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Three ceramic compounds, LuFeO3, LuFe0.95Ir0.05O3, and LuFe0.90Ir0.10O3, were synthesized via using solid-state 
reaction technique. Scanning electron microscopy (SEM) has been utilized to study surface morphology and the 
porous nature of the samples. The loss-tan(δ) of Ir substituted compounds are less than the undoped sample at 
frequencies > 105 Hz. The impedance study has revealed the Ir substituted samples have higher impedance 
values. Z″ and M″ vs frequency plots unveiled the existence of a non-Debye relaxation with short-range 
migration of carriers in the examined compounds. It has been shown 5 mol % Ir substituted specimen holds the 
maximum resistivity at 1000C.  
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Introduction 

It has been known that rare-earth orthoferrites having a 
formula of RFeO3, here R refers to rare earth element, 
crystallize in distorted orthorhombic structure because of the 
spatial position of rare-earth compound and Fe3+ ions. It has 
been detailed that the optical, magnetic, and electrical 
characteristics of these materials can be altered by 
substitution into rare-earth and/or Fe compounds. 
Therefore, these materials have grabbed attention from the 
scientific community all over the globe [1,2]. Although these 
materials exhibit antiferromagnetic behavior having Neel 
temperature (TN) = 630 K – 750 K, they can have weak 
ferromagnetic feature, which is owing to the tilted spin 
moment of Fe3+ ions. Furthermore, it has been shown these 
compounds display electric polarization [3] and hence, these 
materials are considered as multiferroic composites [4, 5]. In 
addition to magnetic features, it has been documented when 
the Fe sites are substituted with Os, Co, Ir dopants the optical 
features of rare-earth orthoferrites can be tuned [6-12]. 
LuFeO3 (LFO), one of rare-earth compounds, illustrates 
significant distortion in the lattice due to Lu compound, 
which has ionic radius of 0.0861 for 3+ oxidation state, 
compared to the other earth compounds [13]. It is shown 
that LFO can have different crystalline structures depending 
upon fabrication method. For instance, it can hold hexagonal 
and orthorhombic structures [14,15]. LFO accommodates 
both magnetic and electrical features at the same time 
therefore it is considered as multiferroic material [16,17]. 
Due to low optical band gap of LFO, between ~ 2 eV for films 
and ~ 2.76 eV for ceramics [18,19], this compound has 
potential to be used in photocatalyst and solar cells [20]. 
Moreover, the magnetic and electrical properties of LFO are 
tuned by substitution of a wide range dopant elements into 
Lu and Fe sites such as Ni, Cr, Mn In, Sc, Bi and La [21-26]. The 
drives behind this investigation are as follows: 1) the first 

time Ir dopant, having 0.2 nm metallic radius and 0.0625 nm 
ionic radius for 4+ oxidation level, is exploited to scrutinize a) 
loss-tan(δ) versus frequency that quantifies how 
electromagnetic energy dissipates in the material, b) 
impedance versus frequency that i) inspects the influence of 
grains and grain boundaries on transport characteristics, ii) 
unveils the electrical response of various segments and the 
dynamic performance of confined and movable carriers in 
the bulk and interfacial areas, c) resistivity as function of 
frequency and temperature. Furthermore, Ir has been 
selected because it can have oxidation states from +1 to +9. 
As a result, its ionic radius varies depening on oxidation level. 
Such variations in both ionic radius and oxidation states 
influence optical, electrical, and magnetic properities of 
parent compound [27]. The previous investigtions 
documented Ir dopant, inducing both charge imbalance and 
distortion in the lattice structure, tunes both optical and 
electrical characteristics of YbFeO3, which also belongs to 
rare-earth orthoferrite group [12, 13, 15].  

In addition, a recent study has shown Ir substitution into 
Fe sites decreases the optical band gap of LFO from 2.19 eV 
to 2 eV [27]. It is known that the distortion taking place in the 
lattice structure influences characteristic features of 
materials. 2) Most of the investigations in the literature are 
related to the thin film of LFO with hexagonal structure. 
Hence, it is believed that this investigation helps to courge 
more examinations for the ceramic form LFO in the 
literature. The LFO and Ir doped LFO samples have been 
obtained via using solid-state technique. SEM was exploited 
to analyze the surface structure of the samples. The electrical 
properties of the investigated samples have scrutinized by 
Broadband Dielectric/Impedance Spectrometer. 
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Material and Method 

Powder Preparation and Measurements 
The powders and pellets preparations for the present 

study have been detailed in reference [28]. Surface 
morphology of the prepared pellets has been investigated by 
using Ultraplus Zeiss scanning electron microscopy (SEM). 
Broadband Dielectric/Impedance Spectrometer 
(Novocontrol Concept 50) has been exploited to examine the 
electrical properties of the undoped and Ir doped LFO 
compounds. The operating temperature for the electrical 
measurements has been gradually varied from -100oC to 
100oC with 20oC temperature steps. The frequency was 
changed from 1 Hz to 107 Hz. 

