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Metallic materials attracted much attention in the field of optoelectronics for several 
applications such as infrared radiation detection. In present study, electronic, optical and 
thermoelectric spectra of Sm and Ce co doped Bi2Te3 materials have been studied using 
density functional theory (DFT) calculations. Electronic study of the studied material 
indicates metallic and good optical and thermoelectric properties. Optical spectra of the 
doped Bi2Te3 show that absorption lies in visible and near UV region of the radiation. 
Thus, it seems to have potential applications in optoelectronics. Thermoelectric properties 
favor the semiconducting nature with high Seebeck coefficient and dominant character of 
p-type charge carriers. 
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1. Introduction 
 
The dimensional less figure of merit 2ZT S Tσ κ=  , where σ  is the electrical 

conductivity, S is the Seebeck coefficient, and κ is the thermal conductivity at a particular 
absolute temperature [1-3], is an evaluation index for the performance of thermoelectric materials. 
The high performance (ZT) of thermoelectric materials can be attained from reduced thermal 
conductivity (κ ) [4], as expected from the equation. Many thermoelectric materials have been 
explored to improve thermoelectric performance, including GeTe [5], PbTe [6,7], Bi2Te3 [8, and 
silicides [9].  

Bismuth telluride (Bi2Te3) is a promising thermoelectric material for applications near 
room temperature. To increase the thermoelectric performance of this material, its dimensions and 
thermal transport should be decreased. Bi2Te3 is a semiconductor and if it is mixed with antimony 
or selenium then it can be used as an excellent thermoelectric material for refrigeration. Bismuth 
telluride is a narrow-gap layered semiconductor with a trigonal unit cell. The valence and 
conduction band structure can be described as a many-ellipsoidal model with 6 constant-energy 
ellipsoids that are centered on the reflection planes[10].  

Bi2Te3 cleaves easily along the trigonal axis due to Van der Waals bonding between 
neighboring tellurium atoms. Due to this, bismuth-telluride-based materials used for power 
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generation or cooling applications must be polycrystalline. Furthermore, the Seebeck coefficient of 
bulk Bi2Te3 becomes compensated around room temperature, forcing the materials used in power-
generation devices to be an alloy of bismuth, antimony, tellurium, and selenium[11]. 

Bi2Te3-based materials are the most sophisticated thermoelectric materials on the market, 
notably at room temperature [12-20]. Increasing the concentration of point defects in a material is 
an effective technique to reduce its thermal conductivity, especially for phonons in the high 
frequency band [4]. From nanostructuring studies, Chen et al. obtained a remarkable ZT value of 
1.4 at 473 K [12,13]. It was 1.5 times greater than zone melting values [10,11]. The crystal 
structure of a Bi2Te3 material is rhombohedral, with a quintuple layer order of –Te(1)-Bi-Te(2)-
Bi-Te(1)- [14]. The weak van der Waals link (vdW) between the two quintets tends to cause 
cleavage in the lamellar-structured single crystal [14]. The crack spreads perpendicular to the 
surface along their basal planes c–axis resultantly [14]. 

 
 
2. Computational details 
 
By solving Kohn-Sham equations [21] as deployed in the WIEN2k package, the first 

principle calculations were performed by the full potential linearized augmented plane wave (FP-
LAPW) approach under the formulism of density functional theory (DFT) [22-24]. The Bi2Te3 
Crystallographic Information Files (CIFs) were collected from the free crystal structure from 
Materials Project [25] For estimating the various properties, one of the alternative forms of the 
generalized gradient approximation (GGA) with the exchange correlation potential proposed by 
Perdew-Burke-Ernzerhof, popularly known as PBE-GGA functional [26] and the hubbard 
parameter U=7.0 eV were used. The self-consistent cycle (SCF) was performed until a value of 
0.0001 Ry and 0.001e were reached by the energy and charge convergence respectively. The same 
structure file is used for the calculations of the optical and thermoelectric (TE) properties, a denser 
k-mesh of 10 × 10 × 10 with 1000 k-points in the full Brillouin zone (FBZ) was used. 

 
 
3. Results and discussion 
 
Alloy can be formed by mixing metal with another metal or a non-metal. For example, red 

gold can be made if we mix gold with copper, white gold can also be prepared by the mixture of 
gold and silver and silver combines with copper to produce sterling silver. Similarly, by combining 
iron with non-metallic carbon or silicon we can get steel or silicon steel. The material produced 
because of this mixing has different properties than pure metals like strength or hardness increases. 

