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Abstract
The electrical properties of Os-doped  YbFeO3 (YbFO) powders prepared by solid-state reaction have been studied by Imped-
ance Spectrometer/Impedance Spectrometer. SEM, XPS and Raman spectroscopy were utilized for understanding chemical 
and structured analysis of the synthesized compounds. SEM images have revealed the void nature of the pellets. Furthermore, 
XPS studies have exhibited that Yb has 3 + valance state. It is also revealed that the oxygen vacancies concentration drops as 
the Os doping level raises by XPS analysis. The frequency dependency of loss-tan(δ) examination has demonstrated that the 
5 mol% Os-substituted sample has the lowest loss-tan(δ) values at high frequency regions at 100 °C. It has been also realized 
that the 5 mol% Os-doped compound exhibits the highest resistivity among the samples. Raman spectroscopy examination 
has unveiled that the samples have similar space group. In addition, the optical band gap of the synthesized powders was 
also extracted via utilizing the Kubelka–Munk technique. It was realized that the band gap of YbFO slightly increases as 
the Os dopant ratio advances.
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1 Introduction

Rare-earth orthoferrite,  RFeO3 (R = rare earth component), 
materials display novel electrical, optical and magnetic fea-
tures and as a result of that they find different application 
areas in energy storage, spintronics, optical sensors and 

optical communications [1, 2]. Furthermore, it has been 
shown that some of rare earth orthoferrites can exhibit both 
magnetic and ferroelectricity properties together, which 
make these materials new candidates in the multiferroic 
applications [3–6]. In  RFeO3 structure, the bigger R cation 
is situated at the corner of unit cell, and Fe cations are placed 
at the center of octahedron  FeO6 [7]. These materials dis-
play an orthorhombic structure with a space group of Pbnm. 
 YbFeO3 (YbFO) belongs to rare-earth orthoferrites. Even 
though YbFO has orthorhombic structure, it is thin-film 
form can have hexagonal phase, too [8, 9]. Even though the 
magnetic properties of YbFO thin films have been exten-
sively inspected, the electrical features of the same mate-
rial have not attracted the same attention from the scientific 
community [10–12]. There are several groups including us 
have examined the electrical properties of YbFO material in 
ceramic form [13–16]. In addition, we have documented how 
the dopant affects the optical properties of YbFO thin films 
[17, 18]. Our studies have shown that the electrical and opti-
cal properties of the parental compound significantly influ-
enced by oxidation state of the dopant, which determines the 
ionic radius. Because the dopant initiates crystal distortions 
and charge imbalance in the parent sample.
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The present study is following up our previous study in 
which we have detailed the conductivity, electrical modu-
lus, and dielectric constants of the undoped and Os-doped 
YbFO powders [15]. In this manuscript, our objectives are to 
explore (i) loss-tan(δ), (ii) impedance, (iii) resistivity versus 
frequency at various temperatures, (iv) Raman spectra, and 
(v) the optical band gap of the synthesized samples. The 
mentioned electrical properties have detailed because (1) the 
loss-tangent (dielectric loss-tangent), tanδ, is a parameter of 
a dielectric material that quantifies its inherent dissipation 
of electromagnetic energy at different frequencies. It exhib-
its the loss of electrical energy in the material via applied 
frequencies. On the other hand, the impedance spectroscopy 
is utilized to differentiate between transport characteristics 
of grains and grain boundaries in the material. In addition, 
the impedance spectroscopy is exploited to seek the electri-
cal response of different phases and the dynamic behavior 
of localized and mobile charges in the bulk and interfacial 
regions in the samples. Consequently, the performance of 
grains, grain boundaries, electrode effects, different crystal-
lographic entities and magnetic clusters can be investigated. 
It should also be mentioned that the Raman spectroscopy 
and optical band gap of the Os-doped YbFO powders are 
introduced to the scientific community by the present inves-
tigation the first time. YbFO and Os-doped YbFO powders 

have been obtained by well-known solid-state reaction 
method. X-ray photoelectron spectroscopy (XPS), scanning 
electron microscopy (SEM), Raman spectroscopy method 
were utilized to seek the chemical and structural analyses 
of the fabricated powders. Moreover, the electrical features 
of the compounds were studied with employing Broadband 
Dielectric/Impedance Spectrometer (Novocontrol Concept 
50). Furthermore, the optical band gap undoped and Os-
doped YbFO powders have been discussed in the present 
study.