Results and Discussion 

SEM Analyses 
The previous investigation has examined the crystalline 

nature of the samples via using X-ray powder diffraction 
(XRD) [28]. It has been realized that the examined samples 
hold orthorhombic structure and Ir substitution leads to 
growth in the lattice volume. In addition, the XRD studies 
have revealed the creation of minor phases in the samples 
such as Lu2O3, Fe5Lu3O12, Fe21.16O31.92, Fe3O4 and Ir2Lu [28]. 
Furthermore, X-ray photoelectron spectroscopy (XPS) 
studies have laid down the valence states of Lu, Fe and Ir [28]. 
It has been unveiled that while Lu has 3+ state, Fe has mix of 
2+ and 3+ valance states in the investigated samples. The 
oxidation state of Ir has been determined as 0 and 4+ in the 
Ir doped LFO samples. SEM examinations have shown the 
surface topography of the specimens and the obtained 
images are presented in Fig. 1. The initiation of 
agglomerations can be noticed in the samples. It should be 
bear in mind that such formation of agglomeration, caused 
by radical restructuring of particles at the initial phase of 
sintering, is common in the samples fabricated by solid-state 
reaction technique [6-12 17, 28]. The presence of voids can 
be also noticed in the images. Such void formations indicate 
that the samples have porous structure.   

Figure 1. SEM images of studied samples a) LFO, b) 5% 
Ir and c) 10% Ir substituted LFO. Scale bar is 1 μm.. 

Electrical Measurements 
The loss-tan(δ), tan(δ)=ɛ″/ɛ′ where ɛ″ and ɛ′ denote 

the imaginary and real part of dielectric function, 
respectively, indicates how electromagnetic energy 
dissipates in the material under the applied frequencies. 
Fig. 2 (semi-log scale) displays the loss-tan(δ) versus 
applied frequency, varying 1 Hz to 107 Hz, at temperature 
range of -100oC and 100 oC with ΔT = 20oC step for the 
investigated samples. Fig. 2 a) shows the loss-tan(δ) 
versus frequency spectra for undoped LFO sample. It 
appears that the loss-tan(δ) increases initially as the 
applied frequency raises and it makes a maximum peak 
(exhibiting relaxation process) then it decreases with 
further frequency at operating temperatures between -
100oC and 0oC. While the maximum peak of loss-tan(δ) vs. 
frequency takes place around 102 Hz at -100 oC, it moves 
toward around 105 Hz at 0oC. When the operating 
temperature ≥ 20 oC, the company of two relaxation 
peaks, taking place at low and high frequencies, are 
noticeable. The first and second peaks appear around 
couple Hz and 2x105 Hz at 20 oC, respectively. As the 
temperature advances, these peaks move to higher 
frequencies. Such as the first peak is noted ~ 103 Hz and 
second one is noticed ~ 5x106 Hz at 100oC. Such 
movements of relaxation peaks underscore that the 
relaxation process is influenced by temperature [29, 30]. 
Fig. 2 b) and c) represent the loss-tan(δ) vs frequency for 
5 mol and 10 mol % Ir doped LFO samples, respectively. It 
appears that the evolution of relaxation peaks is similar in 
both samples. Both samples have only one relaxation peak 
at all studied temperatures. The relaxation peak moves 
toward to higher frequencies as the temperature rises as 
observed in the undoped LFO sample. The comparison of 
the loss-tan(δ) vs frequency at 100oC is given for all the 
studied samples. It is seen the Ir doped samples exhibit 
lower loss-tan(δ) values than the undoped sample. 
Therefore, these materials with low loss-tan(δ) values 
might considered a potential candidate for the 
applications of new generation electronic device, which 
require to operate at high frequencies. It should be state 
here that loss-tan(δ) holds greater values at low 
frequencies that could be ascribed to 1) the presence of 
grain boundaries, which reduce/weaken the motion of 
charge carriers between ions and 2) the influence of 
interfacial loose. In addition, it is noticed that the loss-
tan(δ) has higher values at higher temperatures at the 
same operating frequencies. Such behavior of loss-tan(δ) 
might be associated to the carrier exchange between Fe2+ 
and Fe3+ ions by resistive grain boundary.  
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Figure 2. The tan (δ) for a) LFO, b) 5 mol % Ir and c) 10 mol % Ir doped LFO samples. d) represents the tan 
(δ) values of the studied samples at 1000C. Inset figures are in log-log scale. 

