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Abstract 
In order to study the electronic structure and the variation of chemical shift 
of the 181Ta nuclei in ternary A3BC4 semiconductor, the first-principles calcu-
lations are used by PBE-GGA, BJ, and TB-mBJ functionals. By comparing 
these three kinds of functionals, the results of TB-mBJ are more in line with 
the experimental values. The electronic structure calculated by TB-mBJ func-
tional shows that TaCu3X4 (X = S, Se, Te) are indirect bandgap semiconduc-
tors and TaTl3X4 (X = S, Se) are direct bandgap semiconductors. By decom-
posing the chemical shifts contributed by the different orbitals, we found that 
the chemical shifts are related to the electronic structure. In this paper, the 
variation (up to 2500 ppm) of NMR chemical shift of 181Ta nuclei is related to 
the d orbital of Ta. 
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1. Introduction 

Nuclear magnetic resonance (NMR) technology can directly detect the nuclear 
properties and electronic structure of substances without destroying samples. Its 
application has been rapidly extended to the fields of physics, chemistry, bioen-
gineering, and so on [1] [2] [3]. The transition energy can be detected by reo-
rienting the nuclear magnetic moment. Due to the existence of electrons outside 
the nuclei, the induced external magnetic field of the nuclei is shielded by elec-
trons, which is NMR magnetic shielding. In detail, according to Biot-Savart law, 
the external magnetic field will induce electrons to produce induced current and 
produce an induced magnetic field, which shields part of the external field. The 
size of the shield depends on the difference in the electronic structure of the 
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measured material. NMR spectra provide three kinds of extremely useful infor-
mation: chemical shift, coupling constant, and integral curve. In this paper, 
chemical shift is mainly used. However, it is very difficult to accurately deter-
mine the chemical shift. The relative numerical representation is adopted, that is, 
reference material is selected, and the position of the resonance absorption peak 
of the reference compound is taken as the zero point. The chemical shift values 
of other absorption peaks are determined according to the distance between the 
position of these absorption peaks and the zero point [4] [5]. 

The magnetic shielding calculated by density functional theory is reasonable 
compared with the experiment. Even, the results of theoretical calculation can 
provide more information than experiments [6]. For the calculation of solid 
magnetic shielding, the ab initio calculation method is the only feasible method 
to calculate solid magnetic shielding, because it cannot extract this information 
directly from the original experimental data like liquid or molecular system. On 
this basis, a set of ab initio calculation methods based on linear response is pro-
posed. Through this method, combined with the all-electron augmented plane- 
wave (APW) method, we can calculate the NMR tensor in solids and the iso-
tropic shieldings in compounds [7] [8] [9] [10]. Based on this DFT calculation 
method, some articles on the calculation of solid magnetic shielding appear one 
after another. Blaha and Laskowski successively studied the magnetic shielding 
of 19F [11], 33S [12], 70Ga [13], 89Y [14], and so on. Jalali-asadabadi and Nematol-
lahi studied the micro source of solid-state NMR shielding of 17O in titanate of 
alkaline earth perovskite metals and explored the relationship between atomic 
and orbital characters of the valence and conduction bands wave functions as 
well as the 17O NMR shielding [15]. 

Because transition metal elements have complex electronic structures. There-
fore, in this article, we want to discuss the magnetic shielding (shift) of heavy 
nuclei (181Ta) and the electronic structure of Ta-series compounds in ternary 
A3BC4 semiconductor in detail, to give readers a clearer understanding of the 
properties of this transition metal semiconductor [16]. 

In this work, we studied the magnetic shielding of 181Ta nuclei and the elec-
tronic structure of TaCh3X4 (Ch = Cu, Tl; X = S, Se, Te) with different functional 
(PBE-GGA [17], BJ [18], and TB-mBJ [19]). Firstly, the calculated principle and 
details of NMR shielding are briefly described. Then, the electronic structure is 
described by calculating the band structure and density of states. After that, the 
magnetic shielding of 181Ta nuclei was calculated. We decompose the magnetic 
shield along the electron orbitals of Ta atom to seek the main source of the vari-
ation in the magnetic shielding. Finally, the variation of chemical shifts is ana-
lyzed from the perspective of electronic structure. 

