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a b s t r a c t   

Hexaferrite materials are highly demanded to develop and manufacture electronic devices operating at 
radio- and microwave frequencies. In the light of the prospects for their use in the forthcoming terahertz 
electronics, here, we present our results on the terahertz and infrared dielectric response of a typical re-
presentative of hexaferrites family, lead-substituted M-type barium hexaferrite doped with aluminum, 
Ba0.2Pb0.8AlxFe12-xO19, x(Al) = 0.0, 3.0, and 3.3. We studied uniquely large and high-quality single crystals of 
the compounds prepared by spontaneous crystallization growth technique. Our aim was to explore the 
effect of aluminum substitution on the dielectric response of the compounds. Systematic and detailed in-
vestigations of the dependences of terahertz-infrared (frequencies 8–8000 cm−1) spectra of complex di-
electric permittivity on the temperature, 4–300 K, and on the chemical composition, x(Al) = 0.0, 1.2, 3.0, and 
3.3, were performed for two principal polarizations of the electric field E-vector of the probing radiation 
relative to the crystallographic c-axis, namely E||c and E⊥c. Furthermore, infrared phonon resonances are 
recorded and discussed. In contrast to undoped BaFe12O19, no softening of the lowest frequency A2u phonon 
is observed, indicating suppression of a displacive phase transition in substituted compounds. A number of 
resonance absorption bands are discovered at terahertz frequencies and assigned to transitions between 
energy levels of the fine-structured ground state of Fe2+ (5E) ions. The temperature and aluminum-doping 
dependences of the resonances are analyzed with an account taken of disorder introduced by aluminum. 
Basing on dielectric data and detailed X-ray experiments, we find that for all concentrations of Al3+ ions, x 

(Al) = 0.0, 1.2, 3.0, and 3.3, they mainly occupy the 2a and 12k octahedral site positions and that the degree 
of substitution of iron in tetrahedral positions is not substantial. Along with fundamental findings, the 
obtained data on broad-band dielectric properties of Ba0.2Pb0.8AlxFe12-xO19 crystals provides the information 
that can be used for development and manufacture of electronic devices with operating frequencies lying in 
the terahertz spectral band. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

M-type hexaferrites with general formula A2+Fe12O19, hereafter 
called BaM, PbM, SrM (A2+ is a divalent cation Ba2+, Pb2+, Sr2+, etc.), 
have received a great deal of attention since their discovery over 70 
years ago. BaM has distinct physical properties that make it pro-
mising for applications in various areas, including permanent 
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magnets, microwave devices, absorbers, high-quality magnetic 
memory storage elements, etc. [1–9]. Functional properties of hex-
aferrites are strongly susceptible to doping that can be realized by 
substituting Ba2+ or Fe3+ or both with other elements under the 
condition to keep the charge balance. Aluminum is one of the pro-
mising dopants in the hexaferrites family as it strongly affects var-
ious characteristics of the compounds – crystal field, anisotropy 
fields, ferromagnetic resonance frequency, Curie temperature  
[10–14]. For example, at relatively low concentrations of Al, the 
coercive force is small, while it grows up significantly at higher Al 
concentrations [15–17]. In addition, the increased concentration of 
Al causes suppression of the Curie temperature of the composites  
[2,13]. It should be noted that the available experimental data on M- 
type hexaferrites are focusing mainly on the crystal structure, pre-
paration techniques and magnetic properties of ceramic forms of the 
material (see [1,18,19] and references therein), and there are only a 
few recent investigations on the dielectric properties, especially at 
terahertz and infrared frequencies, of single-crystalline forms of M- 
type hexaferrites [20,21]. At the same time, these compounds, which 
already find wide applications in microwave electronics [21,29,30], 
are of increasing interest from the viewpoint of use in the next- 
generation electronic devices that will operate at as high as terahertz 
frequencies. The present study aims at filling up the gap by detailed 
investigating the influence of substitution of Fe3+ with Al3+ on the 
terahertz and infrared (THz, IR) dielectric properties of the material 
by measuring the broad-band spectra of complex dielectric per-
mittivity ε* = ε′ + i ε″ of Ba0.20Pb0.80Fe12-xAlxO19 in a wide range of 
frequencies ν = 0.2–240 THz (≈ 8–8000 cm−1) and at temperatures in 
the interval T = 4–300 K. To analyze the disorder induced by Pb-Ba 
substitution, we provide structure refinement of the PbFe12O19 

compound. 

