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Abstract

The excitation conditions and spectra signatures of surface phonon polaritons
and plasmon—phonon polaritons in ZnO and Mn-doped ZnO ceramics have been
theoretically analyzed and experimentally probed. Specular infrared reflection

and attenuated total reflection spectroscopy were employed to investigate their
dispersion relations. A single-oscillator model was used to describe the dielectric
permittivity of ZnO ceramics, accounting for additive phonon and plasmon
contributions. Theoretical and experimental dispersion curves were examined in
the 100-4000 cm™" and 240-4000 cm™' spectral range, respectively. Additionally,
the effect of an external magnetic field on surface polaritons was explored,
revealing magnetically tunable optical responses. These findings contribute to the
development of ZnO-based plasmonic and photonic devices, particularly in infrared
and terahertz applications.

Keywords Surface polaritons, Attenuated total reflection, Dielectric permittivity,

Ceramics, Zinc oxide, Dispersion relations

1 Introduction

The increasing applications of surface waves in modern photonic and optoelectronic
devices have driven significant interest in the study of electromagnetic waves in crystals
[1-6]. In particular, surface polaritons—phonon, plasmon, and plasmon—phonon polari-
tons—have been extensively explored in optically isotropic and anisotropic materials due
to their relevance in sensing, energy transfer, and subwavelength optical components
[7-12]. While substantial progress has been made in understanding these excitations,
their behavior in non-metallic films and ceramics as well as under external perturba-
tions, such as magnetic fields, remains less studied [4, 6, 11, 12].

Surface polaritons are hybrid electromagnetic waves that arise from strong coupling
between photons and collective excitations in a material [4, 13, 14]. Their properties are
highly sensitive to material composition, electronic structure, and external stimuli. In
particular, the application of a magnetic field can modify surface polariton dispersion
and introduce nonreciprocal propagation effects, offering new functionalities in mag-
neto-optical devices [15, 16].
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Theoretical studies have predicted that surface polaritons can be excited in polar
semiconductors and can be sensitive to an external magnetic field [2, 9, 13, 14]. Simi-
lar findings were experimentally confirmed in InSb single crystals, where the excitation
of surface magnetoplasmon-phonon polaritons was observed as a function of magnetic
field strength [11, 12]. Despite these advancements, the effect of magnetic fields on sur-
face polaritons in non-magnetic oxides remains an open question.

Some research groups have shown that magnetic fields influence not only the proper-
ties of magnetic semiconductors but also induce various magneto-optical effects in nom-
inally non-magnetic materials [14—20]. Theoretical models suggest that the increase of
the magnetic field strength can alter the optical phonon interactions and, consequently,
the surface phonon polariton dispersion [21]. Besides, in the infrared reflection spectra
of non-magnetic materials, sharp peaks near the transverse optical phonon frequency
can be observed being dependent on the strength of applied magnetic fields [20-22].

Among non-magnetic polar semiconductors, ZnO is a fascinating material in this
context. It combines a wide bandgap, high optical transparency, and tunable electrical
conductivity, making it a promising candidate for plasmonic and photonic applications.
Theoretical investigations have explored the influence of free carrier concentration and
magnetic fields on the infrared reflection spectra of ZnO single crystals [13, 14, 22, 23].
However, these studies lack experimental validation. Furthermore, magneto-optical phe-
nomena were much less addressed for ZnO-based ceramics, especially, for those doped
with magnetic dopants.

This study aims to address the gap in understanding surface phonon and plasmon-—
phonon polaritons in ZnO-based ceramics under magnetic fields. We focus on the spec-
tral signatures and magnetically induced dispersion of these polaritons in undoped and
Mn-doped ZnO ceramics. Specular infrared reflection and attenuated total reflection
spectroscopy were employed to probe these polaritonic features, providing information
about their frequency-dependent behavior under applied magnetic fields. While these
experiments do not directly track surface wave propagation, the results offer insights
into the magneto-optical response and tunability of ZnO-based functional materials,
contributing to potential plasmonic and photonic applications in the infrared and tera-
hertz ranges.

