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Abstract—In the present paper, we have studied the electronic 

properties of dysprosium sesquioxide by applying the linear 

combination of atomic orbitals method within the framework of 

density functional theory. We have computed the energy bands, 

density of states, Mulliken’s populations of Dy2O3. 

The energy bands confirm a wide indirect band gap of Dy2O3. 

The large band gap semiconducting properties of Dy2O3 are 

formed due positioning of 2sp states of O and 5d states of Dy 

atoms. Also, the computed band gaps are in good agreement with 

the previously reported data.  The data on Mulliken’s population 

and theoretical Compton profiles are discussed in terms of 

bonding, energy bands and density of states. 

  

 
Index Terms—Band Structure Calculations; Rare Earth 

Oxides; First Principles Studies 

 

I. INTRODUCTION 

The study of electron momentum density distribution 

through the Compton scattering depends on the impulse 

approximation, which allows the target electrons to be treated 

as free electrons. Moreover, if the interaction is truly 

impulsive, the electron does not move appreciably during the 

interaction and therefore sees the same potential just before 

and after collision with the photon. If the target consists of 

electrons with a distribution of momenta n(p), the Doppler 

broadening of the spectrum of the scattered radiation known as 

Compton profile, J(pz), is defined as [1]: 

                
yxz

dpdppnpJ                              (1)   

 The Compton spectroscopy is a well recognized tool to 

study the electron momentum density of materials and hence 

their electronic properties [2].  

Within last decade, rare earth oxides have been extensively 

investigated due to their high resistivities, high dielectric 

constants, and large band gap characteristics for wide range of 

technological applications including memory devices, 

switching mechanism for logic devices, and optoelectronic 

devices [3]. These oxides are also found as potential 

candidates for metal oxide semiconductor devices [4]. 

Specially, Dy2O3 is attractive to substitute SiO2 in the CMOS 

devices because of its dielectric constant and high chemical 

and thermal stability with Si. The crystal structure of the 

trivalent sesquioxides (Ln2O3) fall into three distinct 

 
 

polymorphic forms cubic Ia3, hexagonal P-3m1 and 

monoclinic C2/m, while the tetravalent fall into cubic Fm3m 

[5].  

Recently, Gillen et al. [6] have calculated the electronic 

structure of lanthanides (Ln2O3) and CeO2 using hybrid 

density functional HSE03, HSE06 and screened  exchange 

(sX-LDA). Horoz et al. [7] have investigated the electronic 

and optical properties of Dy2O3 using the density functional 

theory within the GGA. Rammo [8] has studied LnxOy rare-

earth oxides (where Ln = La, Ce, Pr, Nd, Sm, Eu, Tb, Dy and 

Er, x=1, 2, 4, 6 and y=2, 3, 7, 11) by X-ray diffraction and pair 

potentials modeling using the GULP code. Zhao et al. [9] have 

studied the electronic polarizability and optical basicity of 

lanthanide oxides. The electronic structures of dioxides, 

REO2, and sesquioxides, RE2O3, of the rare earths, RE = Ce, 

Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy and Ho, have been calculated 

by Petit et al. [10] with the self-interaction-corrected local-

spin-density approximation. 

II. COMPUTATIONAL DETAILS 

We have computed the electronic properties of Dy2O3 by 

using the ab-initio linear combination of atomic orbitals 

(LCAO) method [11]. A variety of schemes of exchange and 

correlation within the density functional theory (DFT) namely 

local density approximation (LDA) [12] and generalized 

gradient approximation (GGA) with different exchange and 

correlation functions like Wu-Cohen (WC-GGA) [13], 

second-order GGA (SOGGA) [14]. In the present 

computations, we have employed the pseudopotential (PP) 

approach. In PP-HF scheme, the one electron Hamiltonian 

operator is given as [11], 

           PPHFPP
excth ˆˆˆˆˆ                                 (2) 

where 
HFx̂,ĉ,t̂ and 

PPê  are kinetic, Coulomb, exchange and 

effective core pseudopotential (ECP) operators, respectively. 

The ECP was used to describe the core part of Dy [15] while 

the all electron basis sets were taken for O [16]. The lattice 

parameter for cubic Dy2O3 was taken as a=10.671 Å [8]. 