 
3.1. The density of states 
The density of states (DOS) is essentially the number of different states at a particular 

energy level that electrons can occupy, i.e., the number of electronic states per unit volume per 
unit energy. Bulk properties such as specific heat, paramagnetic susceptibility, and other transport 
phenomena of conductive solids depend on this function. DOS calculations allow one to determine 
the general distribution of states as a function of energy and can also determine the spacing 
between energy bands in semi-conductors [41]. Semiconducting materials exhibit a typical 
electronic band structure that is determined by contribution of different electronic states in the 
valance and conduction bands. The density of states helps us to explore electronic and their atomic 
and orbital origins. Using GGA+ U and LDA + U approximations, we have calculated the total 
density of states (TDOS) and partial density of states (PDOS). 

Figure 2 (a-f) shows the total and partial density of state profile in the energy range 
between -6 eV to + 6eV. Figure 2 (e) shows the partial density of states for Ce, Sm, Bi and Te. In 
the region of valence band, the first valence band located near fermi level is strongly dominated by 
Sm-d orbital (see fig 2(d)). The second valence band is seen at energy almost equal to -5.0ev 
which is dominated by Ce-f indicated in figure 2(c). On the other hand, in the region of conduction 
band, the first band is seen between energy 1.0 eV to 2.0 eV which is strongly dominated by Ce-f 
orbital with small contribution of Te-p orbital. 
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From fig 2 (f) as band gap in the valence bands is very small which confirms that our 
material Bismuth Telluride (Bi2Te3) is a semiconductor. In the region of conduction band, we can 
see that up and down states are not the same they are different which confirms that there are no 
magnetic moments.  

 

    
(a)                                                                                  (b) 

 

    
(c)                                                                                (d) 

 

    
(e)                                                                                 (f) 

  
Fig. 2. Total and partial density of states Bismuth Telluride (Bi2Te3). 

 
 
3.2. Optical properties 
3.2.1. Dielectric function dispersion 
The complex dielectric function and the energy band structure, both parameters depend on 

each other. The electronic wave functions and energy eigenvalues are needed to calculate the 
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frequency-dependent dielectric function (dispersion). Each inter-band and intra-band transitions 
are thought about to be a very important feature for finding the optical response of the material. 
The intra-band transitions are thought about to be necessary just for the case of metals, however, 
the inter-band transitions (either direct or indirect) are terribly sensitive towards electromagnetic 
interaction. 

The optical reaction in the presence of an outside electric field of any actual framework 
can be indicated regarding dielectric work with ε(ω) = ε1 (ω) + iε2 (ω) numerical articulation. The 
Kramer–Kronig connection has been executed to ascertain the genuine piece of dielectric work ε1 
(ω) that clarify the scattering of light from issue surface. The ingestion of electromagnetic 
radiations has been clarified by the mind-boggling dielectric capacity of the nonexistent part ε2 
(ω). The dielectric constants of recurrence subordinate with genuine and fanciful parts are going 
with one another by Kramer–Kronig connection as figured underneath. 

 

𝜀𝜀1(𝜔𝜔) = 1 + 
2
𝜋𝜋

  P ∫ 𝜔𝜔′𝜀𝜀2𝜔𝜔′ 
𝜔𝜔′2−𝜔𝜔2 ∞

0 d𝜔𝜔’                                                (i) 

 

𝜀𝜀2(𝜔𝜔) = 
𝑒𝑒2ℎ′

𝜋𝜋𝑚𝑚2𝜔𝜔2 ∑ ∫ |𝑀𝑀𝑐𝑐𝑐𝑐(𝑘𝑘)|2∞
𝐵𝐵𝐵𝐵𝑐𝑐,𝑐𝑐 𝛿𝛿[𝜔𝜔𝑐𝑐𝑐𝑐(𝑘𝑘) − 𝜔𝜔]𝑑𝑑3𝑘𝑘                          (ii) 