2  Experimental

The powder preparation was discussed in our previous study 
[15]. The microstructure of fabricated powders was stud-
ied by ULTRAPLUS ZEISS scanning electron microscope 
(SEM). Furthermore, X-ray photoelectron spectroscopy 
(XPS) (SPECS) was utilized to seek elemental composi-
tion of powders. For the calibration purpose, the C 1 s peak 
at 284.6 eV peak was selected. To measure the electrical 
properties of synthesized compounds, their pellets were pre-
pared by applying 10 tons of pressure with 13 mm diameter 
and sintering during four hours at 1150 °C in the atmos-
pheric ambient. The thickness of the pellets is of 0.91 mm, 

Fig. 1  SEM images of the examined samples: a the undoped YbFO, b 1% Os and c 5% Os-doped YbFO, respectively
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1.03 mm and 0.88 mm for the undoped, 1% Os and 5% Os-
doped samples, respectively. The electrical characterizations 
of the pellets were performed using platinum (Pt) electrode 
(5 mm diameter). Broadband Dielectric/Impedance Spec-
trometer (Novocontrol Concept 50) was exploited for the 
electrical properties’ investigations. The operating tempera-
ture gradually was varied from -100 °C up to100 °C and 
the applied frequency was swept from 1 Hz up to 10 MHz. 
Furthermore, WITec confocal Raman imaging system was 
used for collecting Raman spectra at room temperature. 
Laser with 532 nm excitation wavelength and 5 mW power 
was used at integration time of 10 s. The optical band gaps 
of the fabricated films were investigated by UV–VIS Optical 
Spectrometer Ocean Optics JAZ 3-channel.

3  Results and discussion

3.1  SEM and XPS analysis

In our previous study, we have shown that the samples 
are single-phase with orthorhombic structure. In addi-
tion, we have not observed the formation of other phases. 

Furthermore, it has been exhibited that the lattice param-
eters of parent compound  YbFeO3 increase as the Os dopant 
ratio raises, which is underlining the incorporation of Os 
into synthesized samples. The more detail about the crystal 
structure of undoped and Os-doped YbFO powders can be 
seen in [15].

Figure 1 represents the surface topography of YbFO and 
Os-doped YbFO pellets. The existence of agglomeration can 
be seen in Fig. 1 for all studied samples. It should also be 
stated that the examined samples exhibit the voids structure 
on the surface, which is consistent with their cross-sectional 
SEM images [15]. Such void structures underline the scruti-
nized samples display porosity nature.

The oxidation levels of Fe and Os have been discussed 
in detail in our previous study [15]. Our XPS analysis, 
presented in [15], has revealed the valance states of Fe as 
2 + and 3 + . Moreover, the valance states of Os have been 
realized as 0 and 4 + . It has been noted that the presence of 
Fe 2 + has increased as the dopant level of Os is furthered. 
Such increase in the Fe 2 + might be connected to (i) the 
oxygen vacancies, which are initiated because of high sinter-
ing temperature, (ii) holding the charge balance owing to the 
presence Os atom in the structure [15 and references in it]. 

Fig. 2  XPS examination of YbFO and Os-doped YbFO composites: a Yb 4d spectrum for studied samples, O 1 s spectrum of b YbFO, c 1 mol% 
Os and d 5 mol% Os-doped YbFO compounds
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In this manuscript, the valence states of Yb and O elements 
are provided. Figure 2a represents the doublet peaks of Yb, 
which are appearing around 184 eV and 200 eV. These dou-
blet peaks exhibit that Yb has 3 + oxidation state and those 
binding energies are close the literature values [19]. Fig-
ure 2b–d show the O 1 s peak for the undoped, 1 mol and 
5 mol% Os-doped samples, respectively. From the figures, 
it is seen that O 1 s peak can be separated into two peaks, 
one is around 530 eV that is associated to the lattice oxy-
gen and other peak becomes visible about 531.3 eV, which 
is attributed to the oxygen deficiency/vacancy in the com-
pound [20]. The Gaussian fitting unveils that the percentage 
of oxygen vacancies diminishes from 68.04 to 31.47% as the 
Os substitution is accelerated. In other words, the Os-doped 
samples exhibit less oxygen vacancies than the undoped 
YbFO sample.

