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ABSTRACT 

In this paper, we explore the electric field gradients (EFGs) at 238U sites for antiferromagnetic 

UX2 (X=P, As, Sb, Bi) using LDA, LDA+U, GGA, GGA+U, and exact exchange for correlated 

electrons schemes by considering the diagonalization of the spin-orbit coupling Hamiltonian in 

the space of the scalar relativistic eigenstates using the second-order variational procedure. The 

electronic structures and magnetic properties of the compounds are also investigated. It is found 

that the density functional theory approaches except exact exchange for correlated electrons are 

not successful in reproducing the experimental zero electric field gradient value in UBi2, even 

LDA+U and GGA+U within their default 4f density matrices by varying the U parameter in an 

energy interval of [0; 4 eV], though these techniques with no need to manually adopt their initial 

conditions (elements of the occupation matrix) are effective in the calculation of the nonzero 

electric field gradients for the other compounds. The exact exchange for correlated electrons has 

efficiently provided the null electric field gradient in UBi2 and nonzero electric field gradients 

for the other compounds by adjusting its dimensionless parameter α to 0.4. The physics of the 

null electric field gradient in UBi2 is revealed in this article and it is discussed that the source of 

the ignorable electric field gradient originates from the antiferromagnetic ordering of ↑↓ as 

compared to the long-range antiferromagnetic ordering of ↑↑↓↓ in the other compounds. 

Furthermore, our calculated magnetic moments for the uranium atoms in these compounds are 

consistent with the available experimentally measured values as compared to the severely 

underestimated theoretical results. 

 

Key Words: Uranium dipnicties; electric field gradients; strongly correlated electron systems; 

heavy fermions; ab-initio studies 
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I. INTRODUCTION 

Electric field gradient (EFG) is a powerful tool to investigate atom in a crystalline environment.1 

It reveals the deflection of electron cloud around the nucleus from spherical mode, where larger 

value of this parameter means more asymmetry from the spherical shape. Therefore, in crystals 

EFG serves as a prevailing criterion for the measurement of the electron’s localization within an 

atom.2 The electric quadruple moment (Q) and EFG are nonzero for all nuclei with a nuclear 

quantum number equal or higher than one.3  

The principle component of the electric field gradient (EFG) tensor, Vzz, is used to reveal 

the asymmetry of electrons around a nucleus. This value sensitively indicates the amount 

(orientation) of deviated electron charge density distributions (ECDDs) from spherical 

symmetry.4 The Vzz value is zero for spherical ECDDs and nonzero for asymmetrical ECDDs,5 

where it serves as a very sensitive indicator to the asymmetry of semicore,6 valence states,7 and 

electron density of states (DOS).2 Although Vzz is not a measurable quantity in the laboratory,1 

but it can be indirectly evaluated by a variety of accurate experimental techniques8, like 

Mössbauer spectroscopy, where in this technique the nuclear quadruple moment is measured and 

then the basic concept that the electric hyperfine splitting, ∆Ehf, is proportional to Vzz times 

nuclear electric quadruple moment (Q)1 is used to evaluate Vzz. Interestingly this parameter 

connects ∆Ehf and Q, where one is a measurable condensed matter parameter and the other one a 

measurable nuclear quantity. Hence, Vzz may be generally considered as a connecting bridge 

between condensed matter physics and nuclear physics (indebted to the Mössbauer’s discovery) 

and it can be precisely predicted by modern ab-initio density functional theory (DFT) 

calculations. In this work, we are interested in the theoretical condensed matter aspects of the Vzz 

for actinides specifically UX2(X=Bi, Sb, As, P) compounds. 
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The electronic and magnetic properties of actinide materials have always been a topic of 

interest in condensed matter physics because of their 5f electrons which display some remarkable 

physical properties such as, heavy fermions behavior, Pauli paramagnetism, spin fluctuation and 

unconventional superconductivity.9-15  The properties of a crystal depend on the localization of 

its electrons16, but the localization of the 5f electrons depends upon the crystal environment and 

hence the atomic radii for elements with 5f orbitals are not fixed15. The difference of the same 

actinide atom from one material to another mainly originates from the fact that the 5f electrons 

have a dual nature between itinerant and localized states.17 The 5f electrons have an intermediate 

property, something between the localization of the 4f electrons in the lanthanide compounds and 

the itinerant 3d electrons in the transition metals.18 Sometimes, the de Hass-van Alphen and 

Shubnikov-de Haas experiments are performed to clarify the nature of 5f electrons in a 

compound.18,19 Most of the actinides are extremely rare and therefore the main concentration of 

the experimental projects are focused on uranium compounds and uranium alloys. 

The physical properties of uranium compounds are related to their lattice constants, the 

distance between U atoms and hybridization of 5f electrons with other valence electrons. 