 
where the fundamental necessary value is denoted by P and k is the wave vector that is hard inside 
the main Brillion zone (BZ) limit. The Kramer–Kronig relation is used to constituent of dielectric 
tensor among genuine and nonexistent parts to clarify the photon relationship. Optical responses 
and spectra have been investigated in the present study at equilibrium lattice constant for the 
energy range from 0-14.0 eV. Fig. 3(a) shows the real part of dielectric function 𝜀𝜀1(𝜔𝜔) in three 
different independent -x,-y and -z directions as function of photon energy. Real part of dielectric 
function calculated for three different crystallographic axes of Bi2Te3 shows large anisotropy in the 
energy range 0-0.80ev. Beyond this range   𝜀𝜀1(𝜔𝜔) increases till energy 2 eV. After energy 2 eV 
anisotropy becomes almost becomes negligible with very small value of  𝜀𝜀1(𝜔𝜔) for different 
directions. The anisotropy is maximum at around 0.40 eV for x- and y- and at around 0.75 eV for 
z-. These peaks correspond to energy transition between some orbitals corresponding to certain 
energy because 𝜀𝜀1(𝜔𝜔) is related to density of states. 

Fig 3(b) shows the variation of imaginary part along x-, y- and z- directions with variation 
of photon energy in eV. The x- and y- component of 𝜀𝜀2(𝜔𝜔) represented by black and red line 
show almost similar behavior with the change in energy. When energy starts to increase from 0ev 
x- and y- component of 𝜀𝜀2(𝜔𝜔)  show a peak at almost 0.2 eV. After that with the further increase 
in photon energy𝜀𝜀2(𝜔𝜔) for x- and y- components becomes almost 0 at photon energy almost close 
to 1.7 eV and then again it increases from energy range 1.7-3.4ev. After this  𝜀𝜀2(𝜔𝜔) for x- and y- 
component almost becomes constant till 6.3ev. The imaginary part of dielectric function 𝜀𝜀2(𝜔𝜔) 
increases from 6.3-7.3ev energy range. Beyond this range 𝜀𝜀2(𝜔𝜔) for x- and y- components 
becomes constant. The z-component of 𝜀𝜀2(𝜔𝜔) represented by blue line shows a little different 
behavior as compared to the x- and y- component. The y-component increase rapidly and reaches 
its maximum value at photon energy 0.2ev and from here its starts to decrease rapidly. At photon 
energy 1.6ev it once again starts to increase a bit till photon energy 3.5ev. Beyond this energy it 
again becomes constant beside one peak which is shown at photon energy 6.3-7.7ev. Beyond this 
range z-component becomes constant. These Peaks are due to inter band transitions from valence 
band to conduction band. 
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(a)                          (b) 
 

Fig. 2. Real and imaginary parts of Bismuth Telluride (Bi2Te3). 
 
 
3.2.2. Refractive index n(ω) and extinction coefficient k(ω) 
The other optical boundaries like refractive file n (ω) and annihilation coefficient k(ω) are 

identified with the photon energy-matter collaboration and determined as far as ε1(ω) and ε2(ω) as 
given underneath. 

 

n(ω) = �𝜀𝜀1(𝜔𝜔)
2

+  �𝜀𝜀12(𝜔𝜔)+𝜀𝜀22(𝜔𝜔)
2

�
1

2�
                                            (iii) 

 

k(ω) = �−𝜀𝜀1(𝜔𝜔)
2

+  �𝜀𝜀12(𝜔𝜔)+𝜀𝜀22(𝜔𝜔)
2

�
1

2�
                                                   (iv) 

 
The complex refraction coefficient is the copy of complex dielectric consistent and 

communicated as 
 

𝑛𝑛�(ω) = n(ω) + ik (ω)                                                                           (v) 
 
The genuine part (real part) speaks to the refractive record n (ω) and the nonexistent piece 

(imaginary part) of refraction is extinction coefficient k (ω). 
Figure 4(a) shows that refractive index (n) almost shows quite similar behavior in all 

crystallographic directions x-, y- and z-axis. It keeps on decreasing with the increase in photon 
energy. It is observed that refractive index (n) decreases abruptly in all three directions till photon 
energy 1.2ev,1.3ev and 1.4ev for x-z- and y-directions, respectively. Beyond this energy refractive 
index (n) displays fluctuations till photon energy 14ev.  
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(a)      (b) 

 
Fig. 3. Refractive index and extinction coefficent of Bismuth Telluride (Bi2Te3). 

