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Room-temperature far-infrared reflectivity spectra of nanocrystalline, partially inverse MgFe,O4 were investi-
gated. MgFe 04 samples were prepared by sol-gel method and sintered at three different temperatures (400, 600
and 800 °C). Raman spectroscopy was employed to estimate the degree of inversion in the sintered samples. The
degree of inversion was found to increase from 0.52 to 0.74 as the sintering temperature increased from 400 °C to
800 °C. The reflectivity spectra, besides the four infrared modes characteristic for spinels (v1, va, v3, v4), revealed

the presence of free carriers. Plasmon-longitudinal optical (LO) phonon interaction was analyzed using factorized
coupled and decoupled plasmon-phonon models, combined with the Bruggeman effective medium approxima-
tion. From these models it was obtained that the v; and v3 phonon modes are more strongly coupled with
plasmons than the v, mode. A potential mechanism of plasmon-phonon interaction in inverse MgFe204 spinel has

been discussed.

1. Introduction

Magnesium ferrite (MgFe04) belongs to the family of spinel ferrites,
a very important group of magnetic spinel oxides with a wide range of
applications. It is a soft magnetic n-type semiconducting material which
received strong attention due its vast uses such as magnetic applications
[1,2], catalyst [3,4], metal ion removal [5], water purification [6],
water and CO» splitting [7,8] or sensors [9]. It is considered as prom-
ising candidate for biomedical applications such as hyperthermia and
cancer treatment [10-12], targeted drug delivery [13] or magnetic
resonance imaging [14]. In recent years MgFe,O4 has been considered as
an anode material for lithium-ion batteries [15-17]. Many properties of
MgFe;04 depend on the microstructure, grain size and porosity, or
preparative methods. Preparation of MgFe;O4 in nanocrystalline form
offers a way to change and tune its optical, electronic, magnetic and
other properties [18-20].

* Corresponding author.
** Corresponding author.

Spinel oxides have a general formula AB,04 and belong to the Fd3m
(07, No. 227) space group. In normal spinels, A cations occupy only the
tetrahedral sites, whereas B cations occupy only the octahedral sites
(Fig. 1). In inverse spinels, A cations and half of B cations occupy the
octahedral sites while the tetrahedral sites are occupied by the other half
of the B cations, which can be represented as B[AB]O4. The intermediate
configurations are partially inverse spinels and the structural formula
can be written as (A1s Bg)tetra[AsB2-s]loctaO4, Where § represents the
degree of inversion, which in extreme cases of normal and completely
inverse spinels has values § = 0 and § = 1, respectively. MgFe»0y4 is a
partially inverse spinel for which the degree of inversion § depends on
the synthesis method and thermal treatment. The crystallite size also
presents an important factor for adjusting the degree of inversion and
fine-tuning of MgFe,04 properties.

Far infrared (IR) reflection spectroscopy is a powerful technique
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which is often used for investigation of crystal structure, phonon and
dielectric properties, phase composition, plasmon-fonon interaction,
etc., in various types of materials such as oxides, semiconductors, ce-
ramics and many others (e.g., Refs. [21-26]). IR spectroscopy is also
commonly used to study normal and inverse spinels. Group theory
analysis predicts four active IR modes for spinel structures. Experi-
mental spectra of spinels show at least two strong modes, which, after
works of Waldron [27], Hafner [28], and White and DeAngelis [29], are
mostly accepted to originate from stretching vibrations of the tetrahe-
dral (octahedral) groups, although it has been argued by Preudhomme
and Tarte [30-33] that the actual behavior might be more complex than
this. In many spinels, a third, and sometimes a weak forth mode is
present at lower frequencies [28,29,32,34-36]. The exact nature of
these two modes is not completely clarified yet, but is generally
considered that these modes originate from complex vibrations
involving both tetrahedral and octahedral groups [27,32,33,35-37]. In
most reports, the IR spectra of spinels are presented as transmission or
absorption spectra and the IR modes are simply analyzed by the peaks
positions (e.g., Refs. [27-30,32,33,35,38-44]). On the other hand, the
IR reflectivity spectra of spinels are significantly less often represented
in literature (e.g., Refs. [34,36,39,45-49]). To the best of our knowl-
edge, no infrared reflectivity spectra of MgFe,04 has been reported. The
reflectivity spectra can be more quantitatively analyzed by using an
appropriate model for obtaining the values of phonon TO/LO fre-
quencies and dampings. Furthermore, the advantages of reflectivity
spectra over the transmittance ones lies in the fact that not only phonon
modes but also plasmons and mutual interaction between phonons and
plasmons can be analyzed. The knowledge of plasmon-phonon interac-
tion can be important in characterizing transport and optical properties
of spinels. Up to date, no infrared reflectivity study of plasmon-LO
phonon interaction in MgFey04 has been carried out.