According to the Hill criteria,20 uranium based compounds with the U-U interatomic distances 

smaller than 3.4-3.6 Å are typically nonmagnetic with itinerant 5f states.21 Metallic uranium is 

paramagnetic but shows magnetic ordering when it combines with group 5 (N, P, As, Sb, Bi) or 

group 6 (S, Se, Te) elements. All UX2 (X = Bi, Sb,As, P) actinide compounds are anti-

ferromagnetic with relatively high Néel temperature. The magnetic ordering in these compounds 

is the consequence of the partially filled 5f shell.22,23 The anti-ferromagnetic structure of these 

compounds is determined by neutron diffraction, which shows that these compounds consist of 

ferromagnetic sheets of uranium stacked perpendicularly to the c axis.24,25 The magnetic ordering 
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for UBi2 is ↑↓, while for USb2, UAs2 and UP2 is ↑↑↓↓. Therefore, the magnetic and chemical unit 

cells of UBi2 are identical but in the other compounds the magnetic unit cell is double with 

respect to the chemical unit cell along the [001] direction.17,26,27 The double magnetic unit cell in 

USb2, UAs2 and UP2 brings about a flat magnetic Brillouin zone.18,28,29 

The main focus of the present studies is to theoretically reproduce the experimental EFG 

values30 at 238U sites for antiferromagnetic UX2 (X=P, As, Sb, Bi) dipnicties. These experiments 

which were performed at 5.1 K30, reveal zero EFG value for UBi2 and nonzero values for the 

other dipnicties. Therefore, along with the theoretical understanding of the EFGs for these 

compounds, the second main motivation of this study is to explore the cause of the zero EFG of 

the UBi2. The electronic structures and magnetic properties of the compounds are also 

investigated and discussed in details. The calculations are carried out with the different flavors of 

the density functional theory i.e., local density approximation (LDA), generalized gradient 

approximation (GGA), LDA plus Hubbard potential (LDA+U), GGA+U, and exact exchange for 

correlated electrons (EECE) to reveal the clear theoretical description of the compounds. As 

these compounds have 5f electrons which may have strong relativistic effects, so those expected 

relativistic effects are included by using the spin orbit coupling (SO) in our calculations.  

 

II. COMPUTATIONAL DETAILS 

The calculations presented in this paper have been performed within the framework of the 

density functional theory (DFT) using the augmented plane waves plus local orbitals (APW+lo) 

method as implemented in the WIEN2k code.31 In the APW+lo method the wave functions, 

charge density and potential are expanded in spherical harmonics within non-overlapping 

Muffin-tin spheres and in plane waves in the remaining interstitial region of the unit cell. The 

exchange correlation functional is treated with the LDA, GGA, LDA+U and GGA+U. It is worth 
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to mention that in these calculations we use LDA of Perdew-Wang 92 and GGA of Perdew-

Bourke-Ernzerhof 96. The relativistic effects are included by diagonalizing the spin-orbit (SO) 

coupling Hamiltonian in the space of scalar relativistic eigenstates using the second-order 

variational procedure32 in our calculations for the proper treatment of the 5f electrons of 

uranium. 

It is well understood that the most popular approximations for the exchange correlation 

functional in the DFT33 are the local density approximation (LDA)34-36 and the generalized 

gradient approximation (GGA)37-40. These approximations in most regular cases give appropriate 

results, consistent with the experimental values. The main reason for using these local schemes is 

that they lead to calculations which are computationally cheap in comparison to the more 

sophisticated schemes. These functionals have some shortcomings, which have been revealed 

over time. The main shortcoming of these approximations is that they have problems to describe 

the electronic structure of strongly correlated compounds, whereas strongly correlated systems 

have attracted enormous attention in physics research in the recent years. The importance of the 

strongly correlated systems and the shortcoming of LDA or GGA approximation in describing 

these systems encourage researchers to think about new solution to this problem. The DFT 

approach with Hubbard parameter such as LDA+U and GGA+U is one of the solutions to the 

problems of the strongly correlated systems.41-44 The number of calculations using this scheme, 

since the 1990 decade, has shown that this approach has a specific role in the electron correlation 

of crystals. Nevertheless, this approach has also some disadvantages, e.g., for applying this 

method, one needs to know the Ueff (U-J) parameter whereas its determination is time consuming 

theoretically and costly in experiments. Furthermore, perchance in some cases by using these 

functionals too we cannot obtain the acceptable results that are compatible with the experimental 
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results due to the fact that their predicted self-consistent results in some cases can depend on the 

initial conditions, i.e., the so called multiple solutions problem.45 In orbital dependent schemes, 

the initial conditions, i.e., the elements of the occupation matrices can be manually adapted (by 

performing several self-consistent calculations for a variety of occupation matrices and 

eventually selecting the one which leads to the minimum energy) to achieve consistent results 

with experiment. But, this task can be also time consuming for the 4f-electron systems with 

angular momentum quantum number l=3 having two real and complex (2l+1)×(2l+1)=7×7 

density matrices. Although the hybrid method is also orbital dependent, fortunately for the cases 

under study can give excellent results by adjusting only its alpha parameter. We show that the 

exact exchange for correlated electrons (EECE) method can be considered as a successful 

approach to study our systems which was presented in 2006 by Novák et al.46,47 The EECE 

scheme in many cases leads to acceptable results for strongly correlated systems. Therefore, in 

order to achieve logical theoretical results we are also using EECE beside the other functionals 

mentioned earlier.     