2. Computational Methods and Details 
2.1. Computational Methods 

In this study, the application of the all-electron augmented plane wave (APW) 

https://doi.org/10.4236/jamp.2022.105099


C. Xu, C. L. Shi 
 

 

DOI: 10.4236/jamp.2022.105099 1405 Journal of Applied Mathematics and Physics 
 

method in different exchange correlations is used by the WIEN2k package [20]. 
For NMR calculation, applying an external magnetic field B to the given material 
can induce and generate induced current jind by extranuclear electrons. In addi-
tion, the induced current jind is directly proportional to the external field. The 
current generates a non-uniform magnetic field Bind, which offsets part of the 
applied magnetic field, resulting in magnetic shielding. When the applied mag-
netic field B is small enough, the NMR shielding tensor ( )σ R  can linearly 
connect the induced field Bind with the external magnetic field B [4]: 

( ) ( )ind σ= −B R R B                          (1) 

In practice, the isotropic chemical shift ( )δ R


 is the parameter that can be 
obtained in the experiment. The isotropic chemical shift is the average of the di-
agonal elements of the chemical shift tensor ( )δ R



, that is,  
( ) ( )ppm 3iso Trδ δ =  R



 [4]. Isotropic chemical shift is the direct result of the 
experiment, but the isotropic shielding is directly obtained by calculation. Iso-
tropic chemical shift is the difference between the absolute shielding value of the 
measured material and the absolute shielding value of some reference com-
pounds. Therefore, if you want to calculate the isotropic chemical shift of the 
measured material, you must calculate the absolute shielding value of the refer-
ence compound, i.e. ( ) ( )iso ref isoδ σ σ= −R R  [4]. In this work, the KTaO3 ref-
erence is used in 181Ta nuclei [16]. 

According to Biot-Savart law, the induced magnetic field Bind is obtained by 
integrating [21]: 

 ( ) ( )
3

1 ( )ind
ind d

c
× −

=
−∫

j r R r
B R r

R r
                   (2) 

where c is the speed of light in vacuum, r is the vector about the origin of the 
crystal coordinate axis system in the real space in a single cell, R is the position 
vector of the atom in a single cell about the origin of the crystal coordinate axis 
system, and jind(r) is the induced current density vector. 

For non-magnetic materials, only the orbital motions of electrons contribute 
to jind(r), which can be simplified into the following form [11]. 

( ) ( ) ( ) ( )0 101 Reind o oc
= Ψ Ψ 

 ∑j r J r                (3) 

Here, Re represents the real part of the complex number and J0(r) represents 
the paramagnetic (undisturbed) part of the current operator. ( )0

oΨ  is the 
ground state wave function in the occupied state in the KS equation and ( )1

oΨ  is 
the first-order perturbation wave function in the occupied state. In addition, the 
occupied first-order perturbation state ( )1

oΨ  is related to the empty state 
( )1
eΨ  above the Fermi surface, which can be connected by Green’s function 
( ) ( ) ( )( ) ( )0 0

e e eeG ε ε ε = Ψ Ψ −  ∑  [10], that is: 

( ) ( )
( ) [ ] ( )0 0

1 0 e o
o ee

o e

r r

ε ε

′Ψ − × ⋅ Ψ
Ψ = Ψ >

−
> ∑

P B
             (4) 
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In Equation (4) above, ( )0
eΨ  is the unperturbed wave function of the empty 

state, P is the momentum, and the denominator o eε ε−  is the energy difference 
between the occupied state and the empty state. 

2.2. Computational Details 

In this paper, the structural optimization of Ta-series materials is performed in 
the framework of density functional theory within the VASP [22] [23] (Vienna 
Ab-initio Simulation Package) program. The cut-off energy is set to 650 eV, the 
k-points sampling 11 × 11 × 11 is adopted and the energy convergence standard 
is chosen as 1 × 10e−8. These Ta-series materials are divided into two structures,
P43m  and I43m  respectively [16]. The unit cell of TaCu3X4 consists of eight 
atoms with a space group which is shown in Figure 1(a). Figure 1(b) shows the 
crystal structure of TaTl3X4 with a space group of I43m . 