 
 
The extinction coefficient k (ω) has a similar behavior as 𝜀𝜀2(𝜔𝜔), imaginary part of 

dielectric function. From figure 3 (b) it is quite evident that k(ω) decreases continuously with 
increase in energy in all three directions since the first peak which is observed at almost 0.25ev 
approximately. The highest value of k (ω) at that energy is along y-axis which is represented by 
the red line in the figure. At energy 1.8ev k(ω) along x- and z- direction starts to increase till 2.5ev 
and then decreases continuously. While along y-axis k(ω) starts to increase from 2.2ev up to 
almost 3.oev and then decreases continuously. At energy close to 6.0ev, the values of k(ω) along 
all the directions increases till energy 7.1ev. Beyond this energy k(ω) goes on decreasing 
continuously till the end. The variations in the values of 𝜀𝜀2(𝜔𝜔) and k(ω) might be due to 
theoretical approximations. 

 
3.2.3. Absorption coefficient α(ω) and optical conductivity σ(ω) 
The absorption coefficient decides how far into a material light of a specific frequency can 

infiltrate before it is retained. In a material with a low ingestion coefficient, light is just 
ineffectively assimilated, and if the material is sufficiently slim, it will seem straightforward to that 
frequency. The retention coefficient relies upon the material and furthermore on the frequency of 
light which is being consumed. Semiconductor materials have a sharp edge in their retention 
coefficient, since light which has energy underneath the band hole does not have adequate energy 
to energize an electron into the conduction band from the valence band. Thusly, this light is not 
assimilated. 

The absorption coefficient α(ω) is another factor that calculates where the material is 
suitable for optoelectronic applications. It measures the decay of photon energy per centimeter into 
the material. The behavior of absorption coefficient α (ω), the imaginary part of the dielectric 
constant ε2 (ω) and extinction coefficient k (ω) are consistent that shows the Kramer-Kronig 
relation and tensor matrix are equally solve the optical parameters. Moreover, the absorption is 
linked with extinction coefficient through relation. 

 
α (ω)= 4𝜋𝜋𝑘𝑘(𝜔𝜔) 𝜆𝜆⁄  

 
This relation shows the absorption coefficient is wave vector time the extinction 

coefficient. From fig 4, It is very much clear that absorption along x- and z-direction is almost 
similar but along y-direction it shows a little different behavior. Absorption coefficient increases 
rapidly with a little increase in photon energy. The first peak is seen at almost photon energy 
0.6ev,0.7ev along x- and z-direction, respectively. In the energy range 2.2-5.3ev the absorption 
along x- and z-direction shows a little different behavior from each other. In this range absorption 
along x-direction is more than along z-direction. But beyond this range the absorption again 
becomes very much similar along x- and z- direction. The absorption coefficients exhibit smaller 
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fluctuations around 6ev along x- and z- directions. The maximum value of absorption along x- and 
z-direction is seen at photon energy 7ev.  

It can also be seen from the fig 2.5 that red line which is representing absorption along y-
direction increases rapidly at the start when photon energy increases. The first peak is observed at 
photon energy 0.8ev along y-direction. With the further increase in energy absorption exhibits 
smaller fluctuations around 6.2ev and becomes maximum at 7.2ev. It is also apparent that 
absorption is relativity higher along y-direction which might be due to indirect band gap. It was 
observed from the absorption spectra that the absorption lies in visible and near UV region of the 
radiation which makes this material interesting and could be utilized for its application in 
optoelectronics. 

 

    
 

(a)                    (b) 
 

Fig. 4. Absorption coefficent and real optical conductivity of Bismuth Telluride (Bi2Te3). 
 
 
Optical conductivity is the proportion of the measure of opticalflow a material can convey 

or its capacity to convey a flow. Opticalconductivity is otherwise called explicit conductance. 
Conductivity is an inherent property of a material.Opticalconductivity is indicated by the σ and has 
SI units of siemens per meter (S/m). In opticaldesigning, the Greek letter κ is utilized. At times the 
Greek letter γ speaks to conductivity. In water, conductivity is regularly announced as explicit 
conductance, which is a measure contrasted with that of unadulterated water at 25°C. 