Figure 3 represents the frequency dependence of loss-
tan(δ), tan(δ) = ɛ″/ɛ′ here ɛ″ and ɛ′ are the imaginary and 
real part of dielectric function, respectively, between − 100 
°C and 100 °C with 20 °C increasing step. The loss-tangent 
is an important parameter of a dielectric material because it 
quantifies the dissipation of electromagnetic energy at different 

applied frequencies. Figure 3a displays the evolution of loss-
tan(δ) values of the undoped YbFO with respect to applied 
frequency at various operating temperatures. It seems that 
the loss-tan(δ) has a maximum value (peak, which demon-
strates the relaxation and represented by f1) around  103 Hz at 
− 100 °C and − 80 °C and it lowers as the applied frequency 
is further boosted. On the other hand, when the temperature 
is in the range of − 60 °C ≤ T ≤ 20 °C, the initiation of two 
peaks become visible (they are denoted by f1 and f2). One peak 
appears at low frequency and other one shows up at higher 
frequency. Additionally, those peaks migrate to the advanced 
frequency as the temperature increases. Such behavior empha-
sizes the relaxation process is affected by temperature [21, 22]. 
Yet, when the temperature is further advanced, T ≥ 40 °C, three 
relaxation peaks, one at (shown by f3) low and other two at 
high frequencies (f1 and f2, respectively), become eminent. It 
should be noted that the relaxation peaks shift to the higher fre-
quencies as temperature goes up, Fig. 3a. The progress of loss-
tan(δ) values of 1 mol% Os-doped YbFO is denoted in Fig. 3b 
as function of frequency and temperature. The initiation of two 
small shoulders is seen at low and higher frequencies at − 100 
°C and − 80 °C (f1 and f2). When the operating temperature is 

Fig. 3  The variation of tan (δ) with respect to frequency and temperature for a YbFO, b 1% Os and c 5% Os-doped YbFO specimens d repre-
sents the comparison of tan (δ) at 100 °C
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in the range of − 60 °C ≤ T ≤ 0 °C, one big relaxation peak (at 
low frequency region, demonstrated by f1) and small shoulder 
(at high frequency region, displayed by f2) can be observed. 
At 20 °C and 40 °C temperatures, only one visible relaxa-
tion peak is noted in the same figure. On the other hand, at 
higher temperatures, 60 °C, 80 °C and 100 °C, one big peak 
(at high frequency, exhibited by f2) and one small shoulder (at 
low frequency, denoted by f3) are noticeable, Fig. 3b. It is also 
noted that the peaks are moving to the higher frequency values 
as the operating temperature is further accelerated. Neverthe-
less, in the case of 5 mol% Os-substituted sample, we have 
a different picture, Fig. 3c. While one noticeable relaxation 

appears in the range of − 100 °C ≤ T ≤ 60 °C, no observation 
of relaxation peak at T ≥ 80 °C due to the instrument limita-
tion. Figure 3d compares the loss-tan(δ) values of the studied 
samples at 100 °C. It is seen that at high frequencies, 5 mol% 
Os-doped sample has lower loss-tan(δ) values. Such low loss-
tan(δ) value makes the 5 mol% Os-doped sample a potential 
material for the future electronic device applications. Because 
of this potential, the real part of the permittivity of the 5 mol% 
Os-doped sample at various frequency and temperature are 
given in Table 1.