2. Materials and Methods 

Single crystals of Ba0.2Pb0.8AlxFe12-xO19 [x(Al) = 0.0, 3.0, and 3.3] 
with the lateral dimensions up to 5 mm were grown using sponta-
neous crystallization growth technique. In the synthesis process, 
PbO, B2O3, Fe2O3, Al2O3, and BaCO3 were used as initial ferrites 
components. During growth, iron and aluminum oxides were mixed 
in a 2:1 molar ratio. The mixture of PbO and B2O3 was used as a flux. 
The charge includes up to 80 wt% of the flux. The mixtures were 
ground in an agate mortar and filled into a 30 ml platinum crucible. 
The crucible was placed in a furnace. To homogenize the compo-
nents, the melt was heated to 1533 K for three hours. Within 140 h, 
the temperature was decreased to 1173 K with a speed of 5 K/h. The 
crystals with hexagonal shapes were separated from the flux by 
leaching in hot nitric acid. 

The chemical compositions of the grown crystals were de-
termined using an electron microscope Jeol JSM-7001F with the 
energy dispersive X-ray fluorescence spectrometer Oxford INCA X- 
max 80 (SEM/EDX). The phase composition was determined using 
powder X-ray diffractometer Rigaku Ultima IV(PXRD). For powder X- 
ray diffraction and elemental analysis, several well faceted single 
crystals were ground to obtain averaged results. 

The spectral measurements were taken in two principal or-
ientations of the electric field E-vector of the probing THz and IR 
radiation relative to the crystallographic c-axis, i.e., E⊥c (perpendi-
cular polarization) and E||c (parallel polarization). For that, two 
plane-parallel slabs were prepared for substituted samples [x 

(Al) = 3.0 and x(Al) = 3.3] with the c-axis oriented perpendicular and 

parallel to the surfaces of the slabs. Due to relatively small crystals 
size, for the x = 0.0 composition, only the E⊥c measurement geo-
metry was possible with the c-axis oriented perpendicular to the 
sample's faces. The prepared slabs were carefully polished from both 
sides utilizing a precision polishing system Allied MultiPrep 8 (with 
diamond disks with grades down to 1 µm), for the surfaces to meet 
the requirements of spectral experiments (surface roughness should 
be much more acceptable compared with the radiation wavelength).  
Table 2 shows the thicknesses of the prepared samples. A set of THz - 
IR spectrometers was used to study the spectral response of the 
compounds. At infrared frequencies, we used Fourier-transform in-
frared spectrometer Bruker Vertex 80 v equipped with a cold finger 
cryostat to measure the reflectivity spectra R(ν) in the frequency 
range 60–8000 cm−1. For the measurements at sub-terahertz and 
terahertz frequencies (8–100 cm−1), two commercial terahertz time- 
domain spectrometers, Tera K15 Menlo GmbH and TeraView TPS 
3000, equipped with exchange gas cryostats, were used to measure 
the complex (amplitude and phase) transmission coefficient T*(ν) of 
the samples from which the spectra of real and imaginary parts of 
dielectric permittivity were determined, ε*(ν, T) = ε′ (ν, T) + iε″ (ν, T). 
The THz real and imaginary permittivity spectra were used to cal-
culate the THz reflectivity of the samples that were merged with the 
measured IR reflectivity spectra. The obtained broad-band THz-IR 
reflectivities were processed, together with the THz complex per-
mittivity spectra, with the least-square technique to get the broad- 
band spectra of real and imaginary parts of dielectric permittivity. 

Experimental X-ray data sets for Ba0.2Pb0.8Fe12-xAlxO19 com-
pounds were obtained at room temperature on a Bruker D8 QUEST 
automatic diffractometer (graphite monochromatic Mo-Kα radia-
tion, λ = 0.71073 Å, ω-scan) equipped with PHOTON II detector. 

Single crystals of PbFe12O19 were grown by a solution-melt 
crystallization technique by cooling the 39.4PbO·53.6 Fe2O3·7.0 
NaOH mixture from 1350 to 950 °С at a speed of 15 grad/hour in the 
crucibles of yttrium stabilized zirconia. The samples were obtained 
in the form of hexagonal plates with sizes reaching 10 * 10 * 2 mm3. 
According to the X-ray fluorescence analysis (microanalyzer “EDAX”, 
USA), the cationic chemical composition of the crystals corresponds 
to the formula PbFe11.4Zr0.6O19. The presence of Zr atoms is con-
nected with the interaction of the melt with the crucible material 
during crystal growth. 

Table 1 

Chemical composition (at.%) and brutto formula of grown Ba0.2Pb0.8AlxFe12-xO19 

crystals.        

Brutto formula Pb Ba Fe Al O  

Ba0.2Pb0.8Fe12O19  2.23  0.56  33.71  0  64.62 
Ba0.2Pb0.8Al3Fe9O19  2.14  0.49  23.62  7.89  65.86 
Ba0.2Pb0.8Al3.3Fe8.7O19  2.1  0.51  23.07  8.74  65.56    

Table 2 

High-frequency dielectric permittivity and thickness d of the studied samples 
Ba0.2Pb0.8AlxFe12-xO19, x(Al) = 0.0, 3.0, and 3.3. For x(Al) = 0, measurements for only E⊥c 

polarization were possible due to the small sizes of the grown crystals.       