The optical conductivity σ (ω) is the flow of carriers when surplus photon energy 
delivered to the electrons in the valences. The electrons move to the conduction band by 
overcoming the influence of nuclei and increase the optical current or photocurrent. During light-
matter interaction, the absorption, transmission, and conduction take place simultaneously. When 
the energy of the incident exceeds from band gap, the electrons kinetic energy increases and that 
also increase the electrical conductivity. Moreover, the optical conductivity is related to the 
dielectric constant by relation 𝜀𝜀(𝜔𝜔) =  𝜀𝜀0 + 𝑖𝑖 𝜎𝜎 (𝜔𝜔) 𝜔𝜔⁄ , here 𝜀𝜀0 and ω are the permittivity of the 
free space and plasma frequency. Therefore, the optical conductivity related to the imaginary part 
of dielectric constant. 

Figure 4(b) shows how optical conductivity (σ) varies with the increase in photon energy. 
It can be seen in the graph that optical conductivity along all the crystallographic directions show 
similar trend. The optical conductivity shows first peak with almost negligible increase in photon 
energy. The first peak along x- and z- direction is seen at energy 0.1ev while along y-axis is seen 
at 0.2ev.  After this optical conductivity σ decreases almost up to 1.7ev photon energy.  The 
second highest peak along all the directions is observed at energy almost equal to 7.0ev along x- 
and z- direction while along y-axis peak is seen at energy 7.1 ev. Beyond this energy the optical 
conductivity σ keeps on decreasing till photon energy 14ev.  
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3.2.4. Reflectivity R(ω) 
Reflectivity is an optical property of material, which portrays how much light is reflected 

from the material according to a measure of light occurrence on the material. The reflection 
happens consistently on the outside of the material, for the light-diffusing (clear) materials 
additionally in the volume of the material. 

Reflectivity relies upon the frequency of light, bearing of the occurrence and mirrored 
light, polarization of light, sort of the material (metal, plastic, and so forth), substance synthesis 
structure of the material, and condition of the material and its surface (temperature, surface 
harshness, level of oxidation and defilement). It can be calculated from refractive index and 
extinction coefficient by using the following relation. 

 
R =  𝑛𝑛−12+𝑘𝑘2

𝑛𝑛+12+𝑘𝑘2                                                                           (vi) 
 
Figure 5 shows the variation of reflection spectra along three different crystallographic 

axes with photon energy. If we look at the figure 2.3, reflectivity along x- and z- component shows 
almost similar behavior while y-component shows a little different behavior. The value of 
reflectivity R(ω) along x- and y- directions decreases rapidly from its maximum value to 0.1 at 
photon energy 1.6ev and 1.65ev for x- and z-component, respectively. After this reflectivity shows 
fluctuations till energy 14ev for x- and z- components. These fluctuations might be due to inter-
band transitions. The y- component of reflectivity coefficient which is represented by red line 
shows a shoulder at photon energy 0.25ev and then decreases rapidly to value 2.2 and then shows a 
shoulder at photon energy 1.75ev. After this it increases with variations from 1.8ev to almost 14ev. 
At 14ev reflectivity value along y-direction is greater as compared to x- and z-direction.  

 
 

 
 

Fig. 5. Reflectivity of   Bismuth Telluride (Bi2Te3). 
 

3.2.5. Energy loss function L (ω) 
Energy loss function L(ω) represents the energy loss when free charges move fast and 

travel through the material. The variation in L(ω) with photon energy has been shown in figure 6.  
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Fig. 6. Energy loss function of Bismuth Telluride (Bi2Te3). 
 
 
The peaks in energy loss spectra L (ω) gives the information about plasma frequency (ωpl) 

for the material. Plasma frequencies describe the nature of material, as above this frequency 
material behaves like a dielectric [ɛ1(ω) > 0] and below this frequency, it behaves as metallic 
[ɛ1(ω) < 0]. It means the energy loss spectra, L (ω) describe the point of transition from dielectric 
property to metallic property of the material. Energy loss spectra clearly show the maximum peaks 
around 13.2ev along x-y- and z- directions for the compound which indicates a larger loss along y-
direction as compared to x- and z-directions. 

 
3.3. Thermoelectric properties 
The search for suitable thermoelectric materials has necessitated the requirement of 

demonstrating exciting properties. They should, for example, have extremely low thermal 
conductivities while having high electrical conductivities and Seebeck coefficients. As previously 
reported [27,28], the studied materials contain heavy elements and have low lattice thermal 
conductivities. Because all of these coefficients are correlated, scientists will find it difficult to 
optimise their qualities. The function of the electronic band structure in determining thermal and 
electronic transport characteristics has been established, and it has been discovered that solids with 
partially filled Fermi energy levels (metals) produce less efficient thermoelectric devices. 