In the present study we have focused on the analysis of far-IR
reflectivity spectra of nanocrystalline MgFe;O4 samples sintered at
different temperatures and of varying degrees of inversion. The reflec-
tivity spectra of the samples showed a clear presence of free carriers
contribution. The influence of free carriers on the phonon spectra was
analyzed employing two different factorized dielectric-function models,
from which the coupled (decoupled) LO-phonon modes frequencies and
dampings were obtained. Such analysis of reflectivity spectra paves the
way for better understanding of the carrier-lattice coupling in inverse
nanocrystalline MgFesO4.

Materials Science in Semiconductor Processing 149 (2022) 106889
2. Experimental

Magnesium ferrite (MgFe;O4) nanocrystalline samples were pre-
pared by sol-gel method and by sintering in air at different temperatures:
400, 600 and 800 °C. The corresponding samples will be further denoted
as MFO400, MFO600 and MFO800. Details of the synthesis procedure,
structural analysis, as well as various other methods of characterization
of these samples have already been published elsewhere [51]. The
schematic diagram of the synthesis procedure is given in the Supple-
mentary Information.

The IR reflectivity measurements of the MgFe;04 samples in the form
of pressed disk-like pellets were carried out at room temperature with a
BOMEM DABS Fourier-transform IR spectrometer. A Hyper beamsplitter
and a deuterated triglycine sulfate (DTGS) pyroelectric detector were
used to cover the wavenumber region from 90 to 680 cm'. Micro-
Raman spectroscopy was used to estimate the degree of inversion of
nanocrystalline MgFe,04. Micro-Raman spectra were acquired in the
back-scattering configuration using the triple-monochromator Raman
system Princeton TriVista 557. Nd:YAG laser line of 532 nm was used as
an excitation and the beam was focused onto the samples using 50x
objective magnification. Laser power on the sample was 0.08 mW.
Raman spectra were deconvoluted using Lorentzian function. More
detailed description of infrared and Raman experimental setups is pre-
sented in the Supplementary Information.

3. Results and discussion

MgFe,0, crystalizes in a cubic spinel structure belonging to the Fd3m
space group. The full unit cell contains 56 atoms (Z = 8), however the
smallest Bravais cell, i.e., the primitive cell, has only 14 atoms (Z = 2).
The factor group analysis for the primitive cell predicts 42 normal
modes, three of which are acoustic modes with Ty, symmetry, and the
remaining 39 I'-point optical modes are:

T = Ajg(R) + Eg(R) + Tig + 3Top(R) + 2A0, + 2B, + 4T1y(IR) + 2T,.(1)

Among these modes, four are triply degenerate infrared (IR) modes
of Ty, symmetry, five are Raman (R) modes, and the remaining modes
are silent. Inverse spinels like NiFe;O4 or CoFe;04 show more Raman-
active modes than those predicted by factor-group analysis because of
inversion of the cations between the tetrahedral and octahedral sites.
These spinel structures are characterized by an additional mode in the
frequency region where one Ajg mode is expected to appear [52,53]. In

Fig. 1. (Color online) Schematic illustration of normal AB,O, spinel structure with the tetrahedral (AO4) and octahedral (BOg) units. The crystal structure visualized

by VESTA 3 [50].
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the Raman spectra of MgFe;04 nanopowders, the A;; mode splits into
two modes due to the large difference in mass between Fe®* and Mg?*
cations [54-56]. The higher frequency A;; mode corresponds to the
vibrations of oxygen anions around Fe®* cations on the tetrahedral sites,
whereas the lower frequency mode corresponds to the vibrations of
oxygen anions around Mg?" cations on the tetrahedral sites [54,56]. In
Fig. 2 are shown deconvoluted room-temperature Raman spectra of
MF0400, MFO600 and MFO800 samples, using Lorentzian function.
The Raman spectra are presented in the region characteristic for the A;g
modes.