To avoid the overlap of the Muffin-tin spheres during the calculations; the Muffin-tin 

sphere of radius 2.8 a.u. is chosen for U in UBi2, USb2, UAs2 but 2.6 a.u. in UP2 and 2.4 a.u. is 

chosen for X in UX2 compounds. The experimental lattice parameters measured by X-ray 

diffraction technique,24,48 shown in Table 1, are used as input parameters. For sampling of the 

Brillouin zone, a mesh of 45 special k-points which corresponds to the grids of 10×10×5 is used 

for UBi2, while 11×11×2 grids with 21 special k-points in the irreducible part of the Brilloun is 

used for the other compounds. The maximum ℓ for the waves inside the atomic spheres is 

confined to ℓ��� = 10. The wave function in the interstitial region is expanded in plane waves 

with a cutoff of �	
���� = 7. The charge density is Fourier expanded up to ��� = 14���. 
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The full relaxation is performed with the criterion of 1�� ��ℎ�⁄  on the exerted forces. In the 

LDA+U, GGA+U and EECE schemes, U and α parameters are gradually increased from about 

zero to values having converged calculations with enough accuracy.  

 

TABLE 1. Lattice parameters (a and c) and lattice parameter ratio for UX2 compounds. 

 
Compound  a (Å)  c (Å)  c/a  

 
UBi2  4.445  8.908  2.004  

 
USb2  4.270  8.884  2.048  

 
UAs2  3.954  8.116  2.053  

 
UP2  3.810  7.764  2.038  

 

 

 

III. RESULTS AND DISCUSSIONS 

 

A. Electric Filed Gradients 

 

The electric field gradient is a second order symmetric tensor with zero trace and five 

independent components. The experimental measurement and theoretical calculations of the 

electric field gradient is a tricky job. The EFG cannot be measured directly from experiments, 

therefore first one has to perform Mössbauer spectroscopy to measure nuclear quadruple 

interaction and then, calculate electric field gradient (EFG) by using relation ��� = Δ��� ���⁄ , 

where �, � and Δ��� are nucleus quadruple moment, electron charge and electric hyperfine 

splitting, respectively.30  

As a matter of fact   !",#$ , %& is a well known function of the nuclear spin angular 

momentum quantum number I, and the magnetic quantum number #$, as well as the axial 
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asymmetry parameter % = '(()'**'++ , where ��� ≥ ��� ≥ ��� in the principle axes system (PAS).49 

Q (η ) is zero for spherical nuclear charge distribution with I = 0 or 
-
� (axially symmetric 

crystalline environments with ��� = ���) and nonzero for nonspherical nuclear charge 

distribution with " ≥ 1 (axially asymmetric crystalline environments with ��� ≠ ���.8,49 η 

vanishes due to the axially symmetric environments5 for the systems under question in this 

paper, viz.  !",#$ , %& = 	 !",#$&, and can serve as a powerful gauge for measuring such a 

degree of localization. 

After the above discussion it is obvious that the only parameter which can be determined 

at the uranium site in UX2 (X=P, As, Sb, Bi) dipnicties is the principle component of EFG:3,50 

 ��� = lim 34
π
5-/� 7V�9 r�; < 	       (1) 

where, V20 is the radial potential and can be calculated as:3 

  ��9!� = 0& = =>
4 ? @ABC

DEF9 G� − =>
4 ? @ABC

DEF9 I C
DEFJ

4 G�  (2) 

+4LM�NOPQ
R

S�!O�	
&T�9NOPQ 
where, U�9 is the V = 2and X = 0 of density expansion, T�9!OP& is spherical Bessel function and 

RMT is the Muffin-tin (MT) sphere radius. The first term in Eq. (2) is related to valence electrons 

(Quasi-core) in MT sphere. It is called valence contribution of EFG and indicated with ���Y�Z. The 

sum of the second and third term is related to out MT sphere electrons and interstitial region and 

therefore is known as lattice contribution of EFG and is indicated by ���Z�[.3  
The calculated EFGs and their valence and lattice parts for UX2 (X=Bi, Sb, As, P) compounds 

using LDA, GGA, LDA+SO, GGA+SO, LDA+U and GGA+U, are presented in Table 2. The 

calculated values of the EFGs are also compared with the EFG values evaluated from the 
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Mössbauer spectroscopy30. The table clearly indicates nonzero calculated EFG values for USb2, 

UAs2, and UP2, through GGA, LDA+U and GGA+U approximations. Though, these results are 

underestimated from the experimental values but still provide a clue that the charge distribution 

is not symmetric. Unlike these deliberations, these approximations are not successful in attaining 

the zero EFG value for UBi2. In the expectation of further elaboration, here, we have not tried to 

adjust the elements of occupation matrix to force the LDA+U or GGA+U to reproduce the 

experimental values. Instead, in order to reach zero value for the EFG of UBi2, only the Hubbard 

parameter (U) in LDA+U and GGA+U approximations are varied from 0.01 to 0.40 Ry. Fig. 1 

shows the effect of U on the EFG value of UBi2. It is clear from the figure that the EFG increases 

with U, consequently the difference of the calculated value increases from the experimental 

results and hence none of the used “U” value provides correct EFG for UBi2. On the other hand 

for U higher than 0.40 Ry, calculations are not well converged and antiferromagnetic property of 

UBi2 vanishes. So, results of calculations for U higher than 0.40 Ry are not presented here. The 

results presented in Table 2 and Fig. 1 confirms that these approximations are not suitable to 

calculate EFG for UBi2 and we may use some appropriate methods and approximation for this 

compound. Although, these approximations are not bad choices for the other UX2 compounds, as 

they provide results which are in somewhat manner comparable with the experimental values. 