2 Experimental details
ZnO-based ceramics were prepared using a high-purity commercial ZnO powder
(99.99%). The powder was dispersed in distilled water and mixed using a magnetic stir-
rer to break up large agglomerates and to improve the homogeneity of the powder prior
to compaction. To prepare Mn-doped ZnO samples, an aqueous solution of MnSO, was
added directly to the ZnO suspension in amounts corresponding to target manganese
concentrations of N,;, =10* and 10*' cm™. The suspensions were then dried at 150 °C
during 8 h to remove residual moisture and stored at room temperature prior to com-
paction. Both undoped and Mn-doped ZnO powders were uniaxially pressed into rect-
angular pellets under a pressure of 50 MPa for 30 min. The compacted samples were
placed in a muffle furnace, heated to 1100 °C, annealed in air at this temperature for 3 h,
and then cooled to room temperature inside the furnace.

The attenuated total reflection (ATR) spectra were measured using a Shimadzu
IRTracer-100 spectrophotometer equipped with a QATR-10 accessory, allowing for
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measurements in the spectral range of 2404000 cm™" at a fixed angle of incidence of IR
radiation (¢ =45°) on an ATR "semi-cylinder" made of diamond (e¢=6.08). The specular
infrared reflection (IRR) spectra were recorded in the same spectral range with a SRM-
8000A specular reflectance tool. The incidence angle of the excitation IR light on sample
surface was ~10°. Spectral dependencies of the reflection coefficient were obtained by
averaging the maximum number of scans (240 scans) performed at each point in the
spectrum. The reflection coefficient was determined with an accuracy of 1%. The resolu-
tion in the specified range was 0.1 cm™. As a reference sample, a single 6H-SiC crystal
with a carrier concentration ny=10'"® cm™ and known reflection coefficient over 240
4000 cm™! spectral range was used. The accuracy of determining the IR reflection min-
ima was+0.1 cm™, the uncertainty in the reflection coefficient did not exceed 1%, and
the dielectric constant was determined with an accuracy of £ 0.01.

The orientation of the ceramic samples and the magnetic field was chosen as ||y,
kle,ay | ¢, HLE, i [|ly, ks = k, ky . = 0. The schematic presentation is shown in Fig. 1.
Magnetic field with the strength H=3kOe and 10 kOe was obtained from permanent
Nd magnets.

The experimental setup and the sample placement between the poles of the magnets
on a special holder is shown in Fig. 2a. The magnetic field was oriented parallel to the
surface of the ceramic (Fig. 2b). All measurements were carried out at room temperature.

3 Results and discussion

3.1 Specular IRR spectra of ZnO-based ceramics

The excitation and propagation of surface polaritons along the surface of ZnO and
ZnO:Mn ceramics are considered for the configuration shown in Fig. 1, where the x-axis
corresponds to the direction of the electromagnetic wave propagation, and the c-axis of
ZnO grains is aligned along the y-axis. As shown by XRD study of similar ceramics in
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Schematic presentation
Hexagonal bulk ZnO of the surface of ZnO ceramics

Fig. 1 Schematic presentation of the orientation of the direction of electromagnetic wave propagation (vectors

, H and wave vector k), and the coordinate axes (x, y, 2) in hexagonal bulk ZnO (a) and along the surface of
polycrystalline ZnO ceramics (b) for the study of surface polaritons. The light blue arrow in a indicates the direc-
tion of the crystallographic c-axis in the ZnO lattice. The differently colored grains in b represent crystallites whose
crystallographic c-axes are not perfectly aligned with the y-axis but are randomly distributed within a cone of
orientations, illustrating the polycrystalline nature of the ceramics
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Fig. 2 a SRM-8000A accessory for measuring specular IRR spectra of ZnO ceramics in a magnetic field; b sche-
matic of the experimental setup: 1—sample; 2—IR detector of the Shimadzu IRTracer-100 spectrometer; 3—poles
of the magnets