The optimized lattice parameters are selected and put into the calculation of 
the WIEN2k program [20]. The electronic structure and NMR properties are 
calculated by different functionals (PBE-GGA, BJ, and TB-mBJ) in the WIEN2k 
code. In the WIEN2k program, RMTKmax is set to 8, and k-points sampling 10 × 
10 × 10 is adopted. 

Energy convergence and charge convergence standards are chosen as 0.0001Ry. 
Gmax is set to 14 Ry1/2. When calculating the NMR magnetic shielding value, to 
ensure faster and better convergence, NMR-LOs (NMR local orbit) are set to the 
default value. All other parameters are default values. 

3. Results and Discussions 
3.1. Electronic Structure 

The optimized lattice parameters for Ta-series compounds are calculated by PBE- 
GGA functional in the solid states. Experimental and theoretical calculated lat-
tice parameters are shown in Table 1. The calculated results are in close agree-
ment with experimental lattice parameters. In the WIEN2k program, we calcu-
lated the bandgap, band structure, and electronic density of states of Ta-series 
compounds. As shown in Table 2, we calculated the width of the bandgap of  
 

 
Figure 1. The red, blue and green spheres denote Ta, Cu, X (X = S, Se, Te) in the P43m  
structure (a). The red, yellow and green spheres denotes Ta, Tl, X (X = S, Se) in the 
I43m  structure (b). 
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Table 1. The optimized lattice parameters for transition metal semiconductors by using 
PBE-GGA functional. 

Compound Space group 
Lattice Parameters (Å) 

(Optimization) 
Lattice Parameters (Å) 

(Experiment) 

TaCu3S4 P43m  5.573 5.52 [24] 

TaCu3Se4 P43m  5.722 5.67 [24] 

TaCu3Te4 P43m  6.001 5.928 [25] 

TaTl3S4 I43m  7.854 7.671 [26] 

TaTl3Se4 I43m  8.076 7.876 [26] 

KTaO3 P43m  4.037 3.989 [27] 

 
Table 2. A comparison of bandgap values with the experimental data. The bandgap val-
ues are in eV. 

Compound PBE
gE

 
BJ
gE

 
mBJ
gE

 
exp
gE  

TaCu3S4 1.935 2.055 2.148 2.7 [28] 

TaCu3Se4 1.616 1.672 1.820 2.35 [28] 

TaCu3Te4 1.162 1.194 1.311 --- 

TaTl3S4 2.543 2.770 3.288 --- 

TaTl3Se4 2.254 2.461 2.761 --- 

 
Ta-series compounds by different functionals (PBE-GGA, BJ, and TB-mBJ). In 
all compounds, the width of the bandgap calculated by TB-mBJ functional is 
larger than that calculated by the other two functionals and is closer to the expe-
rimental bandgap. In density functional theory, the solution of the Kohn-Sham 
equation does not consider the excited state of the system, so that the band 
above the valence band is low, and the position below the valence band is con-
sistent with the experiment, which leads to the underestimate of the bandgap. 
Generally, the calculated bandgap is 30% to 50% lower than the experiment [17]. 
This is also the reason why PBE-GGA functional underestimates the size of the 
bandgap.BJ and TB-mBJ are functionals proposed to improve the underestima-
tion of bandgap in DFT methods. They can more accurately describe the proper-
ties near the Fermi level. It can be seen from Table 2 that the width of the band-
gap of both TaCu3X4 and TaTl3X4 compounds decreases with the increase of the 
atomic number of chalcogenide elements. 

On the one hand, in order to better describe the electronic structure, we cal-
culated the band structure of Ta-series compounds by using TB-mBJ functional. 
Since the band structures of compounds with the same crystal structure and 
similar components are similar, only the band structures of TaCu3S4 and TaTl3S4 
are given in Figure 2. 