The strong influence of U on the electronic properties of the UBi2 confirms that this compound is 

strongly correlated electron system. So, to resolve the issue we need to be more careful in the 

choice of the exchange-correlation energy for the treatment of this compound. In order to resolve 

this issue we proceed with another exchange-correlation energy which is more suitable for the 

strongly correlated compounds, called exact exchange for correlated electrons (EECE) scheme, 
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introduced by Novák et al.46 in 2006. The method of performing the EECE calculations is like 

LDA+U. Therefore, they are called U-like functionals. The calculated results by using these  

TABLE 2. Summary of EFG zzV  in units 104 V 2−nm , also the lattice ( lat

zzV  ) and valence ( val

zzV )  

                    contribution of  EFGs from LDA, GGA, LDA+U and GGA+U calculations. 

Compound   LDA GGA LDA+SO GGA+SO LDA+U GGA+U EXP.a 

UBi2          

 tot

zzV   0.523 0.556 0.545 0.558 0.532 0.645 0±0.2 

 val

zzV   0.524 0.560 0.543 0.558 0.528 0.641 - 

 lat

zzV   -0.001 -0.004 0.002 0.000 0.004 0.004 - 

USb2          

 tot

zzV   1.237 1.227 1.287 1.275 1.182 1.195 1.6±0.4 

 val

zzV   1.242 0.241 1.289 1.286 1.179 1.190 - 

 lat

zzV   -0.005 -0.014 -0.002 -0.011 0.003 0.005 - 

UAs2         - 

 tot

zzV   1.409 1.353 1.412 1.365 1.306 1.303 1.5±0.3 

 val

zzV   1.414 1.357 1.417 1.368 1.305 1.303 - 

 lat

zzV   -0.005 -0.004 -0.005 -0.003 0.001 0.000 - 

UP2          

 tot

zzV   1.544 1.423 1.501 1.391 1.260 1.244 2.1±0.5 

 lat

zzV   1.549 1.428 1.505 1.395 1.260 1.244 - 

 val

zzV   -0.005 -0.005 -0.004 -0.004 0.000 0.000 - 

aReference 30. 
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functionals are presented in Table 3. It is clear from the table that all these functionals lead to 

acceptable values of EFGs for UBi2, which are in agreement with the experimental results. A 

general form of the EECE functional can be written as fillows46: 

�\U, ]∅�_` = 	�ab\U` + ��cd\effg!U&, ]∅�_` − �hi\effg!U&, ]∅�_`,															!3& 
where, ∅� represents the correlated orbitals, ESL is the energy of the semilocal functional such as 

LDA or GGA,  ��cd is the exchange energy which is calculated using the Hartree-Fock approach, 

and the last term is the double counting correction which can be written as: 

�hi\effg!U&, ]∅�_` = ��iab\UikCC`.																																																																																					!4& 
According to these equations, the EECE approach improves the exchange-correlation energy of 

semilocal functionals using the exact exchange energy of Hartree-Fock method and as a result 

improves the semilocal functional results with respect to the experiments. This originates from 

the localized character of U-5f electrons which is well described by the EECE approach. 

 

 

FIG. 1. (Color online) The electric field gradients using different Hubbard parameters in  

LDA+U  
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TABLE 3.  Summary of EFG zzV  in units 104 V 2−nm , also the lattice ( lat

zzV  ) and valence     

                    ( val

zzV ) contribution of  EFGs from EECE calculations. 

Compd   LDAFock B3PW91 WCFock PBEsol PBEFock EXP.a 

UBi2         

 tot

zzV   0.108 0.118 0.065 0.050 -0.057 0±0.2 

 val

zzV   0.103 0.099 0.062 0.056 -0.066 - 

 lat

zzV   0.005 0.019 0.003 -0.006 0.009 - 

USb2         

 tot

zzV   1.277 1.293 1.261 1.280 1.283 1.6±0.4 

 val

zzV   1.275 1.289 1.258 1.278 1.280 - 

 lat

zzV   0.002 0.004 0.003 0.002 0.003 - 

UAs2        - 

 tot

zzV   1.346 1.377 1.311 1.317 1.295 1.5±0.3 

 val

zzV   1.346 1.378 1.311 1.317 1.295 - 

 lat

zzV   0.000 -0.001 0.000 0.000 0.000 - 

UP2         

 tot

zzV   1.269 1.202 1.246 1.262 1.215 2.1±0.5 

 lat

zzV   1.269 1.201 1.245 1.261 1.215 - 

 val

zzV   0.000 0.001 0.001 0.001 0.000 - 

aReference 30. 
 