Concentration E⊥c E || c 

d, µm d, µm  

x(Al) = 0  6.44 126 – – 
x(Al) = 3  5.60 100 4.24 100 
x(Al) = 3.3  5.50 80 3.33 129    
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The intensity data sets for PbFe11.4Zr0.6O19 compound were col-
lected at a temperature of 100(1) K with an Oxford Cryojet at the 
Advanced Photon Source on Beamline 15ID-D of NSF’s 
ChemMatCARS Sector 15 using Huber 3 circles diffractometer with κ 

angle offset 60° and equipped with Pilatus3X 1 M (CdTe) detector. An 
unattenuated beam with a wavelength of 0.41328 Å (energy 30 keV) 
was used with 0.4 s exposure times, and data were collected with φ 

scans at 0.2° increment with κ offsets 0.0 and 30° using a 13 cm 
detector distance. To improve the statistical reliability of the mea-
sured data, each frame was measured three times and merged into 
one frame. Evaluation of the initial X-ray diffraction (XRD) images 
and reciprocal lattice construction was performed to ascertain the 
crystal quality. Data images were converted to Bruker format, and 
integration was performed with APEX II [22] suite software. Data 
reduction was performed using SAINT v.8.32B software. Scaling and 
absorption correction was performed by a multi-scan method im-
plemented in SADABS v.2013 program included in the APEX suite. 
The structural solution and refinements were carried out with 
SHELX-2014 [23,24] software using the XPREP utility for the space 
group determination and the XT and XL programs for the structural 
solution and refinement, respectively. For all of the structures, the 
positions of metal and oxygen atoms were determined from the 
Fourier difference map and refined anisotropically, and in each case, 
the occupancy was determined through free refinement. 

3. Results and discussion 

3.1. Samples characterization 

The chemical composition and calculated brutto formulas of 
grown crystals are summarized in Table 1. 

The effect on the lattice parameters of isovalent substitution of 
iron by aluminum and barium by lead is similar to that found for 
crystals grown from Na2O and PbO based fluxes [25–27]. The 

samples show decreased unit cell parameters compared to pure 
BaFe12O19 that is mainly due to the higher Al-content as compared 
with the minor Pb-substitution related to the general composition, 
in conjunction to the larger difference in ionic radii for Al3+ and Fe3+ 

(19%) than for Pb2+ and Ba2+ (7%): r(Al3+) = 39 pm, r(Fe3+) = 49 pm for 
CN = 4; r(Pb2+) = 149 pm, r(Ba2+) = 161 pm for CN = 12, in a given co-
ordination [28]. Powder X-ray diffraction indicates the presence of 
single-phase material (Fig. 1). In comparison with a pattern of single 
crystals of (Ba, Pb)Fe12O19 obtained from PbO flux without the ad-
dition of aluminum oxide [26], the slightly broadened reflections of 
the Al-substituted samples may indicate some inhomogeneous dis-
tribution of Pb and Al within the crystals followed by minor varia-
tions in unit cell parameters. The experimental patterns differ from 
the simulated ones for pure BaFe12O19 [29] or PbFe12O19 [30] in peak 
intensities, which can be explained by texture due to the high aspect 
ratio of platelet crystals with only minor contribution due to the 
substitution. 

3.2. Terahertz and infrared dielectric properties 

The room-temperature THz-IR reflectivity spectra of the com-
pounds are shown in Fig. 2. Prominent structures are clearly seen 
that are caused by absorption lines. These lines were modeled by 
regular Lorentzian expression for complex dielectric permittivity: 

= + =

+

+i
f

i
*

j

j

j
2 2

j (1)  

Here =f j j j
2 is the oscillator strength of j-th resonance, j is 

its dielectric strength, j is the resonance frequency, j is the damping 
factor, and is the high-frequency dielectric permittivity. The least- 
square fitting procedure also included simultaneous processing of 
the THz ε′(ν) and ε″(ν) spectra as mentioned above. Since all ab-
sorption lines were observed at frequencies below 1000 cm−1, in the 

Fig. 1. Panel (a): powder X-ray diffraction patterns of: 1 – BaFe12O19 (simulated from literature crystal structure data of [49]), 2 – PbFe12O19 (simulated from literature crystal 
structure data of [50]), 3 – Ba0.2Pb0.8Al3Fe9O19, 4 – Ba0.2Pb0.8Al3.3Fe8.7O19, 5 – Ba0.2Pb0.8Fe12O19. Panel (b): structure of the M-type hexaferrite: blue cuboctahedra denote 2d site- 
positions occupied with Ba/Pb ions, iron site positions are as following: Fe (1) are 2a, Fe (2) – 2b, Fe (3) – 4f2, Fe (4) – 4f1, and Fe (5) – 12k. 
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following, we do not present the spectra obtained for higher fre-
quencies. However, the dispersionless reflectivity measured above 
1000 cm−1 was used to determine the high-frequency dielectric 
permittivity ε∞ that was supposed to be temperature-independent; 
its values for the studied samples Ba0.2Pb0.8AlxFe12-xO19 with 
x(Al) = 0.0, 3.0, and 3.3 are presented in Table 2. 