Nakagomi et al. [56] have shown that, using corresponding inte-
grated intensities of the two A;; modes, it is possible to quantitatively
determine the Mg and Fe content on the tetrahedral sites. Therefore,
knowing that the integrated intensities of the two A1 modes are pro-
portional to the concentrations of Mg?* and Fe>* cations on the tetra-
hedral sites [56], the inversion parameter § can be calculated from the
equation

I(ARY _
I((A.i;% -5 @

lg

The calculated inversion parameters are 0.52, 0.62 and 0.74 for the
MFO0400, MFO600 and MFO800 samples, respectively. These data imply
that the sample sintered at 400 °C is closer to the normal spinel structure
than the sample sintered at 800 °C, which is in complete accordance
with the results of positron annihilation analysis of these samples [51].
The inversion parameters obtained from the Raman spectra are also in
good agreement with Bloesser et al., who analyzed MgFe204 samples
calcined at 400, 600 and 800 °C, and for the sample calcined at 800 °C
obtained the inversion degree of 0.72 [18].

The IR reflectivity spectra of MgFe,O4 nanocrystalline samples are
shown in Fig. 3. In the spectra of all samples were found four T;,, modes
predicted by group theory. Following the seminal work of Waldron [27],
most authors label the four T;, modes as v, 12, v3 and v4, indexing them
from the highest to the lowest energies. According to Waldron, the
highest energy mode v, was attributed to the vibrations of tetrahedra,
and the v, mode to the vibrations of octahedra, considering the vibra-
tions of these groups as mostly isolated molecular vibrations [27]. Such
conclusions were later also adopted by Hafner [28], and White and
DeAngelis [29]. On the other hand, these conclusions were criticized by

MFO400

T
MFO600

~ B
~ ~

" MFO800

Raman Intensity [a.u.]

650 700 750
Wavenumber (cm™)

Fig. 2. (Color online) Room-temperature Raman spectra (data in black)
of MgFe,O, samples sintered at different temperatures, in the region
(625-775) cm™ . Experimental curves were deconvoluted with Lorentzian
function (blue curves) and cumulative fits are represented by the green curves.
The high-frequency A;; mode is shaded for clarity.
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Preudhomme and Tarte [30-33] as oversimplified. They argued that, in
some cases at least, the observed frequencies cannot be assigned to the
vibrations of definite coordinated groups (either tetrahedral or octahe-
dral), but instead are related to complex vibrations of the whole spinel
lattice. Nevertheless, many authors still rely mostly on the original
Waldron’s interpretation of these modes [35,38,42-44,57,58]. It is
mostly accepted that the two low frequency modes v and v4 originate
from complex vibrations involving both tetrahedral and octahedral
groups [27,32,33,35-37].

The MFO400 sample shows two modes v; and v, centered at around
570 and 405 cm™! respectively. These two modes are present in all
spinels. For the MFO600 and MFO800 samples, the third mode v3
centered at around 330 cm ™! is clearly visible. This mode is present in
the MFO400 sample too and appears as an asymmetry of the v mode. In
the IR spectra of some spinels a weak forth mode v4 appears around 200
em ! [28,29,32-36,40,49]. This mode can be observed as a small hump
centered at around 210 cm™! in the MFO800 sample spectra, and to a
lesser extent also in the MFO600 and MFO400 spectra.

In the low frequency region of the IR spectra in Fig. 3, Drude tail
appeared and became more pronounced for the MFO600 and MFO800
samples. Its occurrence in the IR spectra is a clear sign of a presence of
free carriers. The presence of free carriers in nanocrystalline MgFeo,O4
comes from the presence of vacancies, which introduce electrons as the
majority free carriers, making MgFe,04 an n-type semiconductor [59].
When free carriers are present in the material, they can interact with
phonons. Since plasmons are longitudinal oscillations, they interact with
longitudinal-optical (LO) modes, shifting them towards higher fre-
quencies, whereas the transverse-optical (TO) modes remain unaffected.
In the analysis of the reflectivity spectra of MgFe;04 nanocrystalline
samples, two models, both of which include contribution from free
carriers, have been applied to investigate the dielectric response. In both
models, the factorized form of dielectric function was used. Compared to
the classical oscillator model, this factorized form much better describes
phonons in strongly polar ionic crystals, where largely split TO/LO
modes can have significantly different dampings [60].