[24, 25], the orientation of ZnO grains is random and the shape of the infrared reflection
spectra closely matches that expected for the Elc polarization. As previously demon-
strated in [25], the contribution from ﬁ”c polarization is negligible in these ceram-
ics and becomes noticeable only in the narrow range of 380-400 cm™’, where a slight
deviation between experimental and simulated spectra for E Lc is observed. This behav-
ior arises from the fact that in randomly oriented polycrystalline materials, the Elc
component dominates the infrared reflection response whereas the E| |c contribution
emerges only when A; mode is excited along the c-axis [25]. It was also reported that the
IRR spectrum remains nearly unchanged when the angle between the electric field vec-
tor and the c-axis is within 5°, which justifies the use of Elc polarization alone for spec-
tra modelling. Based, on these findings, electromagnetic wave propagation along the
surface of polycrystalline ZnO ceramics can be considered using approach developed for
ZnO single crystals [21, 23] and adopted later for polycrystalline ZnO thin films [9, 23]
and undoped ZnO ceramics [24, 25]. Thus, reflection coefficient R(v) in infrared spectral
range, i.e. specular IRR and ATR spectra for ZnO ceramics are simulated, according to
o HIK H ly.

Hereafter, all results and their discussion will be presented for such conditions unless

the approaches described in [13, 21, 23], for conditions ¢||y, kLc,zy |

otherwise specified.
For ZnO and ZnO:Mn ceramics, the dielectric permittivity is a tensor determined

accordingly [3, 17] as:

€1 e 0
e=| —iea e 0 |, (1)
0 0 €3

where €, €, and €5 are matrix elements:
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€co—the high-frequency dielectric permittivity; v, vpr—the frequencies of the lon-
gitudinal and transverse optical phonons, respectively; v,—the plasma resonance fre-
quency; yp—the plasmon damping coefficient; vs—the phonon damping coefficient;
Q=eH/m'c,—the cyclotron frequency, m*—effective electron mass (m*=0.26m,),
c,—the light speed, H—magnetic field strength. The electron effective mass is consid-
ered as a tensor also. More details can be seen in Supplement information and Refs.
[17, 23]. The reflection coefficient R(v) can be estimated from well-known relation
Rw)=[ve-1)/(Ve+ 1)]2 (see Supplement information). Besides, the free carrier
concentration can be calculated using relation w, = \/m from known plas-
mon frequency (w, = 27vy) [9, 13].

Figure 3a presents the theoretical dependence R(v) for specular infrared reflec-
tion for ZnO ceramics with different free carrier concentration varying in the range
ny=1.5.10""+1.2:10"® cm™ without application of magnetic field. For the simula-
tion, the self-consistent parameters for the case (Fig. 1) were taken as e, =3.95,
go=8.1, vy=412 cm™, v, =585 cm™ [24]. The variation of free carrier concentra-
tion (1y=1.1510" cm™ (1), 7.2.10"” cm™ (2), 2.9-10'® cm™ (3), 6.4-10"® cm™ (4), and
1.15-10"° cm 3 (5)) was considered via the variation of plasmon frequency and its damp-
ing coefficient: Vo1 =Yp1=1 cm™? (curve 1), 250 cm™ (curve 2), 500 cm™! (curve 3),
750 cm™ (curve 4), and 1000 cm™ (curve 5) as well as. The phonon damping coefficient
is y;; =11 cm™ for all curves.

The inset in Fig. 3 shows the real €'(v) and imaginary €'’(v) parts of dielectric permit-
tivity for undoped ZnO ceramics obtained by solving the inverse problem of specular
IRR spectroscopy [17]. This procedure involves extracting €'(v) and €”(v) from the mea-
sured reflectance R(v) by fitting the data to the Fresnel equations for the sample surface.
The resulting dependences are similar to those reported for ZnO single crystals [13, 17].

%, v,=100 cm™, y,=100 cm™ i

The estimated carrier concentration is #,=7.2-10"7 cm~
Yr=15 cm™, The analysis of the '(v) revealed the existence of the frequency range where
¢’(v) <—1. This indicates the anomalous dispersion region of ZnO ceramics and the pos-
sibility to excited surface phonon polaritons at the ceramic surface—air interface. The
frequency "window" is 412-559 cm™ as marked by a yellow color (Fig. 3a, inset).

