unavoidably result in an incorporation into site-
positions of the lattice of small amounts of divalent iron. This was also shown by Pattanayak [54] for
polycrystalline sample and confirmed by our terahertz spectroscopy on single crystalline BaM.Nevertheless,
considering the suggestedmechanisms that lead to the presence of Fe2+ in BaM is definitely not sufficient to
explain the tremendous dielectric contribution to low-energy dielectric constant in Ba0.3Pb0.7Fe12O19 single
crystals.We believe that theremust be additional sources of divalent iron in lead-substituted hexaferrite, like the
presence of lead ionswith two lone electrons in the 6s orbital.We thus assume that lead can share two electrons
with the nearest trivalent iron ions reducing them to the divalent state.

The Fe2+ high-spin ground state 5D(5E)with degeneracy of 10 is split by the second-order spin–orbit
interactionswith 5T2 state. The

5D(5T2) state is split into five equidistant levels with degeneracy 1, 3, 2, 3 and 1
separated by 10–15 cm−1 [57, 58]. Our spectra reveal four resonances in the region 20–65 cm−1 that are assigned
to electronic transitions of Fe2+ ions.We note that similar THz response connectedwith the Fe2+ electronic
transitionswas observed in beryl crystals by Shakurov et al [59]. Our THz transmissivitymeasurements of
Ba0.3Pb0.7Fe12O19 samples in externalmagnetic field up to 7 T (not presented) did not reveal any significant shift
or quenching of the quadruplet spectral components, ruling out purelymagnetic (magnon) ormixed-type
(electro-magnon) origin of these resonances.

According to the crystal field theory, the crystal field parameter 10Dq and the parameterλ of effective spin–
orbit interaction between the 5E and 5T2 terms lead to the splittingK between the levels:

l
= ( )K

Dq

6

10
. 4

2

Assumingλ≈100 cm−1, the value that equals that of the free ion and close to the values obtained for selenides
[57, 60], the crystal field strength is estimated to be 10Dq≈5000 cm−1, which is in a reasonable agreement with
the expected values in the range 2000–6000 cm−1 [57, 58, 61].

As to the lowest temperature behaviors of the observed THz resonances, we suggest that the pronounced
change of their parameters around 50–70 K is amanifestation of an order-disorder phenomena connectedwith
the iron ions that occupy 5-coordinated bi-pyramidal position 2b. According toMuller andCollomb [62], this
bi-pyramidal position is split into two tetrahedral 4e positions. At relatively high temperatures, the Fe ions
oscillate between the two tetrahedra, while at low enough temperatures they ‘freeze’ in themirror planes of a
bipyramid.We suggest, however, that both, the bi-pyramidal and the two distorted tetrahedral positions coexist.
Corresponding potential profile of the ions should then have threeminima for each of the three positions, see
figures 10(b), (c). At low temperatures, due to the transformation of the potential, the Fe ions are frozen in one of
theminima and have not enough energy to jump to the other split position, as shown infigure 10.More detailed
description of thismodel is given in thework byMikheykin et al [50].

4.2. Nature of radio-frequency response
Weassociate the observed radio-frequency relaxational response of Ba0.3Pb0.7Fe12O19 with the dynamics of
polarmagnetic domainswalls. According tofigure 7, the kHz–MHzdielectric relaxation andHz–kHzmagnetic
relaxation are characterized by close values of activation energies and freezing temperatures of electric and
magnetic dipoles. This allows us to suggest that these two relaxations stem from same process that reflects
intertwined ferroelectric andmagnetic orders. Such relaxation process can involve dynamics of differently
directed spins of Fe3+ ions at the opposite 4e positions in the bipyramid. In such a case both, electric and
magnetic acfield of the probing electromagnetic radiationwould trigger ionic hopping between the two 4e
states, in agreementwith the experiment. The observedRF response is reminiscent of systems such as glasses
[63] that exhibit the boson peak excitation andα-process relaxation in THz andRF ranges, or density wave
systems [64–67]with pinned phasonmode in theGHz–THz range and an overdamped phason relaxation in the
RF range.We can thus suggest that the origin of the RF dispersion observed in Ba0.3Pb0.7Fe12O19 could be
connectedwith theα-relaxation typical for glassy systems and relaxor ferroelectrics [67].
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5. Conclusions

Wepresent the results of thefirst systematic investigation of electromagnetic properties of single crystalline
M-type hexaferrite Ba0.3Pb0.7Fe12O19 in an extremely broad frequency interval ranging from radio up tomiddle
infrared frequencies. In themeasured dielectric response spectra, we discover features that are typical for
bi-relaxor-like systems; these are two relaxations, dielectric andmagnetic, that coexist within the same
temperature range.We suggest that both relaxations stem from the same glassy process of slowing down of
magnetic domain dynamics. The terahertz response of the compound is shown to be governed by electronic
transitionswithin the fine-structured ground state of divalent ironwhich is not supposed to exist according to
charge-balance reasons and reveals itself in the spectra due tomagnetostriction and electron–phonon
interactions.We interpret the observed phenomena considering on amolecular level the influence of divalent
lead on electrodynamics of the substituted bariumhexaferrite. Our results demonstrate critical sensitivity of
fundamental properties of hexaferrites to the chemical compositionwhich can result in drastically different
properties of isostructural compounds. The obtained data pave theway to further studies ofmultiferroicity in
the class ofM-type hexagonal ferrites, the family of compounds that are prospective for use in emerging
advanced terahertz electronic devices and components.
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