 

The EECE functionals reproduce the experimental zero EFG of UBi2, which was at least 

time consuming if not impossible for the other DFT schemes. The calculated EFG for the other 

UX2 compounds are also close to the experimental values, except the results for UP2, which has 
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larger difference than the experimental results as compared to those of the LDA and GGA. In 

fact, in UP2 case, the approximations with Hubbard parameters such as LDA+U and GGA+U are 

also not successful to calculate EFG, and so does is EECE which is a U-like method. The lattice 

and valence parts of EFG for UX2 compounds are also shown in Table 2 and Table 3. One can 

 
see from these values that almost all of EFG is related to the valence electrons in the MT sphere 

and the electrons which are out of MT sphere do not significantly affect EFG. Therefore, in the 

EFG calculations, it is essential to choose appropriate MT sphere radii otherwise one can obtain 

wrong EFG value. On the other hand lattice parameters do not substantially affect EFG, since out 

of MT sphere electrons have no significant effect on it, and therefore we can use experimental 

lattice parameters in the EFG calculations. 

It is clear from Fig. 2-(a) that the EECE functionals provide good results in case of UBi2 

for α=0.40. The calculations do not converge for α larger than 0.40, and in case if the self-

consistent calculations are elaborated to be converged, then the antiferromagnetic character of 

the crystal would be destroyed, because in this case the up and down density of states curves of 

the crystal are not symmetric and thereby cannot cancel each other to form zero 

antiferromagnetic feature. Keeping all these aspects in considerations, the EFG values presented 

in Table 3 of UBi2 are calculated for α=0.40. The same problems are observed during the EFG 

calculations of USb2, UAs2 and UP2, but in these compounds the appropriate value for α is 

optimized to be 0.20. Therefore, this value is used in the EECE functionals results of USb2, UAs2 

and UP2, shown in Table 3. It is clear from the table that these values are closer to the 

experimental values. If the convergence and antiferromagnetism problems for α higher than 0.20 

were not there, then we could have reproduced the experimental EFG values for these 

compounds.   
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The interesting point that needs to be addressed here is the reason for the difference 

between EFG of UBi2 and that of the other compounds. It is necessary to find the physics behind 

the question, why nuclear quadruple interaction and EFG is zero for UBi2 and non-zero for the 

other compounds? To answer these questions, the first logical step is to know factors that affect 

EFG value. Hence, we obtained p-p, d-d and f-f orbital contributions of EFG for UBi2 and UAs2. 

Uranium atoms in the unit cell of UBi2 are in the same position as UAs2; but with special 

magnetic structure its ferromagnetic sheets order antiferromagnetically ↑↓. In other words the 

 

FIG. 2. (Color online) (a) Vzz values using different α in EECE functionals. Orbital contributions  

in Vzz for all uranium atoms using LDAFock approximation in (b) UBi2 and (c) UAs2 

compounds. (d) Vzz's for all uranium atoms in UAs2 compound. 
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distribution of the magnetic or spin of atoms in a unit cell is different for UBi2 than UAs2, though 

both have the same crystal structure. Fig.2-(b) shows orbital contributions of U(1) and U(2) 

atoms in the EFG of UBi2. It is clear that different contributions with up and down spin states are 

different for each atom. Also, different up and down contributions of both uranium atoms are 

reversely very close; that is, p-p orbital contribution of U(1) with up spin is close to that of U(2) 

with down spin. 

The magnetic structure of UAs2 is shown in Fig.3-(c), where it is obvious that for this 

compound U(1) and U(3) are at the same position but have opposite spins and similarly U(2) and 

U(4) are at the same positions but magnetically opposite to each other. However, U(1) and U(4) 

atoms, as well as, U(2) and U(3) atoms are magnetically the same, though their positions are 

different. Fig.2-(c) shows the p-p, d-d and f-f contributions of EFG for up and down spin states 

for all uranium of UAs2 compound. This figure demonstrates that the magnetic structure for U(1) 

is similar to U(4) and for U(2) is similar to U(3), whereas the U(2) is arranged 

antiferromagnetically with the U(3) in EFG. The total EFG at all uranium atoms sites of UAs2 

for different approximations is shown in Fig.3-(d). This figure shows that for all approximations, 

the total  EFG of U(1) and U(4) together, and total EFG of U(2) and U(3) are consistent. After 

the analysis of the EFG of UBi2 and UAs2 we can infer that the magnetic structure and spin 

arrangement of atoms have a significant effect on the EFG in uranium atoms position. Therefore, 

orbitals which have more magnetic properties have greater effect on EFG. Therefore, it seems 

that the main reason of the difference between the EFG of UBi2 and the other UX2 compounds is 

their difference in magnetic structures, because their spatial structure and point group are the 

same. 
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To examine this idea, we considered magnetic structure I for USb2, UAs2, UP2, as shown 

in Fig. 3(b), and magnetic structure II for UBi2, as shown in Fig. 3(c), and then calculate EFG at 

uranium site in these new structures. The calculated results presented in Table 4 show that the 

EFG of UBi2 using structure II is 1.24×10
4
 Vnm

−2, while for structure I it is 0.11×10
4
 Vnm

−2, 

whereas the EFG of USb2 is 0.09×10
4
 Vnm

−2 for structure I, and  1.28×10
4
 Vnm

−2  for structure 

 

 

FIG. 3. (Color online) (a) Chemical structure for UX2(X=Bi, Sb, As, P), (b) magnetic structure 

of UBi2called as (I) and magnetic strcture ofUSb2, UAs2 and UP2 compounds called as (II). 
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II. The quantity for UP2 using structure I is as small as 0.12×10
4
 Vnm

−2 and very large for 

structure II. The EFG of UBi2 with structure I is consistent with that of the USb2. Regarding to 

EFG of UX2 compounds with different magnetic structures and previous discussion about the 

relationship between EFG and spin of atoms, it is concluded that the different EFG value of UBi2 

originates from the difference in the magnetic structure. 