The shape of experimental specular IRR spectra for ZnO and ZnO:Mn ceramics was
found to be similar while a slight increase of reflection coefficient R(v) in the Rest-
strahlen band was observed for ZnO:Mn ceramics.

The similar R(v) rise was discovered for the samples subjected to magnetic field
as shown by Fig. 3b for ZnO:Mn ceramics with 7, = 10*! cm™>. The fitting of experi-
mental data is shown by solid lines. It is seen that good agreement of the simulation of
data presented by symbols 1 (without magnetic field) can be obtained with &, =3.95,
gp=8.1, vy=412 cm™}, v; =591 cm}, v,=350 cm™, Y, =700 cm™ and Yp=38 cm™, For
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Fig. 3 a Theoretical specular IRR spectra of the ZnO ceramics with different free carrier concentrations: The inset
shows the frequency dependence of real part €'(v) (curve 1) and imaginary part €'(v) (curve 2) of ZnO dielectric
permittivity and the frequency range where surface phonon polaritons can appear. b Experimental specular IRR
spectra (symbols 1, 3) and their simulation (curves 2, 4) of the ZnO:Mn ceramics with Mn content ny,, =1 0% em3,
without (1,2) and with magnetic field H=10 kOe (3,4). The estimated carrier concertation for ZnO:Mn ceramics is
ne=1410"%cm™3

the case of applied magnetic field (data presented by symbols 3), the best fitting occurs
when e, =38, g=81, vy=412 cm™!, v;=591 cm™}, v,=350 cm™', y,=1200 cm™'
and y;=15 cm™, The free carrier concentration was estimated to be nearly the same
(ny=1,4-10"® cm®) in ZnO:Mn ceramics with and without magnetic field. It is worth to
point out that some discrepancy between the experimental curve 3 and fitted curve 4

1

in Fig. 3b at wavenumbers below 400 cm™ can arise from the contribution of the A;

phonon mode, which becomes weakly active when the electric field component of the
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incident radiation has a finite projection along the c-axis. Although the polycrystalline
ZnO-based ceramics are predominantly characterized by random grain orientation as
mentioned above, small fractions of grains with partial alignment of their c-axes to the
surface normal may still contribute to the ||c response. This effect becomes noticeable
in the low-wavenumber range, where the A,(TO) mode is located (380-400 cm™), and
leads to a slight deviation between the experimental and simulated spectra based only
on the Lc configuration. Similar behavior has been previously reported for ZnO ceram-
ics in Ref. [25].

As it was mentioned above, for undoped ZnO ceramics, the free carrier concertation
was 11,="7.2:10'7 cm™, Recently, it was shown that the doping with manganese resulted
in the increase of ZnO:Mn grain conductivity [24]. This fact was explained by the forma-
tion of additional Zn interstitials caused by the Mn incorporation in cation lattice sites.
For the ZnO:Mn ceramics studied here, the similar phenomenon occurs. The estimation
of the carrier concentration shows that 7,=8.0-10'” cm™ for n,,,=10?° cm™® demon-
strating its increase up to 7,=1.4-10'® cm™3 for 1y, = 10*! cm ™,

Comparing of the results obtained for ZnO and ZnO:Mn ceramics, one can con-
clude that magnetic field affects the specular IRR spectra via the y,decrease and the y,,
increase as well as slight decrease of the high-frequency dielectric permittivity. This lat-
ter was explained by the interaction of magnetic field with plasmon subsystem [5].

The application of an external magnetic field influences the damping of both phonons
and plasmons primarily by modifying the dynamics of free carriers and their interaction
with the lattice. The magnetic field alters carrier trajectories via the Lorentz force, affect-
ing scattering rates and cyclotron resonance conditions, which in turn change plasmon
damping parameters such as linewidth and frequency. Phonon damping is indirectly
affected through modified electron—phonon coupling and changes in carrier screening,
as well as possible spin-phonon interactions under magnetic fields. These effects reflect
a complex interplay between charge carrier scattering, lattice vibrations, and magneto-
transport phenomena. Importantly, our observations demonstrate that the magnetic
field—induced changes in damping are reversible and reproducible across multiple field
cycles, indicating that they arise from intrinsic, non-destructive modifications of carrier
and lattice dynamics rather than permanent sample alterations.