As it is noted from Fig. 3, loss-tan(δ) has larger values at 
low frequencies, which might be initiated due to (i) the impact 

Table 1  The real part of the permittivity (or dielectric constant) of the 5 mol% Os-doped sample at different frequency and temperature values

− 100 °C − 80 °C − 60 °C − 40 °C − 20 °C 0 °C 20 °C 40 °C 60 °C 80 °C 100 °C

10 MHz 27.44 27.60 27.81 27.98 28.25 28.78 29.76 31.46 34.02 37.17 40.38
1 MHz 27.21 27.37 27.73 28.36 29.61 31.96 35.64 39.69 43.15 45.84 47.85
100 kHz 27.18 27.58 28.67 30.79 34.91 39.79 43.56 46.27 48.17 49.49 50.54
10 kHz 27.66 28.86 32.03 37.72 42.58 45.68 47.80 49.21 50.28 51.30 52.27
1 kHz 28.94 32.10 38.73 43.45 46.37 48.35 49.60 50.67 51.71 52.76 54.21
100 Hz 32.42 38.75 43.64 46.51 48.57 49.84 50.96 52.04 53.31 55.58 60.02

Fig. 4  fmax vs. 1000/T plots for a YbFO, b 1 mol% Os-doped and c 5 mol% Os-doped YbFO
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of interfacial loose and (ii) the presence of grain boundaries 
that diminish the mobility/migration of electrons between 
ions. It should be also noticed that as temperature goes up, 
the loss-tan(δ) values advance. Because such high loss can be 
connected to charge exchange between  Fe2+ and  Fe3+ ions via 
resistive grain boundary.

As it is mentioned above that the relaxation peaks move 
toward higher frequencies with operating temperature, which 
points out the temperature dependency of relaxation peaks. It 
is shown that such temperature dependency of relaxation peaks 
can be well described with Arrhenius:

here fmax, f0, Ea, kB and T are the max. peak frequency of 
log f vs. tan(δ) plots, which can be extracted from Fig. 3, 
frequency dependent pre-exponential factor, activation 
energy, Boltzmann constant and the absolute temperature, 
respectively. The Arrhenius relation has been employed to 
calculate the activation energies of every individual relax-
ation peaks, which are presented by f1, f2 and f3. We have 
constructed Fig. 4 (fmax vs. 1000/T) by utilizing fmax values 
from Fig. 3. It is seen that the undoped YbFO sample has 
three activation energy, depending on the relaxation type, 

(1)fmax = f0e

(

−
Ea

kBT

)

Fig. 4a. Here, f1, f2 and f3 represent the grain boundary, 
grain, and Maxwell–Wagner (effective at low frequency 
and high operating temperatures) relaxations, respectively. 
The obtained activation energies, f0 and fitting R2 values 
of the undoped sample are shown in Fig. 4a. It is seen 
that subtracted activation energies vary between 277 and 
849 meV. The calculated activation energies of 1 mol and 
5 mol% Os-substituted samples are shown in Fig. 4b, c, 
respectively. The activation energies of Os-doped sam-
ples vary between 233 and 504 meV depending upon the 
operating temperature. It can be concluded that the relaxa-
tion process taking place in the studied samples are due to 
oxygen vacancies whose presence has been shown in our 
XPS Fig. 2b–d. Because the activation energy of single- 
and double-ionized oxygen vacancies is 300–500 meV and 
600–1200 meV, respectively [23, 24].

The impedance spectroscopy technique is employed to 
study the influence of grain boundary, grain, and electrode 
on the electrical features [25]. The complex impedance, 
Z*, of a material is denoted by [26]:

Fig. 5  Variation of real part of the impedance with respect to frequency and temperature for a YbFO, b 1 mol%, c 5 mol% Os-substituted YbFO. 
d The real part of impedance of the studied samples is compared at 100 °C
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Here, Z′, Z″’, f, ɛ*, C0 are the real and imaginary parts 
of impedance, frequency, complex dielectric function 
and empty capacitance of the sample, respectively. The 
real part of impedance, Z’, of the investigated samples 
versus frequency at different temperatures is given in 
Fig. 5 (semi-log scale). It is seen that the Z’ values of 
the undoped and Os-doped YbFO samples diminish as the 
applied frequency advances until couple of ten hertz at 
the all operating temperatures, then frequency-independent 
area is initiated between  102 and  107 Hz. As it is noted that 
when the applied frequency goes up the all curves start to 
overlap, and they form this frequency liberated region in 
which the energy barrier is reduced [27]. It should also be 
said that frequency-free region extends as the operating 
temperature is escalated. Figure 5d compares the Z’ values 
of the investigated compounds at 100 °C. It is seen that the 
frequency-independent region initiates around 20 Hz for 
the undoped and 1 mol% Os-doped samples, whereas the 
same region starts at slightly larger frequency, ~ 35 Hz, for 
the 5 mol% Os-substituted compound.

(2)Z∗ = Z
�

− jZ
��

=
1

j2�f �∗C0

=
�

��

− j�
�

2�fC0

[

(

�
�
)2

+
(

�
��
)2
]

The frequency dependency of imaginary part of imped-
ance, Z″, at various temperatures is given in Fig. 6 (semi-
log scale). It is seen that all studied samples exhibit similar 
behavior: at low frequency region (0–20 Hz) Z″ decreases 
steeply and becomes frequency-independent, forming fre-
quency-free region, as the frequency is advanced further. 
Such act might be ascribed to the buildup of space charges 
at higher frequency area [28]. Furthermore, as the operating 
temperature is enhanced this region prolongates to the lower 
frequency region. It should be stated that the formation of 
any relaxation peak has not been observed in the present 
compounds because of the instrument limitation.

Figure 7 (semi-log scale) and inset figures (log–log scale) 
show the resistivity of the studied samples with respect to 
applied frequency at temperatures between − 100 °C until 
100 °C with 20 °C steps. It is noted that the resistivity of 
samples diminishes with higher frequencies and tempera-
tures. The same figures also represent that the investigated 
samples do not exhibit the formation of frequency-free 
region, known as dc resistivity, at the operating frequencies 
and temperatures. In Fig. 7d, the comparison of resistivity 
values of the examined samples can be seen at 100 °C. It is 
seen that the 5 mol% Os-doped sample illustrates the highest 

Fig. 6  The imaginary part of impedance variation at various frequencies and temperature values for a YbFO, b 1 mol% Os and c 5 mol% Os-
substituted YbFO composites
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resistivity (between  102 and  106 Hz) among the studied sam-
ples. Such high resistivity of 5 mol% Os-doped sample could 
be related to (i) less oxygen vacancy concentration. Our XPS 
examination has revealed that the concentration of oxygen 
vacancies decreases from 68.04% to 31.47% as Os doping 
ratio is boosted from 0 to 5 mol % [29]. (ii) Os substitu-
tion can distort the crystal structure of YbFO owing to ionic 
radii difference between Fe and Os and such lattice distor-
tion might lead to the formation of potential well trapping 
the charge carriers and increasing the resistivity [30].

The Raman spectra of the fabricated powders are pro-
vided in Fig. 8. In our previous study, we exhibited that 
 YbFeO3 has orthorhombic Pnma structure [15]. Kroumova 
et al., have shown that orthorhombic Pnma structure has 
24 Raman active vibrational modes [31], which are given 
by ΓRA = 7Ag + 5B1g + 7B2g + 5B3g relation. The peaks 
below 200  cm−1 are assigned to the displacements of 
heavy rare-earth ions in the structure. The peaks appear 
at 269 cm−1, 348 cm−1, 443 cm−1, and 509 cm−1 are asso-
ciated to the excitation of magnetic  Fe3+ ions [32]. The 
peak observed at 646 cm−1 might be linked to impurity 
scattering [33] or second-order Raman scattering [34]. It 
is seen that the peak intensity increases as the Os substi-
tution accelerates. Such increment in the intensity might 

be connected to (i) the variation of grain size owing to Os 
dopant (Our previous XRD studies have shown that the 
grain size of YbFO increases from 43 to 53 nm with Os 

Fig. 7  Resistivity variation at different temperatures for a YbFO, b 1 mol%, c 5 mol % Os-doped YbFO. d The comparison resistivities of the 
investigated samples at 100 °C

Fig. 8  Raman spectra for  YbFe1-xOsxO3 (x = 0.00, 0.01 and 0.05) 
samples
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dopant [15]) and (ii) oxygen vacancies. In addition to that, 
a small shift to the higher wavenumbers can be noticed as 
the Os doping level is advanced. Such shift in the spectrum 
could be ascribed to the structural disorder initiated by Os 
substitution.