Figure 3. The tan (δ) for a) LFO, b) 5 mol % Ir and c) 10 mol % Ir doped LFO samples. d) represents the tan 
(δ) values of the studied samples at 1000C. Inset figures are in log-log scale. 
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The impact of grain boundary, grain, and electrode on the 
electrical characterizations of materials have been 
investigated via impedance measurements [31]. The 
complex impedance, 𝑍∗, is given by the following relation 
[32]; 
 

𝑍∗ = 𝑍 − 𝑗𝑍 = ∗ =
[( ) ( ) ]

                    (1) 

 
here Z' denotes the real part, the imaginary part of 
impedance is shown by Z''.  f, ɛ*, and C0 symbolize the 
frequency, complex dielectric function, and empty 
capacitance respectively. Fig. 3 (semi-log scale) exhibits 
the real part of impedance, Z', of the samples under 
scrutiny. It is noted the Z' values of studied samples 
reduce with increasing the frequency up to ~ 10 Hz and 
then the frequency free region is initiated at further 
applied frequencies due to reduction in energy barrier 
[33]. This plateau region is formed between 102 Hz- 107 
Hz. It is also noted that frequency liberated area extends 
larger frequencies as the operating temperature surges. 
The comparison of Z' values of the inspected compounds 
is provided in Fig. 3 d) at 100oC. It is seen that 5 mol % Ir 
doped sample exhibits the maximum Z' values at 100oC 
until couple of hundred Hz then all the samples have the 
same Z' values at higher frequencies. 

The imaginary part of impedance, Z″, for the studied 
specimens is given in Fig. 4 in semi-log scale. It is noted the 
undoped sample has sharp decrease in Z″ values at low 
frequencies (between 0 and ~ 30 Hz) and it forms plateau 
region, which is frequency independent area, at high 
frequencies, Fig. 4 a). Such behavior could be associated 
to the buildup of space charge carriers at high frequencies 
[34]. The undoped LFO sample does not exhibit relaxation 
peak at the investigated temperatures and frequencies in 
the instrument limit. Fig. 4 b) represents the Z″ vs 
frequency for the 5 mol % Ir doped sample. Even though 
it exhibits similar frequency behavior at temperatures less 
than 80oC, the formation of relaxation peak, appearing 
around couple of Hz, can be noticed at 80oC and 100oC. 
Fig. 4 c) exhibits how Z″ values vary with frequency and 
temperature in the case of 10 mol % Ir substitution. The 
initiation of relaxation peak becomes noticeable starting 
from -20oC at couple of Hz and the peak moves to ~ 102 Hz 
at 100oC. Fig. 4 d) compares the Z″ values for the explored 
samples at 100oC. It appears that 5 mol % Ir doped has the 
largest Z″ values close to 103 Hz. As the frequency is 
further advanced, the Z″ values start to overlap. 
 
 
 
 

 

Figure 4. The imaginary part of impedance for a) LFO, b) 5 mol % Ir, c) 10 mol % Ir doped LFO composites. The 
comparison of imaginary part of impedances is given in d) at 100oC for all the samples.   
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Figure 5 exhibits Z″ and M″ vs. frequency spectra taken at two 
selected temperatures, -1000C and 1000C for LFO and Ir doped 
LFO samples. It is noted that Z″ vs. frequency plot does not 
exhibit the initiation of relaxation peak at both temperatures 
for the undoped LFO sample, Fig. 5 a), b). On the other hand, 
M″ vs. frequency spectra demonstrate the formation of 
relaxation peak at -1000C and 1000C for the same compound. 
The observed relaxation peaks are ascribed to grain at -1000C 
and grain boundary at 1000C, Fig. 5 a), b) respectively. Fig. 5 c) 
and d) represents the Z″ and M″ vs. frequency at -1000C and 
1000C for the 5 mol % Ir substituted specimen, respectively. It 
is seen that Z″ vs. frequency plot does not have any relaxation 
peak at -1000C, Fig. 5 c) while it reveals the creation of a peak 
at very low frequencies at 1000C, Fig. 5 d). Nevertheless, M″ vs. 
frequency plot of the same sample has one peak, associated to 
the grain, at -1000C, Fig. 5 c). When the operating temperature 
reaches 1000C, the two peaks one at low frequency connected 
to the grain boundary and the second peak related to grain 
become eminent, Fig. 5 d).  
In the case of 10 mol % Ir doped LFO sample, Z″ vs. frequency 
does not show any peak at -1000C, Fig. 5 e). Yet, when the 