A rich set of absorption lines observed at frequencies above 
70 cm−1 is attributed to polar lattice phonons [20,21,32–35]. Pro-
cessing the spectra with Eq. (1) allowed to obtain temperature de-
pendence of the parameters ( f, , , and )jj j j of IR phonon bands 
for both polarizations, as discussed below. Parameters of all resolved 
polar phonons of E1 u and A2 u symmetries are provided in  
Supplemental information (SI), Tables SI1–SI6. Already at this stage, 
one can see that the reflectivity spectra (Fig. 2) are strongly aniso-
tropic and show a distinct shift to higher frequencies of some 
phonon lines in compounds with higher aluminum content. Authors 
of Refs. [33,36] reported on a soft A2u phonon for E||c polarization 
that was considered as a precursor of a displacive phase transition 
happening outside of used temperature interval, below T = 5 K. We 
did not detect any signature of such temperature-unstable line in the 
studied compounds for E||c polarization: the lowest A2 u phonon in 
Ba0.2Pb0.8AlxFe12-xO19 is located at the same frequency of ≈ 75 cm−1 

as in Refs. [33,36]; however, it does not show any significant red- 
shift. Note that in Refs. [33,36], the phonon frequency is shown to 
decrease down to 35–40 cm−1 at helium temperature. 

According to the factor-group analysis [33], BaM has 30 IR-active 
modes: 17 E1u for E⊥c polarization and 13 A2 u for E||c polarization. 
For the polarization E⊥c, we observe 14 E1u polar phonon modes for 
x(Al) = 0, 14 E1 u polar phonon modes for x(Al) = 1.2, 12 E1u polar 
phonon modes for x(Al) = 3.0, and 13 E1u polar phonon modes for 

x(Al) = 3.3 (see Fig. 2, panel a). For polarization E||c, we observe 13 
A2u polar phonon modes for x(Al) = 1.2, 9 A2u polar phonon modes 
for x(Al) = 3.0, and 11 A2u polar phonon modes for x(Al)= 3.3 (see  
Fig. 2, panel b). We believe that we do not resolve in the obtained 
spectra a full number of predicted phonon lines because of their 
broadening and because of their mutual shift when high amounts of 
Pb and Al are introduced in the crystal lattice. From Fig. 2, it is also 
seen that doping with aluminum leads to the blue shift of phonon 
peaks that is in agreement with the results obtained in Ref. [37] for 
BaAlxFe12−xO19 with 0 ≤ x(Al) ≤ 3.5. The blue shift is caused by the 
lower mass of Al3+ ions compared with Fe3+ ions [28]. The change in 
the intensity and broadening of the IR phonons accompanying 
substitution can be assigned to the structural disorder induced by Pb 
and Al in the crystal lattice; a certain role can also be played by 
quantum effects [38]. One important notice here is that except for 
the broadening of the IR bands (Fig. 2), no new phonon peaks were 
observed in the samples with different Al concentrations confirming 
the single-phase form of our single crystals. 

According to Refs. [37,39], the IR peaks observed at 480–585 cm−1 

are characterization peaks for Fe-O bonds vibrations at their site 
positions (octahedral and tetrahedral). The effect of substituting Fe 
with Al manifests itself in the change of corresponding lattice vi-
brations in IR spectra (peaks at 480–585 cm−1 in Fig. 2); this will be 
analyzed below in more detail when discussing the THz dielectric 
response of the compounds. 

The temperature and doping evolutions of the IR spectra of the 
imaginary part of dielectric permittivity measured at two polariza-
tions are shown in Fig. 3. For perpendicular polarization E⊥c, (panels 
a and b), the compounds without aluminum reveal narrower ab-
sorption lines compared with the substituted compounds where the 

Fig. 2. Reflectivity spectra of single-crystalline Ba0.2Pb0.8AlxFe12-xO19, x(Al) = 0.0, 1.2, 3.0, 3.3, obtained at T = 300 K for polarizations E⊥c (a) and E||c (b). Dots are the experimental 
data; solid lines are the results of the least-square fits with Eq. (1) used to describe the absorption resonances and with standard Fresnel expressions [33] to model the spectra of 
reflectivity of the plane-parallel samples. The oscillations are seen at terahertz frequencies, 60–150 cm−1, for E⊥c and below 50 cm−1 for E||c, manifesting the Fabry-Perot 
interference within plane-parallel slabs. Data for x(Al) = 1.2 are taken from Ref. [21]. 
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lines are broader (corresponding vibrations are more damped) due 
to the structural distortion and disorder. Three clear broad peaks are 
observed at around 280 cm−1, 420 cm−1, and 550 cm−1, and the in-
tensity of these peaks decreases with Al increments; such incre-
ments also lead to slight blue shifts of the peaks. For parallel 
polarization E||c (panels c and d), the dielectric response contains 
resonances that are spread over a wider spectral range than in the 
case of the perpendicular polarization—for both polarizations, 
cooling down leads to the noticeable narrowing of some peaks. 