Thus, to understand the influence of magnetic field on the infrared reflection spectra
of ZnO and ZnO:Mn ceramics, it is necessary to consider its interaction with both plas-
monic and phononic subsystems. One can assume that any doping favoring the forma-
tion of Zn interstitials can cause similar results.

3.2 ATR spectra of ZnO-based ceramics

Figure 4 shows the experimental ATR spectrum (symbols 1) for the ZnO ceramics with
electron concentration 7,=1.15-10'> cm™, To simulate the ATR spectra, the parameters
of the phonon and plasmon subsystems were extracted from the specular IRR spectra
(Fig. 3b) as described elsewhere [9, 13, 17, 23]. The results are presented in Fig. 4 by the
curves 2, 3, and 4 versus magnetic field strength: H=0 kOe (curve 2), 65 kOe (curve 3),
and 100 kOe (curve 4). The minima of the experimental and calculated ATR spectra cor-
=512 cm™' (1,2), 513 cm™ (3), and 514 cm™" (4), show-
ing very slight shift to high-frequency range with magnetic field rise. To present curves

respond to the frequencies v, ;,

3 and 4 in Fig. 4 clearly, they were vertically shifted by 5% relative to curve 2. The full
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Fig. 4 Experimental (symbols 1) and theoretical ATR spectra (curves 2-4) of ZnO ceramics with carrier concentra-
tion ny=1.15-10 cm™ versus magnetic field: 1,2 - H=0 kOe; 3 - H=65 kOe; 4 - H=100 kOe. ¢ =45°. For the curve
2,T,=29cm v, =513cm™".

width at half maximum of the curve 2 is I',=29 cm™! being similar for curves 3 and 4
(not shown). Thus, within the experimental accuracy, the effect of magnetic field on the
magnitude of the ATR minimum and its spectral position is negligible for ZnO ceramics
with low carrier concentration (1,=1.15-10"> cm™).

The results for ZnO ceramics with higher concentration of free electrons
(n,=1.2:10'® cm™) are collected in Fig. 5. The experimental ATR spectrum (symbols 1)
was simulated using data for plasmon subsystem v,, =325 cm™!and Yp =400 cm™! and the
values of the magnetic field H=0 kOe (symbols 1 and curve 2), 30 kOe (curve 3), 65 xOe
(curve 4), and 100 xOe (curve 5). As one can see, the increase of the concentration of free
charge carriers up to 7,=1.2-10'® cm™, keeping constant other parameters, results in the
shift of the SP frequency towards the high-frequency spectral range. Indeed, the spec-
tral positions of the ATR minima correspond to the frequencies v, ;, =535.0 cm™ (1, 2),
534.4 cm™! (3), 532.3 cm™! (4), and 531.4 cm™! (5), and their full width are [,=88.0 cm™!
(1, 2), 89.4 cm™! (3), 92.3 cm™! (4) and 94.2 cm™! (5). The comparison of the simulat-
ing curves 2—5 (Fig. 5) reveals that an increase in the magnetic field strength leads to
an increase in the full width of the SP band in the ZnO-based materials with high free
electron concentration. This is accompanied by the increase of the SP damping coeffi-
cient I',,. Using the approach described in Ref. [13] and a full width I, of the SP band
in ATR spectrum, the SP damping coefficients were found to be I',,=45 cm™ (1, 2) for
experimental data, while further simulation versus magnetic field strength revealed the
increase of T, up to 48 cm™ (3), 51 cm™" (4) and 54 cm™ (5).