 

TABLE 4: The EFGs values for UX2 compound in 104
V

2−nm  units at different structures. 

 
  UBi2  USb2  UAs2  UP2  

 
Structure I  0.11  0.09  -  0.12  

 
Structure II  1.24  1.28  1.35  1.27  

 

The EFG of an atom can be different in different compounds containing this atom, as 

there are many factors affecting the EFG value. This means that for a specific atom we can have 

zero EFG in one compound and non-zero for another one. This is due to the fact that the point 

symmetry and magnetic structure of a cell affect EFG. Furthermore, external factors are also 

affecting EFG, whereas one of those factors is temperature. There are two equations for EFG at 

zero and ‘T’ temperature, regarding the partially filled orbitals and type of electrons. For s, p and 

d orbitals it is given below:51 

 ���!m& = ���!0&!1 − �m-.4&       (5) 

This is a nonlinear relation. For f orbitals we have:51 

 ���!m& = ���!0&!1 − �m&       (6) 

where ���!0&, ���!m&, B and T are EFG at zero temperature, EFG at T temperature, a constant 

(which is in the order of 10
−5 to 10

−4) and temperature, respectively. These equations show that 
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EFG decreases as temperature increases. We used density functional calculations which are 

performed at zero temperature, but experimental results are obtained at room temperature; 

therefore Eq. (6) is used to obtain EFG at room temperature. In order to consider temperature 

effect in EFG, we supposed that B is 10
−4. The EFG values of all UX2 compounds at zero and 

300K are shown in Table 5. The results clearly indicate that the EFG decreases as temperature 

increases but this decrease is not profound for 300K, though these results at zero temperature are 

reasonable as they can be confidently compared to the experimental data. It is obvious that with 

the increase in temperature electrons are excited and matter is expanded. It is also known that the 

EFG represents the asymmetry of electrons around a nucleus, therefore with the increases in 

temperature the asymmetry in electron decreases which consequently decrease the EFG. 

 

TABLE 5: The EFGs values for UX2 compound in 104
V

2−nm  unit at different temperatures. 

 
  UBi2  USb2  UAs2  UP2  

 
T = 0 K  0.050  1.280  1.317  1.262  

 
T = 300 K  0.049  1.242  1.277  1.224  

 

 

B.  DENSITY OF STATES  

The density of states (DOS) curve shows the distribution of electronic state in terms of energy. 

The area under DOS curve in each energy interval is equal to the number of allowed electronic 

states in that interval. Fig.4 shows total, U and X atoms DOSs for all UX2 compounds. In this 

figure, plots (a) to (d) show the total DOS curves for UX2 compounds. All curves coincide with 

the Fermi level at non-zero value, so these compounds are conductors. The symmetry in the up 
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and down states for all the compounds shows that they are antiferromagnetic materials in nature. 

A valley in the DOS of USb2, UAs2 and UP2 can be seen in the energy interval 0 to 0.5eV but 

this valley goes far away from the Fermi level for UBi2 and occurs around -1eV. The DOS of 

UBi2 at the Fermi level and around it and especially far below the Fermi level states are more 

split and have less degeneracy. Furthermore, the DOS of UBi2 coincides with the Fermi level at 

smaller values than that of the other compounds, and the height of peaks in this energy interval is 

less than that of the others. Therefore, the contribution of the Fermi level electrons of UBi2 in 

conduction is easier. It is further noted that at low energies −6.0 to −4.5 eV the tail of curve of 

UBi2 reaches to zero sooner, and therefore the band width of UBi2 is lesser than the other 

compounds. 

The plots (e) to (h) of the figure show DOS curves for U(1) and U(2) atoms of UX2 

compounds. As seen, in all compounds, DOS for each uranium atom for up and down spin states 

are asymmetric. It demonstrates that uranium atoms are magnetic in all compounds and have a 

local magnetic moment. The DOS of the second uranium atom with a reverse spin arrangement 

as compared to the first atom is shown in these plots. The DOS of this atom in up and down spin 

states is reversely the same as the DOS of the first atom. That is, up states curves for U(1) is the 

same as the down spin state curve for U(2) and vice versa. Therefore, the magnetic moment 

which is caused by U(2) is equal but in opposite direction to that of U(1) and hence the net 

magnetic moment of the compound is zero. This means that the magnetic moment of U(2) atom 

is canceled by that of U(1) atom and as result  no net magnetic moment is observed in the  unit 

cell. As a result, although uranium atoms are magnetic, but they have no contribution in the total 

magnetic moment of these crystals. As discussed earlier about the magnetic structure that in all 

UX2 compounds the number of uranium atoms in opposite spin directions is equal. 
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The DOS curves for X atoms of the UX2 compounds are shown in Figs. 4-(i) to 4-(l). As 

shown, in all compounds the up and down states curves for X atoms are symmetric, which reveal 

that X atoms are non-magnetic. So, in all these compounds the magnetic sheets of uranium are 

separated with non-magnetic sheets of X atoms. It causes a quasi-two dimensional property of 

them. The comparison of the DOS of U and X atoms in Fig. 4 shows that for all UX2 compounds 

the main contribution of DOS at the Fermi level is related to U atoms, whereas X atoms have 

dominant contribution at higher energies. Since both, DOSs of U and X atoms coincide the 