THz spectra of real ε′ and imaginary ε" parts of dielectric per-
mittivity of the studied compounds measured at various tempera-
tures for two polarizations are presented in Fig. 4 and Fig. 5. 
Note that the low-frequency (below 10–20 cm−1) values of the real 
permittivity ε′ for perpendicular polarization are larger than the ε′ 
values for parallel polarization. The same was detected for single- 
crystalline BaFe12O19 [32], where the dielectric permittivity ε′ for E||c 

polarization was about three times smaller than its value for the E⊥c 

polarization. 
The broad absorption band detected at the THz frequencies for 

both polarizations comprises peaks connected with the absorption 
due to electronic transitions within the fine-structured ground state 
of Fe2+ (5E) ions [20]. In Figs. 4 and 5, these peaks are indicated by 
arrows and refer to the spectra measured at liquid helium tem-
perature. For the perpendicular polarization, E⊥c, we detect. 

four lines for compounds with x(Al) = 0.0 and x(Al) = 3.0 and three 
lines – for the compound with x(Al) = 3.3. For parallel polarization, 
E||c, three lines are detected for x(Al)= 3.0 and x(Al) = 3.3. The fine 

structure in the spectra is better distinguished for the E⊥c polar-
ization, the reason being the smaller overlap of electronic peaks with 
the lowest-frequency IR phonon. For E⊥c, the phonon is located at 
~ 90 cm−1 and has dielectric strength Δε  <  0.5 for x(Al) = 3.0 and 
x(Al) = 3.3, while for E||c the overlap is larger since the phonon is 
located closer to the electronic structure, at a lower frequency of 
~ 75 cm−1, and it is more intensive (Δε  >  4) than for the E⊥c polar-
ization. 

In Fig. 6 and Fig. 7, we show in more detail the dependence on 
aluminum content of the THz absorption bands observed for both 
polarizations and for two selected temperatures, 300 K and 40 K. For 
E⊥c (Fig. 6), for both temperatures, the bands in the spectra of 
imaginary permittivity ε″ (panels b, d) shift towards high frequencies 
and increase in intensity when the concentration of aluminum in-
creases. Spectra of real permittivity behave correspondingly. The 
blue shift of the bands can be explained if one considers lattice 
distortions produced by the introduction of aluminum ions into site- 
positions of iron ions. The more prominent are the distortions, the 
larger are local crystal fields, which results in a larger distance be-
tween the electronic levels in the fine-structured 5E state of Fe2+ ions 
and, as a result, in a higher frequency position of corresponding 
peaks in the measured spectra. The growth of the intensity of ter-
ahertz absorption with the increase of aluminum content can be 
associated with the increase of effective concentration of absorption 
centers, i.e., of Fe2+ ions [20]. Since we have a constant concentration 
of Pb2+ ions in the lattice (which is the main source of Fe2+ in our 
system), this increase of Fe2+ concentration should be attributed to 

Fig. 3. Infrared spectra of imaginary permittivity of single-crystalline Ba0.2Pb0.8AlxFe12-xO19, x(Al) = 0.0, 1.2, 3.0, and 3.3 obtained with the least-square fits with Eq. (1) as described 
in the text. Spectra are shown for polarizations E⊥c (panels a, b), E||c (panels c, d) and for temperatures T = 300 K (panels a, c), T = 40 K and T = 4 K (panels b, d, respectively). 
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the effect of aluminum on the site occupancy in the lattice. For the 
polarization E||c (Fig. 7), the evolution of the spectra with aluminum 
content change is not as clearly seen as in the case of perpendicular 
polarization due to more substantial overlap of electronic transitions 
with the IR phonon, as was discussed above. Comparing the spectra 
of Fig. 6 and Fig. 7, it is obvious that the THz dielectric losses ε″ are 
significantly lower for the E||c polarization than the E⊥c polarization. 
Real permittivity values ε′ reveal significant and non-monotonous 
changes acquiring maximum values for x(Al) = 1.2. Both observations 
are most probably connected mainly with the behavior of the 
lowest-frequency IR phonon. We note that the presented informa-
tion on the THz dielectric response of the compounds and its 

sensitivity to doping can be used when designing electronic devices 
operating at terahertz frequencies [40]. 