Those with a gap between conduction and valence states (exhibiting semiconducting 
nature) are more capable when it comes to thermoelectric conversions. Because the bandgap 
affects the transport characteristics, we used the GGA+U potential to precisely compute the 
bandgap. Figure 1 shows the estimated transport characteristics versus temperature (K). Figure 5 6. 
The available free carriers in the conduction band are measured by electrical conductivity ( )/ tσ
. For practical applications of thermoelectric devices, high electrical conductivity controls the 
Joule heating effect [29-31].  

Figure 7 shows the calculated electrical conductivity. 5 (a, b) (a, b). The chemical 
potential signifies the energy needed to accept electrons by facing the repulsion of already existing 
electrons in the valence shell. Its positive and negative values distinguish p-type from -type 
behaviour. There is a linear increase in the σ/τ up to 850 K as at high-temperature as bond breaks 
and more carriers are available for conduction.  
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Fig. 7. (a, b) Electrical conductivity versus temperature. 
 
 
Heat transferred in semiconductors in two modes; electronic as well as phonons that 

causes due to lattice vibration. Thus, the thermal conductivity (κ = κl + κe) is the mutual measure 
of electrons and lattice vibrations [32]. Fig. 8 shows the behavior of thermal conductivity (κ/τ), 
which is similar to σ/τ but its value is 10−4 times less than σ/τ. The Wiedemann-Franz 
law LT=k/σ [33] explains it using thermal to electrical conductivity (10−4). Therefore, low thermal 
conductivity makes them suitable for transport properties. 
 

 
 

Fig. 8. Thermal conductivity plotted versus temperature. 
 
 
The high values of the Seebeck coefficient (S) confirm the material's suitability for 

thermoelectric device application. From Fig. 9, the n-type nature of studied material is categorized 
by negative values of S. The S decreases almost linearly up to 850 K. The value of S is greater for 
both up and down is the same. The Seebeck coefficient is the potential gradient concerning a 
temperature between two dissimilar contacts of metals. The increasing temperature decreases the 
number of collisions of electrons or the thermalization effect. This thermalization effect, Coulomb 
repulsion among electrons develops potential gradient which decreases the Seebeck coefficient.  

 

https://www.sciencedirect.com/topics/engineering/electrical-conductivity
https://www.sciencedirect.com/science/article/pii/S1369800121005667?casa_token=S05KoVvho44AAAAA:dLs0ESDBevIzaCB82QihLeqompDf2M6w8wSL4f3WYqaNW6BJRQFcLBuebnM4dk_9ntH5PVFnTg#fig5
https://www.sciencedirect.com/science/article/pii/S1369800121005667?casa_token=S05KoVvho44AAAAA:dLs0ESDBevIzaCB82QihLeqompDf2M6w8wSL4f3WYqaNW6BJRQFcLBuebnM4dk_9ntH5PVFnTg#fig6
https://www.sciencedirect.com/topics/engineering/potential-gradient
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Fig. 9. Seebeck coefficient verses temperature. 
 
 
The power factor (S2σ/τ) illustrate the performance of the thermoelectric device in terms 

of σ/τ and S as illustrated in Fig. 10. The PF of Sm/Ce co doped Bi2Te3 has a slightly higher value 
than the up, and its value increases with increasing temperature for both spin. This is the metallic 
material and favorably used for solar cells and other optoelectronics like surgical equipment due to 
maximum absorption in the ultraviolet region of the spectrum. For thermoelectric, this material 
may be used for thermoelectric generators. 

 

 
 

Fig. 10. Power factor plotted versus temperature.  
 
 
4. Conclusion 
 
In conclusion, we have analytically discussed the optoelectronic and thermoelectric 

properties of SM/Ce co-doped Bi2Te3. The material shows the metallic nature. The absorption and 
polarization of light take place in the infra-red and ultraviolet region, which increases its 
importance for optoelectronic applications. 
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Moreover, the reflection and optical loss of light are small in the UV region. The thermal 
conductivity to electrical conductivity ratio is minimal (10−5), showing their importance for 
transport properties.  
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