The first model, known in literature as the coupled plasmon-phonon
model (CPP) [61,62], presents a direct way to characterize
plasmon-phonon coupled modes. In this model, the dielectric function
has a form:

m+n
> . >
H O + iy 0 — W
=1
) 3)

m n

: ' >

o H(a} + irp) H O 4 iy 70,0 — 7
J=1 j=1

(W) = €

where e, is the high frequency dielectric constant, wroj(wro;) and
Y10j(710j) are the TO(LO) frequencies and dampings of n phonons (n = 4
in our case), which can be coupled with m plasmons with dampings yp;
(m =1 in our case). From this model, the plasma frequency can be ob-
tained indirectly as [61,62]:

ntl

2
H DLoj
_ =t
=L )
2
H Dro;
J=1

4

wp

and the frequency of the coupled plasmon-phonon mode is given by [61,
62]:

/ 1
Qpoj= wioj' - Z}’%Oj' (5)

The second model, named as the decoupled plasmon-phonon (DPP)
model, is a conventional additive form for dielectric function of pure
phonon and plasmon contributions. This model enables to determine the
decoupled phonon and plasma frequencies and dampings using
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Fig. 3. (Color online) (a) IR reflectivity spectra of MgFe,O4 nanocrystalline samples sintered at different temperatures together with theoretical fits obtained using
the coupled plasmon-phonon (CPP) and decoupled plasmon-phonon (DPP) models. The degree of inversion § is given in parenthesis. Vertical arrows mark the v; peak
(explained in the text). (b) The best fit obtained using the four-parameter model for dielectric function, is also given for the MFO800 sample as an example.

dielectric function in the form [60,63]:

n 2 2 : 2
B Wi — O — iy ;0 ?
elow| =€ HZ_, R —— - . (6)
Wro; — W — iy @(w +iyp)

j=1

The first term in this model represents the phonons contribution,
where wroj(@105) and y0;(710;) are the TO(LO) frequencies and dampings
of phonons. The second term is the Drude term which describes the
plasmon mode, where wp and y, are the frequency and damping of the
plasmon mode. In the DPP model, the LO frequencies are actually the
frequencies of bare phonons decoupled from plasmon, whereas in the
CPP models the LO frequencies are for the coupled plasmon-LO phonon
modes. In both models, the TO mode frequencies have the same meaning
and are unaffected by free carriers. Without the Drude term, Eq. (6)
reduces to the so-called four-parameter model for the dielectric function
of phonon spectra [60,63].

In order to properly analyze the IR reflectivity spectra of MgFesO4
nanocrystalline samples, the effect of porosity on the IR spectra must be
taken into account. In that sense, the Bruggeman effective medium
approximation [64,65] is very often used to describe the optical prop-
erties of porous nanomaterials. For a homogenous mixture of a material
(ep) with volume fraction fy, and air (¢ = 1) with fraction (1-fap), the
effective dielectric function g can be obtained from the equation

En — Lo L—ey\,\ .\ _
(€M + Zé‘eﬁc)fM t (] ¥ 255/7') (1—fu) =0, @

in which &y is described by an appropriate model, in our case by

equation (3) or (6). The calculated reflectivity R.q. can be obtained
using the Fresnel formula

2
Ve — 1
Reate = MAd S . (8)
Eeff +1

In the IR spectra fitting procedure, the parameters were automati-
cally tuned until the difference between the experimental (Rexp) and
calculated (R.q) reflectivity, given by the chi-squared value

2

g (Ri,exp - Riralc) ) (9)

X =

=zl =
.MZ

i

where N is the number of points in spectra, became minimized within
the experimental error.

The obtained best fits for both models are shown in Fig. 3(a) (red full
and green dashed lines), whereas the best fit parameters are given in
Table 1 (CPP model) and Table 2 (DPP model). It can be seen that both
models provide satisfactory fits of the experimental spectra. For com-
parison, the best fit obtained using the four-parameter model for
dielectric function, which does not include the free carriers contribution,
is also shown in Fig. 3(b) for the MFO800 sample as an example. It is
obvious that such a model fails to reproduce experimental spectra at
lower frequencies.

Fig. 4 shows the variation of plasma frequency wp and damping y, for
MgFey04 samples sintered at different temperatures, for the both used
models. As can be seen, similar behavior of wp and y, was obtained from
the both models. The plasma frequency slightly decreases with sintering
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Table 1

Fitting parameters obtained by using the Coupled Plasmon-Phonon (CPP)
model, for MgFe,04 nanocrystalline samples sintered at different temperatures.
Plasma/phonon frequencies and damping values are given in cm™!. The esti-
mated errors are also presented.