3.3. Crystal structure and dielectric response 

In the barium M-type hexaferrite structure, the unit cell is 
formed by a sequence of S-blocks (cubic close packing) and R-blocks 
(hexagonal close packing), as indicated in Fig. 1b. Iron ions are dis-
tributed over five different site positions: 2a, 4f2, 12k are octahedral 
[Fe (1), Fe (3) and Fe (5)], 4f1 is tetrahedral [Fe (4)], and 2b (or 4e) is 
trigonal bipyramidal [Fe (2)]. Detailed information about the mi-
crostructure of BaM is provided in [31]. Though according to the 

Fig. 4. Temperature-dependent terahertz spectra for polarization E⊥c of real (panels a, b, c) and imaginary (panels d, e, f) parts of complex dielectric permittivity of single- 
crystalline Ba0.2Pb0.8AlxFe12-xO19 for x(Al) = 0.0 (a, d), x(Al) = 3.0 (b, e), and x(Al) = 3.3 (c, f). Dots are the experimental data; solid lines are the results of the least-square fits with Eq. 
(1) used to describe the absorption resonances. Arrows in panels d, e, and f mark frequency positions of electronic transitions within the fine-structured ground state of Fe2+ (5E) 
ions [three for x(Al) = 0.0 and 3.3, and four for x(Al) = 3.0]. 
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charge neutrality rule, the iron ions in the BaM lattice are expected 
to be in a trivalent state only, due to several different mechanisms 
certain amount of divalent iron is also favored in pure BaM, and 
especially in Pb-substituted BaM [20,21]. According to the results 
presented in Refs. [21,22], the incorporation of lead ions into crystal 
lattice induces growth of concentration of Fe2+ ions. Studies of the 
Jahn-Teller effect in isostructural compounds [41] show that these 
Fe2+ ions reside in tetrahedral positions solely. According to Refs.  
[20,21,42], it is these Fe2+ ions that are responsible for the terahertz 
absorption of the compound, meaning that the larger concentration 
of Pb2+, the more intensive terahertz absorption. All three com-
pounds studied here have the same concentration of lead, i.e., 80%, 
and thus reveal stronger absorption at THz frequencies than other 
compounds with a lower concentration of Pb [43]. 

In Refs. [26,44], the authors claim that the preferable residence of 
the Al ions in the lattice is dependent on the concentration. At low 
concentration levels, aluminum ions enter preferably octahedral site 
positions, while during further concentration increases, they start to 
occupy the tetrahedral site positions as well. According to [40], in 
BaFe12-xAlxO19, at x(Al) = 1.1, Al ions occupy octahedral site positions 
only; at higher doping levels, i.e., x(Al) = 3.6, they reside in tetra-
hedral site positions as well. Moreover, when Al content is even 

higher, x(Al) = 4.8, Al ions occupy tetrahedral site positions in (0.82/ 
0.18) ratio (see Table 4 in Ref. [26]). 

With the above in mind, we are led to the conclusion that in the 
studied compounds Ba0.2Pb0.8Fe12-xAlxO19 with x(Al)= 3.0, 3.3 as well 
as in previously reported compound with x(Al) = 1.2 [21], aluminum 
ions practically do not occupy tetrahedral site positions and thus do 
not interfere with the Fe2+ subsystem. To further verify this and to 
clarify the dynamic behavior of the ions at sublattice sites, a detailed 
microstructural X-ray study has been performed. Analysis of the 
obtained data shows that for all compositions, Al3+ ions mainly oc-
cupy the 2a and 12k octahedral site positions. For x(Al) = 1.2, occu-
pation degree of 2a positions is 42.8%, and that of 12k positions is 
12.4%, while at higher doping levels, x(Al) = 3.0, 3.3, the respective 
occupations become close to 83% and 40%. At the same time, occu-
pation of tetrahedral 4f1 sites and split bipyramidal 4e sites (Fe2+ 

ions presumably occupy these sites) grows up with an increase of Al 
content, from 4.8% up to 11.6% for 4f1, and from 1.2% to 6.6% for 4e 

(see Table 3 Thus, the degree of substitution of iron in tetrahedral 
positions is not substantial for all studied compounds, in agreement 
with our conclusions made on the basis of spectroscopic results. 

Close inspection of the structural results revealed a remarkable 
flat displacement ellipsoid for the mixed occupied Pb/Ba site. Such 

Fig. 5. Temperature-dependent terahertz spectra for polarization E||c of real (a,b) and imaginary (c,d) parts of complex dielectric permittivity of single-crystalline 
Ba0.2Pb0.8AlxFe12-xO19 for x(Al) = 3 (a, c) and x(Al) = 3.3 (b,d). Dots are the experimental data; solid lines are the results of the least-square fits with Eq. (1) used to describe the 
absorption resonances. Arrows in panels c, d mark frequency positions of electronic transitions within the fine-structured ground state of Fe2+ (5E) ions. 
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enlarged displacement parameters for Pb were earlier described for 
pure PbFe12O19 [30]. Results of structural refinement of the Pb-Al 
substituted BaM and PbM are presented in SI, Table SI7; for atomic 
coordinates, see SI, Table SI8. 