Fermi level at non-zero value, it reveals that all electrons of these compounds contribute in the  

 

 

 

FIG. 4. (Color online) The DOS curves for: (a)-(d) The total UX2 compounds, (e)-(h) The U(1)  

and U(2) atoms in all UX2 compounds, (i)-(l) The X atoms in all UX2 compounds. 
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conduction process. The comparison of the DOS of U and X atoms in Fig. 4 shows that for all 

UX2 compounds the main contribution of DOS at the Fermi level is related to U atoms, whereas 

X atoms have dominant contribution at higher energies. 

Fig. 5 shows the DOS curve for uranium orbitals in UBi2. All curves have non-zero value 

at the Fermi level, so all orbitals in uranium atom contribute in conduction. The DOS curve for f 

and d orbitals coincide the Fermi level at much higher energy than s and p orbitals, which shows 

that the electrons of these orbitals (f and d) are magnetic electrons of U and have more effect on 

the magnetic properties of the uranium atom. The DOS curves for uranium atom orbitals of the 

other UX2 compounds are almost similar to Fig. 5, and therefore we have not shown them to 

avoid repetition.  

 

FIG. 5. (Color online) PDOS curves for all orbitals of uranium inUBi2 compound. 
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The DOS curves for f and d orbitals of uranium are shown in Fig. 6, where the plots from 

(a) to (d) in this figure are related to the f orbital of uranium and (e) to (h) show d orbital. In all 

of the four compounds under study, the DOS of the up and down states are asymmetric, which 

shows magnetism for the electrons of this orbital. It is clear from the figure that the f orbital 

touches the Fermi level at non-zero value for all compounds, which confirms that the electrons of 

this orbital contributes in the conduction process. The high effective mass24,28 of the conduction 

carriers of these compounds is due to these electrons, though f is an internal orbital. These f 

orbital electrons are not completely localized, where the amount of localization is different for 

different compounds. Therefore, to investigate the localization of these orbitals we need case by 

case study of all the compounds. In all the compounds under study, the spin down electrons of 

the f orbital are easily participating in the conduction process as these electrons coincide the 

Fermi level at lower values, however the spin up electrons have a larger value at the Fermi level 

which shows higher effective mass of conduction carriers than that of the spin down electrons. 

The shape of DOS for f orbitals is the same as that of U atom. 

 

FIG. 6. (Color online) The PDOS curves of uranium atoms in UX2 compounds. (a)-(d) The f  

orbitals and (e)-(h) The d orbitals. 
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The DOS of the d orbitals of uranium for up and down states for all the compounds 

shown in the figure display that these orbitals are symmetric for all compounds, and from area 

under the DOS curves we can say that the magnetic properties of f orbital is more than that of the 

d orbital, or in other words d is non-magnetic. As a result, the magnetic properties of uranium 

and consequently UX2 compounds are due to the f orbital electrons. Therefore, the study of the f 

orbital electrons is important because they are strongly affecting the magnetic properties as well 

as high effective mass of conduction carriers of UX2 compounds. 

The partial DOS (PDOS) of f orbital of uranium in UBi2 and USb2 for various ℓ, m and 

n!ℓ ± p& are shown in Fig. 7. There are 7 values for m in f orbital with ℓ = 3. The plots in the 

figure from (a) to (c) show partial curves for # = −3 to # = −1. These plots show that the 

curves for UBi2 and USb2 are almost the same and their difference is only in the height of peaks, 

where for some energies the height of UBi2 curve is higher while for other energies the height of 

USb2 curve is a higher. The contribution of down spin states for energies lower than Fermi 

energy, i.e. occupied states, is very low and ignorable, where almost all of DOS curve in this 

energy interval is related to up spin states.  

The PDOS of f orbital for # = 1, 2 and 3 are shown in the plots (d) to (f) of Fig. 7. The 

plots show that the contribution of these partial parts in occupied states is very low and most part 

of these curves are in the higher energies than the Fermi level and unoccupied states. It is also 

shown that the curves are shifted to the left towards the Fermi energy when m is decreased from 

3 to 1. The curve for # = 1 exists at lower energy than the Fermi energy, but even in these parts, 

the contribution of the down states electrons in DOS of occupied states is very small. The plot 

(g) of the figure shows PDOS of f orbital for ℓ = 3 and # = 0. This curve is also shifted to the 

left and has more contribution in occupied states relative to that of # = 1, 2 and 3. Furthermore, 
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for # = 0 the contribution of the down spin states at lower than the Fermi energies is more than 

the other partial parts of the f orbital. However, this contribution is still lesser than the up spin 

states. In general, comparing the partial curves of f orbitals (figures 7-(a) to 7-(g)) we can see 

that most part of DOS of f orbital at lower than Fermi energies is related to negative and zero m. 