We can observe from Figure 2(a) that the valence band of TaCu3S4 has two 
major non-overlapping bands. The band near the Fermi level has a width of 
about 2.0 eV and is separated by 1 eV from the slightly lower band. The slightly  
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Figure 2. TB-mBJ band structures of TaCu3S4 (a) and TaTl3S4 (b), with the VBM set to 0 
eV in all cases. 
 
lower band has a width of 2.8 eV. For TaTl3S4, its valence band consists of two 
parts that do not overlap. The bandwidth of the lower energy level is about 2 eV, 
but it is close to the band with slightly higher energy. Moreover, the low-energy 
band of TaCu3S4 is denser than that of TaTl3S4. For the conduction band, there is 
no separated part of the band of the two compounds. The position and energy 
density of the conduction band of TaTl3S4 is higher than that of TaCu3S4. 

The band structures reveal that all of the systems are predicted to possess in-
direct or direct fundamental bandgaps. For the TaCu3S4 compound, the VBM 
and CBM are located at the R and X points, respectively. This means that the 
TaCu3S4 compound is a semiconductor with an indirect bandgap. TaCu3S4 is de-
termined to have the largest bandgap of the TaCu3X4 compounds, with a direct 
bandgap of 2.60 eV and an indirect bandgap of 2.10 eV. The experimental 
bandgap of TaCu3S4 makes this material (with appropriate doping) an interest-
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ing candidate for the p-type transparent conductor. For the TaTl3S4 compound, 
a semiconductor with a direct bandgap, both VBM and CBM are located at the 
N point. Because the electronic transition of semiconductor materials with direct 
bandgap is easier to occur, TaTl3S4 has a broad prospect as a luminescent ma-
terial. 

In this paper, five compounds were calculated by PDOS. The valence band top 
(VBM) is aligned with 0eV (Fermi surface). Since the TaTl3Te4 compound can-
not be synthesized experimentally, the TaTl3Te4 compound will not be discussed 
in this article. For TaCu3X4 compounds, the valence band (VB) has an obvious 
density of states of Cu 3d band and some Ta 5d band and X mp (X = S, m = 3; X 
= Se, m = 4; X = Te, m = 5) band. For the conduction band (CB) of TaCu3X4, 
there is the density of states of Cu 3d band, Ta 5d band, and some X mp band. 
For TaTl3X4 (X = S, Se) compounds, the valence band (VB) has an obvious den-
sity of states of X mp band and partial Ta 5d band. Because the outermost elec-
tron of Tl is s electron, the density of states of the Tl 6s band appears at the va-
lence band of TaTl3X4. For TaTl3X4 compounds, the conduction band (CB) is 
mainly composed of Ta 5d and X mp bands. It can be seen from Figure 3 that 
the 5d orbital of Ta in TaCh3X4 is an electron unfilled state, so the Ta 5d band  
 

 
(a)                                            (b) 

 
(c)                                            (d) 
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(e) 

Figure 3. The calculated density of states for TaCh3X4. (a) TaCu3S4; (b) TaCu3Se4; (c) 
TaCu3Te4; (d) TaTl3S4; (e) TaTl3Se4. 
 
exists in both the valence band and the conduction band. For Tl 5d, the state is 
filled with electrons, so the Tl 5d band is located at a relatively deep energy level 
and does not appear in the valence band. Moreover, we also observed that the 
bandgap of TaCu3X4 compounds decreases with the increase of the atomic 
number of chalcogenide elements (S, Se, Te). 

3.2. Chemical Shift 

Firstly, we use PBE-GGA, BJ, and TB-mBJ functionals to calculate the magnetic 
shielding tensors ( )σ R  of five compounds. After that, the isotropic shielding 
σiso were obtained by ( ) ( ) 3iso ppm Trδ σ=   

 R . Finally, the calculated isotropic 
shift δiso were obtained by ( ) ( )iso ref isoδ σ σ= −R R , as shown in Table 3. The 
final result is the calculated isotropic chemical shifts and the corresponding ex-
perimental isotropic chemical shift are linearly fitted by the least square method, 
as shown in Figure 4. 