To support these findings, the comparison of the effect of magnetic field on the ART
spectra of ZnO-based materials with different free carrier concentration was performed.
Figure 6 shows experimental ATR spectra for undoped ZnO ceramics (curves 1, 1’) with
ny=1.1510" cm™ and ZnO:Mn ones with ny;, =10%° cm™, 1,=8.0-10'” cm™ (curve

2, 2') and nyy, =10*' cm™3, 1,=1.4-10"® cm™ (curves 3, 3'). The analysis of these data
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Fig.5 Experimental (symbols 1) and theoretical ATR spectra (curves 2-4) of ZnO ceramics with carrier concentra-
tion ny=1.2-10"® cm™ versus magnetic field: 1, 2 — H=0 kOe (without magnetic field application); 3 — H=30 kOe;
4-H=65k0e, 5-H=100 kOe. p=45°.

1.0

0.9

1(v)

0.8

0.7

450 500 550 600
Wavenumber, cm™!

Fig. 6 Experimental (1-3) and theoretical (1-3') ATR spectra of ZnO ceramics with ny=1.15-10" cm™(1,1) and
ZnO:Mn ceramics with ny,,=10% cm™ (2, 2)) and ny,,,=10?" cm3 ( 3, 3) without (1-3) and with magnetic field
H=10 kOe (1"-3'). The estimated carrier concentrations are n,=8.0-10"" cm™(2,2) and 1.410"® cm~ (3, 3)

testifies to the spectral shift of ATR minimum due to the increase of free carrier concen-
tration modulated by the Mn content. Indeed, the spectral positions of the ATR minima
=523 cm™ (2, 2’) and v,,;,=525 cm™! (3, 3'). The high-
est magnetic field of 10 kOe used in the present work did not affect significantly the

are v, =515 cm™ (1, 1'), v

min
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frequency of the ATR minima (Fig. 6). The full-width and damping coefficient of the
SP band vary within 1%. At the same time, for this value of magnetic field, the effect of
free carrier concentration in the samples is significant. Additionally, as it was discussed
above, an increase in the Mn content also results in the rise of free electron concentra-
tion due to the formation of Mn, > defects. As consequence, additional Zn interstitials
donate electrons increasing their concentration and favoring the shift of the ATR mini-
mum to the high-frequency region.

3.3 Analysis of magneto-reflectance effects in ZnO and ZnO:Mn ceramics
The parameters of the magneto-reflectance effect can be determined from the ATR
spectra as proposed in [14, 20]:

AI/Iy = (Io — In)/Io, (3)

Where I,;, [,—the amplitude of the ATR signal with applied magnetic field and without
it, respectively.

Figure 7a presents the experimental dependencies of Al / I, for ZnO:Mn ceram-
ics with 7, =10% cm™ (curve 1) and = 10*! cm™ (curve 2) under application of
magnetic field with H=10 kOe. The effect of magnetic field for ZnO:Mn ceramics with
#yn =102 cm™ is observed in the range of 400-600 cm™' and, in less amount, 700—
800 cm™! (curve 1). At the same time, for higher Mn content (Mypn = 10?! cm™3), this effect
is significant over whole spectral range (from 400 up to 1000 cm™) (Fig. 7a, curve 2).
The effect of free carrier concentration via contribution of plasmon subsystem arises via
increase of the AI/ I, ratio towards 1000 cm™. This result is also supported by the mea-
surement of specular IRR spectra of the same samples in magnetic field and the estima-
tion of the AR(v) /R,(v) variation (Fig. 7b). It is seen that the effect of magnetic field on
the shape of the AR(v) /R,(v) dependences is more significant.

Thus, the comparison of the magneto-reflectance spectra obtained from ATR spec-
tra (Fig. 6) and specular IR reflection spectra (Fig. 7b) for ZnO:Mn ceramics permits to
assume that specular IR reflection spectroscopy is a more sensitive approach for inves-
tigation of the influence of a weak magnetic field (H<10 kOe) on optical properties of
ZnO based ceramics.