As the curves are expanded to the Fermi level with the change of m from # = 3 to # = 1, then 

the band width also increases in this region. Regarding the asymmetry of the up and down states 

of the partial parts, we can say that all parts with various m contribute in the magnetism of the 

 

 

FIG. 7. (Color online) The PDOS curves of f orbital of uranium in UBi2 and USb2 compounds  

for various ℓ, m and n. 
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orbital. Fig.7 reveals that the up and down PDOSs are asymmetric with respect to each other for 

all m values. Thus, the PDOSs with different m values contribute in magnetism of f orbital.  The 

curves for # = 1, 2 and 3 coincide the Fermi level at higher values, so the effective mass of 

conduction carriers is higher in these partial parts. Plots (h) and (i) of the figure show the partial 

curves of f orbitals of UBi2 and USb2 for n = 5/2 and 7/2, respectively. It is clear from the plots 

that the behavior of DOS of these partial parts is almost the same for both crystals. For n = 5/2, 

the spin up states coincide Fermi level at higher value but in contrast for n = 7/2 the spin down 

states coincide the Fermi level at higher value. Therefore, the spin up states in n = 5/2	 and spin 

down states in n = 7/2 have higher effective mass of conduction carriers. This reveals, easier 

conduction of f orbital electrons in the spin down states for n = 5/2 and spin up states for 

n = 7/2. 

The detailed discussion on the magnetic properties of UX2 (X=P, As, Sb, Bi) dipnicties 

revels that these compounds are antiferromagnetic with short-range ordering of ↑↓ for UBi2 and 

long-range ordering of ↑↑↓↓ for UP2, UAs2 and USb2 compounds. We also know from this study 

that the magnetic properties of these compounds are mostly originated from the uranium atoms 

especially from its f orbitals, whereas the d orbitals of uranium and X atoms are nonmagnetic. 

After all these considerations, it will not be appropriate if the magnetic moment of the uranium 

atom in these compounds is not discussed. Therefore, the magnetic moment of uranium atom in 

these compounds is calculated with WCFock approach and the calculated results are presented in 

Table 6. The calculated results are also compared with the experimental and other theoretical 

results. The comparison of the data presented in the table clearly indicates that the theoretical 

values of the magnetic moment of uranium atom in these compounds by Lebegue et al.17 are 

severely underestimated from the experimental results24, however our calculated values for all 
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the compounds except UP2 are consistent with the experimental results. The table also presents 

the contribution of the spin and orbital in the total magnetic moment of uranium for each 

compound. These results reveal that the orbital motion of the f-electrons has a profound effect on 

the magnetic properties of uranium atoms.  

 

TABLE 6. Orbital (ORB), spin (SPI) and total (TOT) magnetic moments per uranium atom in     

                   µB using WCFock together with theoretical and experimental results of the others. 

 
  UBi2  USb2  UAs2  UP2  

 
ORB  -4.243  -3.904  -2.790  -2.221  

 
SPI  1.887  1.681  1.209  0.947  

 
TOT  2.365  2.223  1.645  1.274  

 
TOTa  1.1±0.1  0.90±0.01  0.7±0.1    

 
EXPb  2.1±0.1  1.88±0.03  1.61±0.11  2.1±0.1  

aReference 17. 
bReference 24. 
 

 

IV. CONCLUSIONS 

In this paper, the electric field gradients (EFGs) and their lattice and valence contributions are 

calculated for UX2 (X=Bi, Sb, As, P) compounds. The calculated results show that the EFG is 

zero for UBi2 and nonzero with fairly large values for the other UX2 compounds, which is in 

agreement with the experimental results. It is concluded that the zero EFG cannot be obtained by 

using LDA, GGA, regular LDA+U and GGA+U functionals, but it is possible with EECE 

functional. The origin of the zero EFG for UBi2 and nonzero for the other compounds is 

investigated and it is concluded that the antiferromagnetic ordering of ↑↓ for UBi2 and more 
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long-range ordering of ↑↑↓↓ for UX2 (X=Sb, As, P) are responsible for the difference in the EFG 

values.  The analyses of EFGs show that the magnetic structure and spin arrangement of atoms 

affect EFG; whereas in the mentioned factors, the magnetic orbitals of uranium have the highest 

influence on EFGs. Furthermore, valence electrons (Quasi-core) in the MT sphere play an 

important role in EFG and the contribution of electrons which are out of the MT sphere is very 

small. The calculated EFG data for different temperatures show that EFG decreases as 

temperature increases but, this increase in EFG is significant only at high temperatures, whereas 

at room temperature it is ignorable.  

The DOS curves show that uranium atoms are magnetic and X atoms are non-magnetic 

for all UX2 compounds. Therefore, in these compounds, magnetic planes of uranium are 

separated with non-magnetic X planes. So, there is a quasi-two dimensional property in these 

compounds. As DOS curve of f orbital have non-zero value on Fermi surface, therefore f orbital 

electrons contribute in conduction. These f orbital electrons are non-localized and show different 

localization in different compound.  We also conclude that uranium 5f electrons are responsible 

for the large effective mass of the conduction carriers of UX2 and hence conduction process in 

these compounds. The f orbital is the magnetic orbital of uranium and its electrons have the 

highest effect on the magnetization of the atom. Therefore, these f orbital electrons have a 

significant effect on the EFG of uranium. Furthermore, our calculated magnetic moments for the 

uranium atom in different compounds are consistent with the experimental results24 as compared 

to the previously calculated values17, which are severely underestimated.  
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