For all measured Ba0.2Pb0.8AlxFe12-xO19 crystals, Ba (Pb) cations 
exhibit disorder in their displacements from fixed 2d position (2/3,1/ 
3, 1/4) to 12j site (x, y, 1/4). The shifts along x and y directions are 
varied around 0.25–0.3 Å. Pb/Ba ions are equally distributed over six 
split positions resulting in an occupancy of 0.167. When the lead 
concentration is raised up to 100%, i.e., in the case of PbM crystal, an 
additional disorder along the z-axis was also observed. Presumably, 
this disorder can be connected with the influence of the active lone- 
pair effect of 6 s2Pb2+ cations. For pure Ba hexaferrite, this kind of 
disorder is not observing owing to Ba2+ cation that has no remaining 
valence electron. Concentration dependences of the bonds lengths of 
the studied crystals are provided in SI, Table SI9. 

3.4. Crystal field distortion 

In Figs. 8–10, we present detailed temperature dependences of 
parameters of THz absorption lines that are associated with electronic 
transitions, as discussed above. We observe 4 lines (polarization E⊥c) 
in the x(Al) = 0 compound, and 3 lines in compounds with x(Al) = 3.0 
and x(Al) = 3.3 (for both polarizations). Interestingly, in the compound 
with x(Al) = 3.0, there are two lines, L3 and L4, in the E⊥c spectra of  
Fig. 9, that are resolved below 190 K and 110 K, respectively. Since we 
did not detect any structural change in the X-ray experiments that 
could lead to activation in the spectra of folding phonon resonances, 
we associate this observation with the low intensity of these lines at 
higher temperatures. In all studied compounds, for both polarizations 
and at all temperatures, the THz lines reveal only a slight change of 
their positions with temperature; some are blue-shifted, and some 
are red-shifted. Certain lines, however, show considerable changes in 

Fig. 6. Terahertz spectra of real (panels a, c) and imaginary (panels b, d) parts of complex dielectric permittivity of single-crystalline Ba0.2Pb0.8AlxFe12-xO19 with x(Al) = 0.0, 1.2, 3.0 
and 3.3 measured for polarization E⊥c at 300 K and 40 K. Dots are the experimental data, and solid lines are the results of the least-square fits with Eq. (1) used to describe the 
absorption resonances. Data for x(Al) = 1.2 are taken from Ref. [21]. 
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their dielectric (Δε) and oscillator (f) strengths and damping factors 
(γ). The crystal field distortions play a vital role in our systems, 
compared with pure BaM or PbM. In our previous work [21], we 
proposed a model that fully accounts for the origin of the observed 
THz absorption resonances ascribing them to transitions between 
energy levels of fine-structure components of Fe2+. The model is 
based on consideration of the trigonal crystal field distortions that 

lead to lowering the symmetry of the site-positions of iron ions. The 
model can also be applied to explain the origin and the temperature- 
doping behavior of the THz electronic resonances observed in the 
present compounds Ba0.2Pb0.8AlxFe12-xO19, x(Al) = 0.0, 3.0, and 3.3. 
Corresponding information is summarized in . The A1→A2 transition is 
magnetic-dipole active for E||c; the A1→E transition manifests itself 
for polarization E⊥c (active in electric-dipole and magnetic-dipole 
approximations) and for E||c (as electric-quadrupole), the A1→A1 

transition manifest itself for E⊥c (as electric-quadrupole active) and 
for E||c (as electric-dipole active). According to the symmetry selec-
tion rules of the C3v point group, the A1→A2 transition is magnetic- 
dipole active and is observed for E||c at a frequency ν ≈ 8–15 cm−1 [45]. 
In a compound with zero Al content, we observe a signature of a 
certain absorption line for polarization E⊥c below our lowest ex-
perimentally available frequency; this was seen as an upturn on the 
low-frequency wing in the spectra of real and imaginary permittivity. 
At this stage, we do not have enough information to associate the 
low-frequency excitation either with overdamped relaxation of the 
type seen in Ti4+-substituted barium hexaferrite [35] or with a fer-
roelectric-like soft mode detected in Pb-substituted hexaferrites  
[36,42]. Additional microwave experiments are needed here. 

Fig. 7. Terahertz spectra of real (panels a, c) and imaginary (panels b, d) parts of complex dielectric permittivity of single-crystalline Ba0.2Pb0.8AlxFe12-xO19 measured at 300 K and 
4 K for polarization E||c for x(Al) = 1.2, 3.0 and 3.3. Dots are the experimental data, and solid lines are the results of the least-square fits with Eq. (1) used to describe the absorption 
resonances. Data for x(Al) = 1.2 are taken from Ref. [21]. 