Parameters MFO400 MFO0600 MFO800 Est. err.

fu 0.63 0.7 0.82 +0.02

wp 213 200.6 191.1

+5
7p 303 188 169
+5

541 (114 543 (108 546 (100

o101 (Y101) 114 ( ) 1003 +3 (£5)
684 (48 679 (45 677 (50

oro1 (Yro1) (48) (45) G0 +3 (£5)
422 (122 445 (89 436 (81

102 (Y102) (122) (89) 6D 45 (£5)
472 (79 468 (46 465 (43

102 (1102) (79) (46) “3) +5 (45)
321 (192 317 (123 338 (131

7103 (Y103) (192) (123) asn +5 (+5)
412 (262 398 (181 399 (144

@103 (Y103) (262) (181) 44 +5 (£5)
254 (225 255 (128 255 (125

@104 (r104) (225) (128 125 +£12 (+12)
266 (166 256 (98 258 (99

104 (1104) (166) (98) 9 +12 (£12)

@105 (Y105) 112 (237) 121 (194) 121 (168) +5 (£5)

Table 2

Fitting parameters obtained by using the Decoupled Plasmon-Phonon (DPP)
model, for MgFe,04 nanocrystalline samples sintered at different temperatures.
Plasma/phonon frequencies and damping values are given in cm™. The esti-
mated errors are also presented.

Parameters MFO0400 MFO0600 MFO800 Est. err.
fu 0.62 0.72 0.82 +0.02
wp 226 214 194
+5
7p 369 231 186
+5
- 537 (118 538 (110 542 (102
o101 (Y101) a1s ( ) a0 +3 (£5)
w101 (7101) 663 (36) 663 (47) 662 (47) 43 (45)
@102 (Y102) 423 (135) 448 (111) 436 (97) 45 (45)
470 (67 468 (45 463 (41
102 (7102) 67) (45) “n +5 (£5)
323 (204 315 (111 332 (122
7103 (Y103) (204 11 a2 +5 (£5)
@103 (Y103) 378 (251) 373 (175) 380 (147) +5 (£5)
250 (146 253 (122 257 (120
w104 (Y104) (146) (122) 120 +£12 (+12)
252 (125 256 (99 258 (98
@104 (Y104) 125 (99) 08 +12 (£12)

temperature. On the other hand, the plasma damping decreases signif-
icantly for the MFO600 sample, and then further decreases to a lesser
extent for the MFO800 sample, resulting in more pronounced Drude tail
in the IR spectra of the MFO600 and MFO800 samples. The material
volume fraction fy has increased with increasing sintering temperature
(see Tables 1 and 2), indicating that the MFO600 and MFO800 samples
became less porous. This is in accordance with previous research on
these samples where it was shown that increased sintering temperature
leads to larger crystallite sizes and more agglomeration [51]. In samples
with larger and more fussed crystallites, with better agglomeration and
less pores, the influence of grain boundaries is smaller, having as a
consequence the higher electron mobility and longer scattering relaxa-
tion time 1. This, in turn, explains the observed significant decrease of
plasma dampings, since yp = 1/7.

From Tables 1 and 2, it can be seen that in the case of v4 mode, the
splitting between the TO and LO frequencies is small, meaning that the
oscillator strength, being proportional to (w?, — ®%,), is also small. The

Materials Science in Semiconductor Processing 149 (2022) 106889

u ~@— o, DPP)
350+ ~@— wp, CPP
M-y, DPP
M~ CPP
<3004 W
5
=
5 250
3 N n
o o
200 - CJ
l\ﬂ
[ |

400 600 800
Sintering temperature (°C)

Fig. 4. (Color online) Variation of plasma frequency (wp) and damping (y,) of
MgFe,04 nanocrystalline samples sintered at different temperatures, obtained
by using the CPP and DPP models.

similar behavior of this mode is found in most other spinels for which
this mode is either weak or absent. Other modes exhibit large TO-LO
splitting, as common for ionic crystals. The TO frequencies, obtained
from both CPP and DPP models, are rather similar for each MgFe;04
sample. Such a behavior is expected, as the TO frequencies are not
affected by the plasmon-phonon interaction.