Figure 8 shows the experimental frequency values extracted from corresponding ATR
spectra (symbols A and B) as well as calculated dispersion curves of ZnO ceramics with
ny=1.15.10' cm™ (1,1’), 51017 cm™ (2, 2’) and 1.2-10'® cm™3 (3, 3') without application
of magnetic field. The calculation was performed using the formulas from [5, 7] along
with the data obtained from specular IRR spectra whereas phonon and plasmon damp-
ing contribution was not considered here. The calculated curves 1-3 correspond to the
high-frequency dispersion branches with cut-off frequencies v,"(k)=541.6 cm™ (1),
553.3 cm™! (2), and 575.1 cm™! (3), whereas the calculated curves 1'—3’ showed low-fre-
quency dispersion branches with cut-off frequencies v, (k) =65.2 cm™ (1’), 134.0 cm™
(2'),and 196.3 cm™ (3").

These results demonstrate that an increase in free carrier concentration in ZnO is
accompanied by a shift of the SP frequency toward the high-frequency range. The
high-frequency branches of surface polaritons, regardless of the carrier concentration
in the ZnO, start at a frequency corresponding to the frequency of TO phonon v=v,,
and exist at k>>w/c (0 =2mv), asymptotically approaching the cut-off SP frequency [7,
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Fig.7 Experimental dependences Al(v)/I,(v) obtained from the ATR spectra (a) and AR(v)/R(v) extracted from spec

ular IRR spectra (b) for ZnO:Mn ceramics with ny,,=10% cm™, n,=8.0-10" cm™3 (curves 1) and ny,,,=10?' cm>
ne=1.2-10" cm™ (curves 2). H=10 kOe

13]. The lack of experimental data for the low-frequency dispersion branches (below
240 cm™!) is caused by the limited spectral range of our FTIR spectrometer.

The dispersion curves for ZnO ceramics with higher carrier concentration
(ny=1.2-10"® cm™) were simulated also without taking into account the phonon and
plasmon damping coefficients. The effect of magnetic field strength is present in Fig. 9
for H=0 kOe (curves 1, 1’), 30 kOe (curve 2, 2’), and 65 kOe (curves 3, 3’). It is seen that
the high-frequency dispersion curve remains unchanged with the increase of the mag-

netic field strength. In contrast, the calculations showed that low-frequency dispersion
branch shifts toward lower frequencies with magnetic field increasing. The curves 1’, 2’
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Fig. 8 High-frequency (71-3) and low-frequency (1'=3’) dispersion curves for ZnO ceramics with different free elec-

tron concentrations: 1, 1" =ny=1,1510"" cm3; 2, 2’ =ny=5-10" cm3; 3, 3" =, =1,2-10"® cm~. Curve 4 shows the
light line. The symbols A and B indicate the experimental frequency values extracted from corresponding ATR
spectra

and 3’ correspond to low-frequency dispersion branches with cut-off frequency values
of v (k)=196.0 cm™ (1'), 173.7 cm™ (2'), and 147.5 cm™* (3'). Furthermore, as shown
in Fig. 9, the effect of magnetic field lies in the appearance of an additional dispersion
branch in the 230-270 cm™ spectral range (curves 4’ and 5'). When magnetic field rises
from 30 kOe (curve 2’) to 65 kOe (curve 3’), the dispersion branch shifts to higher fre-
quencies, from 200 to 300 cm ™}, that is caused by the increase of the cyclotron frequency
Q. The cut-off frequencies of the “pure” phonon dispersion branches are located near
232 cm™! (Fig. 9, curve 4') and 271 cm™! (curve 5'). Similar effect was reported for ZnO
single crystals in [13, 14, 23].

As it was mentioned above, the dispersion curves in Fig. 9 were calculated without
taking into account the phonon and plasmon damping coefficients. However, when pho-
non and plasmon damping is considered, the variation in the reflection spectra occurs in
the 390-600 cm™ spectral range. For instance, for the ceramics with 1,=1.2:10" cm3,
the increase of the y; value from 11 to 30 cm™' causes the rise of the reflectance coeffi-
cient from 0.29 to 0.36 in the 250-380 cm™! frequency range as well as its decrease from
0.92 down to 0.87 in the 400—570 cm™ frequency range. Similar effect was reported ear-
lier for ZnO single crystals [14, 23].