In Figure 4, the linear fitting result of PBE-GGA is 1.067 590.31th exp
iso isoδ δ= − , 

R2 = 0.995, there is a good fitting result. The results of BJ and TB-mBJ have sim-
ilar trends. If the slope of the above equation is closer to the ideal value 1, the 
more correct the calculation result is. However, in the calculation, due to the 
approximation used in exchange functional, wave function basis set and linear 
response theory, there are some deviations between the calculated values and the 
experimental values. Figure 4 clearly shows that different exchange correlation 
functionals will lead to different slopes and intercepts of linear equations. From 
the linear fitting results in Figure 4, it can be seen that the result of BJ functional 
is 1.067 322.03th exp

iso isoδ δ= − , R2 = 0.975; the result of TB-mBJ functional is  
1.022 31.29th exp

iso isoδ δ= + , R2 = 0.992. In terms of slope, TB-mBJ (1.022) is closer 
to the ideal slope value than PBE-GGA (1.067) and BJ (1.067). From the pers-
pective of R square, PBE-GGA (0.995) and TB-mBJ (0.992) fit better than BJ  
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Table 3. Obtained 181Ta isoσ  and isoδ  values (ppm) by using PBE, BJ and TB-mBJ 

(mBJ) functionals and compared with the experimental data ( exp
isoδ ). According to  

( ) ( )iso ref isoδ σ σ= −R R , th
isoδ  can be obtained, in which the reference of Ta-series com-

pounds is KTaO3. 

Compound PBE
isoσ  

BJ
isoσ  

mBJ
isoσ  

PBE
isoδ  δBJ

iso  
mBJ
isoδ  

exp
isoδ  

TaCu3S4 −595.58 −592.62 135.1 2306.4 2600.78 2816.7 2740 

TaCu3Se4 −1795.83 −1846.2 −1020.43 3506.65 3854.36 3972.23 3730 

TaCu3Te4 −3806.1 −3898.29 −2951.62 5516.92 5906.45 5903.42 5720 

TaTl3S4 −1955.02 −1785.34 −1110.76 3665.84 3793.5 4062.56 4070 

TaTl3Se4 −3259.78 −3103.26 −2383.26 4970.6 5111.42 5335.06 5210 

KTaO3 1710.82 2008.16 2951.8 0 0 0 --- 

 

 
Figure 4. Comparison of the calculated isotropic chemical shifts ( th

isoδ ) by PBE-GGA, BJ 

and TB-mBJ functionals with experimental isotropic chemical shifts ( exp
isoδ ) for TaCh3X4 

transition-metal semiconductors. The experimental values are taken from ref. [16]. 
 
(0.975). In terms of intercept, TB-mBJ (31.29) is much smaller than PBE-GGA 
(−590.31) and BJ (−322.03). In conclusion, the results of TB-mBJ are more in 
line with the experimental values. That’s because BJ and TB-mBJ (BJ modified 
by Peter et al.) is a functional that precisely optimizes exchange interactions. 
They can better describe the exchange interaction than PBE-GGA. They can im-
prove the underestimation of the bandgap of PBE-GGA. 

Next, we will discuss the NMR shielding σiso of Ta. 
Table 4 shows the decomposed isotropic shielding of Ta in five compounds. 

The total isotropic shielding amount of Ta (σiso-total) includes the shielding  
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Table 4. The partial contributions in total 181Ta NMR isotropic shielding by using TB-mBJ. 
All values are in ppm. σ-sphere contribution dominates and σ-core contribution is con-
stant in σ-total shielding. 