In Fig. 5(a) are presented the frequencies of the coupled plasmon-LO
phonon modes ;¢ (obtained from the CPP model, Eq. (3) and Eq. (5)),
and the decoupled LO phonon modes w;o; (from the DPP model, Eq. (6)).
It can be seen that for the v; and v3 modes, the coupled LO frequencies
have higher values than the decoupled ones. The difference between
these frequencies is approximately the same for all samples. On the other
hand, the coupled/decoupled LO frequencies are quite similar for the vy
mode. In the case of v4 mode, these frequencies also appear to be similar.
However, the v4 mode is too weak and broad, whereas the fitting errors
are too high, for a definitive conclusion to be drawn. As mentioned
before, the LO frequencies obtained from the DPP model are actually the
frequencies of bare phonons decoupled from plasmon, whereas the LO
frequencies obtained from the CPP model are for the combined plas-
mon-LO phonon modes. The fact that in the case of v; and v3 modes, the
LO values obtained by the CPP model are higher than those obtained by
the DPP model, implies that these modes are more strongly coupled with
free carriers than the v, mode.

The TO frequency behavior for all four IR modes, obtained from the
CPP and DPP models (Tables 1 and 2), is presented in Fig. 5(b). In
Fig. 3(a), one can notice that the v; peak (marked with vertical arrows),
is slightly shifted towards higher frequencies as the sintering tempera-
ture and degree of inversion increases, which is also corroborated by the
slight increase of wrp1 frequencies obtained from the CPP and DPP
models. In the case of MgFe;04, the tetrahedral cation-oxygen bonds are
of higher force constants and lower bond length than the cation-oxygen
octahedral bonds, and the corresponding vibrations of the tetrahedra are
of higher frequency [27]. The bonding force between the cation and
oxygen also depends on the nature of the cation and its valency [30].
Waldron [27] calculated force constants for some ferrites, and showed
for MgFe,04 that the force constants of the tetrahedral Fe-O vibrations
are higher than the tetrahedral Mg-O vibrations [27]. Therefore, the
observed increase of the frequency of the v; mode with the increased
degree of inversion is consistent with the tetrahedral origin of this mode,
because more Mg?" are replaced with Fe3*. On the other hand, the TO
frequency of the v; mode, which mainly originates from the octahedral
Fe-O vibrations, shows no consistent shift with the increased sintering
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Fig. 5. (Color online) (a) Coupled (£2;¢;) and decoupled (w10;) LO phonon frequencies, and (b) the TO phonon frequencies, obtained from the CPP and DPP models,

for MgFe,04 nanocrystalline samples sintered at different temperatures.

temperature and degree of inversion. It slightly increases for the
MFO600 sample, and then slightly decreases for the MFO800 sample.
The increase of the TO frequency in the MFO600 sample can be
explained by an increasing contribution of the Fe-O tetrahedral vibra-
tions to the v, mode, because with the increasing degree of inversion

more Fe®' cations are situated at the tetrahedral sites. With further in-
crease of the degree of inversion (MFO800), one can presume even more
complex behavior of the v, mode, where, besides the Fe-O tetrahedral
vibrations, the Mg-O octahedral vibrations can participate too. The
behavior of the v3 mode becomes also more complex with increased

250 CPP DPP
B Y701 b oY -
—® Y10, Y102
_ 2001 A Y103 A Y703 N
TE ¥ Y104 ¥ Y104 v‘g
o o
- F150 =
o 150+ o
£ £
100
100
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&0 ® Vo2 Yo
2004 —A Y03 —A 703} 200
v A V" Yios A Y Yo4 g
§ v \ T 150 5
= 150+ A A [1502
E — E
100 vV——V V———————————Vv 100
501 m Y 8 .>l—l -50
400 600 800 400 600 800

Sintering temperature (°C)

Sintering temperature (°C)

Fig. 6. (Color online) Variation of the TO and LO phonon dampings for MgFe,O4 nanocrystalline samples sintered at different temperatures, obtained from (a) CPP

and (b) DPP models.
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degree of inversion. It was already pointed out by Preudhomme and
Tarte [31,32] that with higher degree of inversion, coupling between
different tetrahedra and octahedra can make infrared vibrations of more
complex nature. Consequently, it is no longer realistic to ascribe such
vibrations and its frequencies to the localized vibrations of definite co-
ordinated group (tetrahedral or octahedral), but to the vibrations which
involve simultaneous participation of different cations (Mg or Fe) and
coordinated groups.