operating temperature becomes 1000C, a relaxation peak is 
visible, which initiates around 200 Hz, Fig. 5 f). M″ vs. frequency 
spectra for the sample reveals the presence of one relaxation 
peak connected to the grain at -1000C, Fig. 5 e). As 
temperature is further advanced to 1000C, the existence of 
two relaxation peaks is noticed, Fig. 5 f). The first peak, which 
is attributed to the grain boundary, is visible around 10 Hz. The 
second peak is eminent around 5x104 Hz and this peak is 
related to the grains in the material. The joint plots of Z″ and 
M″ vs frequency are utilized to distinguish the type of 
relaxation process, a short range or long-range motion of 
carriers [34]. In the case of shorth-range movement, the peaks 
of Z″ and M″ vs frequency take place at dissimilar frequencies 
yet for the long-range migration of carriers the peaks overlap 
at the same frequencies [35]. In this investigation, it can be 
noted the peaks of Z″ and M″ vs frequency do not coincide at 
the same frequencies that underscores the existence of 
shorth-range migration of carriers. Furthermore, it is noted 
that there is a non-Debye relaxation happens in the studied 
samples. 
 

 

Figure 5. Z″ and 𝑀 vs. frequency plots at (a) -1000C and (b) 1000C for LFO and (c) -1000C and (d) 1000C for 5 mol 
% Ir doped LFO sample, (e) -1000C and (f) 1000C for 10 mol % Ir substituted LFO compound.  
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Table 1. displays the temperature dependent relaxation 
time, capacitance and resistance of grain and grain 
boundary regions. These parameters have deducted by 
using 𝑀 (𝜔) vs. frequency spectra, shown in Fig. 5 in blue 
color, and following equations 
 
𝑀 =

( )
,     𝜏 = 𝑅𝐶,       𝜔 = 2𝜋𝑓,        𝜔𝜏 = 1                                                    

(2) 
here C0, C, ω, R, τ and f represent empty capacitance of 
the sample, capacitance, angular frequency, resistance, 
relaxation time and linear frequency, respectively. It is 
noted that the obtained values diminish with raising the 
operating temperature. In addition, it is seen that the 
resistance value of the grain boundary is much higher than 
that of the grain. Such behavior can be associated to the 
charge transfer phenomenon in the grain and grain 

boundary areas. It is known that the carriers can migrate 
easier in the grain region compared to the grain boundary 
areas. That is why higher grain boundary resistance values 
are calculated. Furthermore, it is noticed that the 
resistance of both grain and grain boundary regions 
lowers with increasing the operating temperature, which 
is because of advancement in the carrier mobility pointing 
the semiconductor nature of the studied sample. The 
capacitance value of the grain and grain boundary drops 
with forwarding the temperature. This can be connected 
to the diminishing of charge accumulation near the grain 
boundary region. Because the thermal energy of carriers 
increases at high temperature and hence, they can move 
through the grain boundary region.  
 

Table 1. The calculated resistance and other related parameters of undoped and Ir doped LFO compounds.  
 LuFeO3 

T (K) τgb (s) τg(s) Cgb (F) x10-11 Cg (F) x10-11 Rgb (Ω) Rg (Ω) 
173  8.04x10-4  1.84  4.36x107 
193  9.43x10-5  1.71  5.51x106 
213  1.26x10-5  1.59  7.89x105 
233  2.81x10-6  1.49  1.89x105 
253  7.73x10-7  1.40  5.51x104 
273  2.50x10-7  1.32  1.89x104 
293 3.18x10-2 1.07x10-7 3.37 1.24 9.45x108 8.57x103 
313 4.42x10-3 5.17x10-8 3.35 1.18 1.32x108 4.37x103 
333 8.38x10-4 3.04x10-8 3.35 1.14   
353 1.88x10-4 1.41x10-8 3.33 1.12   
373 4.76x10-5  3.33    

 LuFe0.95Ir0.05O3 
T (K) τgb (s) τg(s) Cgb (F) x10-11 Cg (F) x10-11 Rgb (Ω) Rg (Ω) 

173  7.96x10-3  2.41  3.31x108 
193  2.70x10-3  2.39  1.13x108 
213  1.21x10-3  2.37  5.10x107 
233  5.81x10-4  2.33  2.50x107 
253  2.94x10-4  2.29  1.28x107 
273  1.54x10-4  2.26  6.79x106 
293  8.73x10-5  2.25  3.89x106 
313  4.96x10-5  2.25  2.21x106 
333 9.37x10-2 3.18x10-5 2.67 2.25 3.50x109 1.41x106 
353 3.98x10-2 2.03x10-5 2.62 2.25 1.52x109 9.02x105 
373 1.77x10-2 1.30x10-5 2.52 2.25 7.02x108 5.78x105 