Table 3 

Ratio of Al substituted Fe ions for single-crystalline Ba0.2Pb0.8AlxFe12-xO19, (x(Al) = 1.2, 
3.0, and 3.3) measured at 300 K using automatic diffractometers Bruker D8 QUEST 
(graphite monochromatic Mo-Kα radiation, λ = 0.71073 Å, ω scanning).       

Atoms site Crystal 

x (Al)= 1.2 x (Al)= 3.0 x (Al)= 3.3  

Fe1: Al1 2a 0.578: 0.428 (6) 0.240: 0.826 (6) 0.161: 0.839 (6) 
Fe2: Al2 4e (2b) 0.988: 0.012 (6) 0.958: 0.042 (6) 0.934: 0.066 (6) 
Fe3: Al3 4f (4f2) 0.943: 0.057 (5) 0.885: 0.115 (5) 0.851: 0.149 (5) 
Fe4: Al4 4f (4f1) 0.952: 0.048 (4) 0.919: 0.081 (5) 0.884: 0.116 (5) 
Fe5: Al5 12k 0.876: 0.124 (3) 0.660: 0.340 (3) 0.602: 0.398 (3)    
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Fig. 8. Temperature dependence of the parameters of the terahertz absorption lines observed for polarizations E⊥c and E||c in single-crystalline Ba0.2Pb0.8AlxFe12-xO19, x(Al) = 3.3: 
dielectric strength Δε (a,e), resonance frequency ν (b, f), damping factor γ (c, g), and oscillator strength f (d, h). 
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Fig. 9. Temperature dependence of the parameters of the terahertz absorption lines observed for polarizations E⊥c and E||c in single-crystalline Ba0.2Pb0.8AlxFe12-xO19, x(Al) = 3.0: 
dielectric strength Δε (a, e), resonance frequency ν (b, f), damping factor γ (c, g), and oscillator strength f (d, h). 
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4. Conclusions 

The electrodynamic response of single-crystalline 
Ba0.2Pb0.8AlxFe12-xO19 compounds with x(Al) = 0.0, 3.0, 3.3, prepared 
by flux techniques, was investigated at frequencies 8–8000 cm−1 in 
the temperature interval 4–300 K and for two principal orientations 
of electric field vector relative to the c-axis, E||c and E⊥c. The di-
electric properties are shown to be strongly anisotropic and strongly 
dependent on the concentration of aluminum ions. The origin of 
discovered terahertz absorption resonances is assigned to electronic 
transitions between non-degenerated and double-degenerated sub- 
levels of the Fe2+ ground state. In contrast to the data reported for 
pure BaFe12O19 and for compounds with low (up to 30%) lead con-
tent, no sign of the softening of the lowest A2u polar phonon is de-
tected in Ba0.2Pb0.8AlxFe12-xO19, indicating suppression of possible 
displacive phase transition. Analysis of dielectric and X-ray data al-
lows concluding that for all concentrations of Al3+ ions, x(Al) = 1.2, 
3.0, 3.3, they mainly occupy the 2a and 12k octahedral site positions 
and that the degree of substitution of iron in tetrahedral positions is 
not substantial. We demonstrate that terahertz-infrared spectro-
scopies provide detailed quantitative data on the dielectric proper-
ties of the compounds, on the dynamical behavior of the atoms and 

their site positions, the information that is vital for the development 
of next-generation electronic devices. 
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Fig. 10. Temperature dependence of the parameters of the terahertz absorption lines observed for polarization E⊥c in single-crystalline Ba0.2Pb0.8AlxFe12-xO19, x(Al) = 0: dielectric 
strength Δε (a), resonance frequency ν (b), damping factor γ (c), and oscillator strength f (d). 

Table 4 

Room-temperature (and lower-temperature as shown in brackets) frequency positions (in cm−1) of transitions within the fine structure components of the ground state 5E of 
divalent iron in single-crystalline Ba0.2Pb0.8AlxFe12-xO19 samples with x(Al) = 0.0, 3.0, 3.3 for polarizations E||c and E⊥c.             

x (Al) = 3.3 x (Al) = 3.0 x (Al) = 0.0 

Line Polarization ν (cm−1) Line Polarization ν (cm−1) Line Polarization ν (cm−1)  

A1-A2 (T1) K1 E||c 11 F1 E||c 4    
A1-E (T1) R3 E⊥c 25 L2 E⊥c 30 P2 E⊥c 21 
A1-E (E) R2 E⊥c 35 L3 E⊥c 35 (at 190 K) P3 E⊥c 31 
A1-A1 (T2) K2 E||c 48 (at 260 K) F2 E||c 44    
A1-E (T2) R1 E⊥c 42 L1 E⊥c 48 P4 E⊥c 42 
A1-A2 (A2) K3 E||c 56 (at 60 K) F3 E||c 65 (at 280 K)    

L4 E⊥c 63 (at 110 K)    
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