The TO and LO phonon dampings obtained from the CPP and DPP
models, are shown in Fig. 6. It can be seen that the TO/LO dampings
tend to decrease with the increasing sintering temperature. Such a
behavior is a consequence of the fact that the increase of sintering
temperature produced samples with larger and more fussed crystallites
with less pores and smaller influence of grain boundaries. All this in turn
can lead to the smaller scattering rates for phonons, which means longer
phonon lifetimes and decreased phonon dampings.

From the analysis of the IR spectra based on the CPP and DPP models
(Fig. 5(a)), it was obtained that the v; and v3 modes are more strongly
coupled with free carriers than the v, mode. We propose that this finding
may be related to the presence of antisite defects, which are formed in
inverse spinels. Namely, when in inverse spinels the trivalent cation
replaces the divalent one in tetrahedra, it introduces excess positive
charge at this site. Conversely, the octahedral site becomes a site with
excess negative charge by introduction of the divalent cation instead of

the trivalent one. In inverse MgFe,04, positively charged [Fe * and
negatively charged [Mg2/.]  antisite defect centers can be formed in
tetrahedra and octahedra (presented in Fig. 7), which behave as electron
and hole trap centers, respectively [66-68].

If a particular mode has a significant contribution of the Fe-O
tetrahedral vibrations, as it is the case for the v; and v3 modes, it is quite
reasonable to assume that such an infrared mode would be more
strongly coupled with free carriers, due to the existence of positively

charged [Fefe*tm}+ antisite defects. In the case of the v, mode, which is

mostly of the octahedral origin, the presence of negatively charged
[Mg2:,]” antisite defects is expected to weaken the plasmon-phonon
interaction. With increased degree of inversion, one might expect a

stronger plasmon-phonon coupling of the v; and v3 modes as more

[Fef(:;m]+ antisite defects should be formed. However, our analysis has
shown that the plasmon-phonon coupling strength did not increase with
the increased degree of inversion. We suppose that with the increased
degree of inversion, when v and v3 vibrations become more complex, a
subtle interplay between the tetrahedral Fe-O and octahedral Mg-O
vibrations influences the plasmon-phonon coupling, leading to different
strength of coupling between particular phonon modes and free carriers.
As the exact mechanism of plasmon-phonon coupling in nanosized
MgFe;04 is not completely clear at the moment, it presents strong
motivation for our future research.

4. Conclusions

In summary, we have investigated room-temperature far-IR reflec-
tivity spectra of partially inverse nanocrystalline MgFe,O4 samples
prepared by sol-gel method and sintered at different temperatures (400,
600 and 800 °C). The degree of inversion of MgFe,O4 samples was
estimated from Raman spectra, and was found to increase with the in-
crease of the sintering temperature. The IR spectra exhibited the pres-
ence of free carriers (the so-called Drude tail). The plasmon-LO phonon
interaction was investigated by using the factorized coupled and
decoupled plasmon-phonon models, combined with the Bruggeman
effective medium approximation. From the analysis of the IR spectra, the
coupled and decoupled phonon frequencies and dampings, as well as
plasma frequencies and corresponding dampings of the plasmon mode
were obtained. It was shown that with the increased sintering temper-
ature, the phonon and plasmon dampings significantly decreased due to
crystallite size increase, smaller porosity, and better connectivity
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Fig. 7. (Color online) Schematic representation of inversion of trivalent Fe3*
and divalent Mg>* cations between octahedra and tetrahedra, and the forma-
tion of the [Fe3l.|” and [MgZ},]” antisite defect centers in partially inverse

MgFe,04. The crystal structure visualized by VESTA 3 [50].

between crystallites. Of particular importance is the finding that the v
and v3 modes are more strongly coupled with free carriers than the vy
mode. We proposed that in inverse MgFeo0O4 samples, the presence of
positively charged [Fe3! ] and negatively charged [Mg2/,]” antisite
defects influences the plasmon-phonon interaction. The stronger
plasmon-phonon coupling is expected for infrared modes where the
contribution of Fe-O tetrahedral vibrations becomes substantial. With
the increased degree of inversion, a subtle interplay between the tetra-
hedral Fe-O and octahedral Mg-O vibrations can lead to different
strength of coupling between particular phonon modes and free carriers.
Our findings provide a basis for better understanding of plasmon-
phonon coupling mechanism in disordered inverse spinels like MgFe504.
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