It is worth noting that applying a strong magnetic field to ZnO crystals (see Supple-
mentary Information, Fig. S1) promotes the appearance of a low-frequency reflection
minimum in the 100-380 cm™ range. The spectral position of this minimum is highly
sensitive to the magnetic field strength, exhibiting a noticeable shift to higher frequen-
cies as the field increases. These far-infrared minima reflect changes in carrier dynamics
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Fig. 9 Dispersion curves for ZnO ceramics (/70:1.2»1018 cm™) under magnetic field: H=0 kOe (1, 1"), 30 kOe (2,
2'4),and 65 kOe (3,3",5")

and spin interactions induced by the magnetic field, which can be exploited for the
development of advanced sensor technologies. Sensors based on this effect are expected
to demonstrate moderate to high sensitivity and ultrafast, non-contact optical response.
However, their performance may exhibit notable temperature dependence, particularly
when the features arise from scattering or spin-related mechanisms.

Among hexagonal semiconductors, both ZnO and GaN are viable candidates. Com-
pared to ZnO- or GaN-based magneto-optical or plasmonic sensors, the present
approach allows for non-invasive probing of ceramics and polycrystalline materials
without requiring transparent substrates or polarization optics. While GaN provides
excellent thermal stability and integration with electronic platforms, ZnO offers low-
cost processing and greater flexibility in magnetic doping. The main limitations of the
proposed method lie in its sensitivity to surface roughness and the potential need for
cryogenic temperatures or high magnetic fields. Nevertheless, it represents a promis-
ing alternative for bulk magnetic sensing in complex oxide systems. Our results further
suggest that such high sensitivity can also be achieved in polycrystalline ZnO ceramics
and films, which is the subject of ongoing investigation aimed at advancing ZnO-based

magnetic sensor technologies.

4 Conclusions

Investigating the behavior of surface phonon and phonon-plasmon polaritons in ZnO-
based materials is crucial for the development of optoelectronic devices and sensors,
where controlling the light-matter interaction is vital. The ability to modify the disper-
sion and damping characteristics of these polaritons through ZnO doping and magnetic
fields renders these materials highly versatile for various technological applications. In
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addition, the development of non-destructive and contactless approaches for determin-
ing materials parameters is highly required.

In this work, we demonstrated the application of infrared reflection spectroscopy for
studying vibrational and carrier-related excitations in undoped and Mn-doped ZnO
ceramics. Both theoretical modeling and experimental measurements were employed.
For dispersion analysis, a single-oscillator dielectric model was used, incorporating
additive contributions from the phonon and plasmon subsystems of ZnO. It was shown
that self-consistent parameters derived from single ZnO crystals can be successfully
used to predict, in the first approximation, the infrared response of polycrystalline ZnO
ceramics.

Experimental and simulated spectra of specular infrared reflection and attenuated
total reflection were analyzed for specific orientations of the optical axis and propaga-
tion direction of the incident electromagnetic wave. This approach allowed us to deter-
mine the phonon and plasmon parameters and to estimate the free carrier concentration
within the grains. This is particularly significant for ZnO:Mn ceramics, where conven-
tional electrical measurements are hindered by grain boundary effects. Our results indi-
cate that Mn doping increases carrier concentration, which we attribute to the formation
of Zn interstitials via Mn>" substitution at cationic lattice sites.

The influence of an external magnetic field on the infrared spectra of ZnO and
ZnO:Mn ceramics was also studied. Magnetic field effects were observed through
variations in plasmon frequency and in the damping coefficients of both phonons and
plasmons, indicating magnetically induced modifications of carrier dynamics. In the
low-frequency spectral range (below the TO phonon frequency), a distinct reflectance
minimum appeared, whose spectral position was found to be highly sensitive to the mag-
netic field strength. Although this behavior may be qualitatively consistent with polari-
ton-related effects, we refrain from a definitive attribution to the direct propagation of
surface phonon or phonon—plasmon polaritons. Nevertheless, our results highlight the
potential of infrared spectroscopy as a non-destructive and contactless technique for
determining the optical and electro-physical parameters of not only single crystals but
also polycrystalline ZnO-based ceramics. Furthermore, the observed magnetic-field-
dependent spectral changes point toward possible applications of these materials in
magnetic field sensing.
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