 LuFe0.90Ir0.10O3 
T (K) τgb (s) τg(s) Cgb (F) x10-11 Cg (F) x10-11 Rgb (Ω) Rg (Ω) 

173  2.27x10-3  1.42  1.60x108 
193  8.17x10-4  1.42  5.74x107 
213  3.51x10-4  1.42  2.47x107 
233  1.67x10-4  1.41  1.18x107 
253 7.96x10-2 8.78x10-5 3.76 1.41 2.12x109 6.24x106 
273 3.54x10-2 4.59x10-5 3.73 1.41 9.48x108 3.27x106 
293    1.59x10-2 2.66x10-5 3.68 1.41 4.33x108 1.89x106 
313 7.96x10-3 1.54x10-5 3.58 1.41 2.22x108 1.09x106 
333 3.98x10-3 9.85x10-6 3.48 1.41 1.14x108 7.00x105 
353 2.21x10-3 6.61x10-6 3.33 1.41 6.63x107 4.70x105 
373 1.16x10-3         4.47x10-6 3.25 1.41 3.58x107 3.18x105 
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The resistivity of the studied samples is given semi-log 
scale in Fig. 6 and inset images are provided in log-log 
scale. It is seen that the resistivity decreases as the applied 
frequency increases and resistivity values at different 
temperatures overlaps. Furthermore, it is noticed that the 
undoped and 5 mol % Ir doped samples do not show the 
formation of dc resistivity, Fig. 6 a) and b), respectively. On 
the other hand, the existence of dc resistivity becomes 
visible at temperature T ≥ 0oC at ~ 5 of Hz and it extends 
up to 102 Hz at 100oC, Fig. 6 c). The dc region is chased by 
ac resistivity, which decreases sharply with the applied 
frequency. Such decrement in resistivity with the 
frequency is associated to the exchanging of carriers 
between Fe2+ and Fe3+ ion sites [36]. Fig. 6 d) shows the 
comparison of the resistivities of examined samples at 
100oC.  
 
 

It is noted that 5 mol % sample has the highest resistivity. 
Such high resistivity of Ir substituted samples might be 
connected to lattice distortion created due to the Ir 
doping. The XPS analyses have unveiled that Ir has metallic 
and 4+ valence states in LFO structure. It needs to be cited 
that the radius of metallic Ir, which is 0.2 nm, is much 
larger than that of Fe2+ (0.078 nm) and Fe3+ (0.0645 nm) 
ions. Apparently, the lattice distortion is inevitable in LFO 
structure. Such lattice distortion can act carrier trap 
center and increase the resistivity of parent LFO 
compound [37]. A recent investigation about Os doping 
into Fe sites in LFO structure has also demonstrated 
similar trend [38]. Furthermore, it is known that 
conductivity or resistivity of rare-earth compounds is 
significantly influenced by carrier transfer between Fe2+ 
and Fe3+ ions in the system [36]. 
 

 

 

Figure 6. Resistivity of a) LFO, b) 5 mol %, c) 10 mol % Ir substituted LFO. d) Compares the resistivities at 100 
0C. The inset images represent the log-log scale resistivity versus frequency. 

Conclusions 
 

The porous nature of the LFO and Ir substituted LFO 
ceramics were revealed by SEM analyses. It has been 
shown that Ir doped samples have lower loss- tan(δ) 
values at high frequency and temperature than LFO 
sample. Impedance study has demonstrated that at low 
frequencies the 5 mol % Ir substituted sample has the 

highest impedance values at 100 0C. Z″ and M″ vs 
frequency plots revealed that the presence of a non-
Debye relaxation with short-range movement of carriers 
in the investigated samples. The resistivity studies have 
underlined that Ir doped sample possess the highest 
resistivity than the undoped LFO. The augmentation in the 
resistance could be connected to the lattice distortion and 
reduction in the ratio of Fe2+ ions, which is known that 
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conductivity of rare-earth compounds is significantly 
influenced by carrier transfer/hopping between Fe2+ and 
Fe3+ ions in the system. Recently, LFO has seized attention 
from scientific community because of its electrical, 
magnetic, and optical features. Therefore, the present 
study has detailed that the electrical, optical, and 
magnetic characteristics of LFO can be adjusted with Ir 
substitution. This study could pave the way for doping 
other transition elements into not only Fe but also Lu sites 
in LFO structure.  
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