Compound TaCu3S4 TaCu3Se4 TaCu3Te4 TaTl3S4 TaTl3Se4 

Total 123.18 −988.48 −2917.61 −1110.99 −2385.16 

Core 8786.1 8785.9 8785.5 8785.8 8785.6 

Sphere 108.1 −1000.78 −2917.79 −1116.99 −2387.06 

interstitial 15.1 12.38 0.18 6.0 1.9 

Ta-s 4.56 4.69 3.32 5.27 5.65 

Ta-p −2955.54 −2946.57 −2896.72 −2806.69 −2868.92 

Ta-d −5002.65 −6101.46 −8085.75 −6399.84 −7577.9 

Ta-f −723.59 −742.18 −732.34 −700.84 −729.18 

 
amount of the atomic sphere of (σiso-sphere) and the shielding amount of inters-
titial region (σiso-interstitial) where Ta atomic sphere does not overlap with other 
atom balls according to APW method. Since the isotropic shielding amount in 
the interstitial area is about 10 ppm, it nearly has no influence on the total shiel-
ding. Therefore, the total isotropic shielding of Ta is almost all contributed by 
the atomic sphere. As we can see in Table 4, total shielding and the shielding of 
the atomic sphere of Ta almost coincide. Furthermore, the contribution of the 
atomic sphere (σiso-sphere) to shielding comes from the contribution of the va-
lence band (σiso-valence) and core (σiso-core). It is worth mentioning that the 
core of Ta is composed of 1s to 4d electrons and the valence band is composed 
of 5s to 6s electrons. Isotropic shielding contributed by σiso-core is a constant of 
8786 ppm, so the part of core cannot be the reason why the isotropic shielding 
amount of Ta varies so much with different compounds. Besides, it should be 
noted that σiso-valence and total shielding amount vary in the same way. There-
fore, we can think that the variation of total isotropic shielding comes from the 
variation of σiso-valence.  

Next, we decompose the contribution of the orbital to the isotropic shielding 
according to the s, p, d, f orbital of the valence band. We find that the contribu-
tion of the d orbital of Ta to the isotropic shielding is consistent with that of the 
valence band. This fully shows that the variation of the 5d orbital of Ta is the 
main reason for the variation of isotropic shielding of these five compounds. 

It can be seen from the Equation (3) that the calculation of the induced cur-
rent of NMR shielding requires the participation of the first-order disturbance 
wave function, which is obtained through the Equation (4). Equation (4) indi-
cates that the corresponding occupied and unoccupied wave functions are 
coupled with each other [8]. Therefore, the states of occupied and unoccupied 
wave functions are bound to affect the results of isotropic shielding. At the same 
time, we can also see from Equation (4) that its denominator is the difference 
between the energy of the occupied state and the empty state. In other words, the 
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bandgap between VBM and CBM is bound to affect the value of NMR isotropic 
shielding. For example, the bandgap of TaCu3S4 is 2.148 eV, while the calculated 
bandgaps of TaCu3Se4 and TaCu3Te4 are 1.820 eV and 1.311 eV respectively. 
Meanwhile, The NMR shielding value of TaCu3S4 is 123.18 ppm, that of Ta-
Cu3Se4 is −988.48 ppm, and that of TaCu3Te4 is −2917.61 ppm. This also shows 
that the variation of the bandgap of these five compounds is related to the varia-
tion of isotropic shielding. In fact, the variation of the position of the d orbital of 
Ta in the valence band and conduction band is the most likely reason for the 
variation of nuclear magnetic shielding. 

4. Conclusions 

In this work, the electronic structure and NMR chemical shifts of 181Ta nuclei in 
ternary A3BC4 Semiconductor are calculated. Through the calculation of differ-
ent functionals (PBE-GGA, BJ, and TB-mBJ), it is found that TB-mBJ functional 
has the best calculation result for the above properties. According to the band 
structure, TaCu3X4 is an indirect bandgap semiconductor and TaTl3X4 is a direct 
bandgap semiconductor. PDOS diagram shows that the width of bandgap in 
Ta-series compounds decreases with the increase of an atomic number of chal-
cogen elements. Our results also show that the chemical shift parameters are re-
lated to the electronic properties. The calculated NMR chemical shifts of 181Ta 
nuclei show that the variation of chemical shifts is related to the d electron of Ta. 
More precisely, the position of the d orbital of Ta in the conduction band and 
valence band leads to the variation of chemical shift. Our work shows that the 
theoretical calculation can help us acquire the information and interpretation of 
the NMR experiment more deeply or in more detail. 

For first-principle calculations, the comparison of the NMR calculated results 
with the experimental results can be used to evaluate the accuracy and rationali-
ty of first-principle calculations. 
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