The Kubelka–Munk technique has been employed to 
determine the optical band gap of powder samples or 
opaque films in the literature [35]. In this model, the data 
of diffuse reflectance (R) spectrum are utilized. For this, 
R spectra of all the obtained films were measured by tak-
ing a  BaSO4 powder as a reference, at room temperatures. 
The optical band gap (Eg) is identified via the following 
relation [35]:

Here, F(R), hν, t and A are Kubelka–Munk function 
( F(R) = (1 − R)2∕2R ), the photon energy, the film thickness 
and a constant, respectively. The Eg values of the obtained 
films estimated from the variation of the (F(R) hν)2 with hν 
are shown in Fig. 9. As it is noted, the Eg values have been 
extracted via the extrapolation of the linear portion of the 
curves. It can be noticed that the optical band gap of YbFO 
slightly broadens, from 2.10 to 2.2 eV, as the Os dopant level 
increases. The possible augmentation of the band gap might be 
associated to (i) band gap tailing due to distribution of impu-
rities/dislocations in the material. Particularly, band gap tail-
ing is employed in polycrystalline samples to define the band 
spreading [36]. (ii) Moss–Burstein effect [37, 38], occurring 
when the concentration of carriers dominates the conduction 

(3)
(

F(R)h�

t

)2

= A
(

h� − Eg

)

band edge density of states. Similar results have been obtained 
in the thin films of Os-doped YbFO [39].

4  Conclusion

The undoped and Os-substituted YbFO powders were pre-
pared via employing solid-state method. The pores structure of 
obtained powders was unleashed by SEM studies. XPS inves-
tigation exhibited that the concentration of oxygen vacancies 
reduces as the Os doping level advanced to 5 mol%. The loss-
tan(δ) values of the studied samples were compared at 100 °C 
and it was demonstrated the 5 mol% Os-substituted compound 
holds the lowest loss-tan(δ) values. It was shown that at low 
frequencies, the loss-tan(δ) has the highest values and such a 
behavior could be connected to (i) the influence of interfacial 
loose and (ii) the existence of grain boundaries that lessen the 
mobility/migration of electrons between ions. Furthermore, 
it was noted that the loss-tan(δ) values rise with the boost-
ing operating temperature. The activation energies of investi-
gated samples were subtracted from loss-tan(δ) with respect 
to applied frequency plots via utilizing Arrhenius relation. 
It turned out that oxygen vacancies dominate the relaxation 
process. In other words, the relaxation process occurs in the 
examined specimens are owing to oxygen vacancies because 
the extracted relaxation energies are close to the relaxation 
energies of oxygen vacancies in the literature. The imped-
ance and resistivity studies underlined that 5 mol% Os-doped 
compound has higher resistivity among other samples. Raman 
investigation exhibited that the obtained compounds have simi-
lar space group. The present investigation has laid down that 

Fig. 9  Kubelka–Munk plots 
of the  YbFe1-xOsxO3 (x = 0.00, 
0.01 and 0.05) samples
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the electrical features of parent compound, YbFO, can be var-
ied by replacing Fe sites with Os transition elements. It has 
been shown that the optical band gap of YbFO has increased 
from 2.1 to 2.2 eV as the Os substitution is elevated to 5%. 
Such widening in the band gap could be due to (i) band gap 
tailing and (ii) Moss–Burstein effect. The loss-tan(δ) vs. fre-
quency results at various temperature showed that the YbFO 
and Os-doped YbFO compound could be a potential materials 
for the future electronic device applications due to the highly 
low dielectric loss.
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