Following the default tolerances in the CRYSTAL09 code, the 

SCF calculations have been performed for 120 k points in the 

irreducible Brillouin zone using Monkhorst–Pack shrinking 

factor of 15. Also, BROYDEN [17] scheme was used to 

achieve fast convergence. 
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III. RESULTS AND DISCUSSION 

A. Energy Bands and Density of States 

In Figs. 1 and 2, we have plotted the E-k relations (with EF 

shifted to zero reference level) along with the high-symmetry 

directions of BZ for C-phased Dy2O3 using PP-DFT-WCGGA 

scheme. The trend of the energy bands computed using PP-

DFT-LDA and PP-DFT-SOGGA is almost similar to those of 

PP-DFT-WCGGA scheme, hence we have shown the bands 

only for PP-DFT-WCGGA approximation. The energy bands 

confirm a wide indirect band gap of Dy2O3. In Table 1, we 

have collated the computed band gaps along with the available 

data. 
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Fig. 1 Energy bands of cubic Dy2O3 along the high symmetry directions using 

DFT- PP-WCGGA scheme. 

 
TABLE I 

ENERGY BAND GAP (EG IN EV) FOR DY2O3 CALCULATED USING THE VARIOUS 

FIRST PRINCIPLE METHODS ALONG WITH THE AVAILABLE DATA  

Approach Band gap (Eg) (in eV) 

(i) Present Work 

 
 

(a) PP-DFT-GGA  4.18  

(b) PP-DFT-LDA 4.09  
(c) PP-DFT-SOGGA 4.17 

 

(ii) Available data 

Theoretical work 
 

(a) Gillen et al. [6] 

         
(b) Jiang et al. [18] 

4.7 (HSE03) 

4.9 (HSE06) 
3.47 (LDA-U) 

 

 
 

Experimental work 

Prokofiev et al.[19] 

4.41 (G0W0) 

4.24 (GW0) 
 

 

4.9  
 

  

 

The DOS just below the EF level i.e. in the range 2.9 eV to 

EF are due the hybridization of 2sp states of O atoms and 5d 

states of the Dy atoms with dominancy of O atoms. The DOS 

in the energy range above 4.60 eV are due to the 5d states of 

Dy atoms. Therefore, we conclude that the large band gap 

semiconducting properties of Dy2O3 are formed due 

positioning of 2sp states of O and 5d states of Dy atoms. The 

band gap value is less than the previously reported data. 
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Fig. 2 Total and partial density of states of Dy2O3 along the high symmetry 
directions using DFT- PP-WCGGA scheme. 

 

B. Compton Profile 

    In Fig. 3, the anisotropies in momentum densities (J110-J100; 

J111-J100 and J111-J110) for Dy2O3 have been plotted PP-DFT-

LDA and PP-DFT-SOGGA schemes, respectively. It is 

observed that the general trends of oscillations in the 

anisotropies from different schemes are almost identical.  

In high momentum region (above 3 a.u.) the anisotropy is 

almost zero as the high momentum region is dominated by 

core electrons whose isotropic contributions are cancelled 

while taking the directional differences. Further, in the low 

momentum region, small amplitudes of anisotropies J(pz) 

depicts a small anisotropic nature of electron density in Dy2O3. 

The value of anisotropies J111-J100 at pz =0 is higher than J111-

J110 which shows the higher value of EMD along [110] as 

compared to [100] at  point of BZ. 
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Fig. 3 Anisotropy in the convoluted theoretical Compton profiles of Dy2O3 
calculated using different density functional schemes within the effective 

pseudo-core potential. Since the statistical error ±σ is within the size of 

symbols used, it is not clearly visible. The solid lines are drawn to guide the 
eyes. 

 

C. Mulliken’s Populations 

   Here Dy1 and Dy2 play the role of donor atoms while the 

oxygen atoms play the role of acceptor atoms. Table 2 depicts 

that charge transfer (total) from donor to acceptor in Dy2O3 is 

3.503 e¯ for PP-DFT-WCGGA scheme, while the values using 

PP-DFT-LDA-PZ, PP-DFT-SOGGGA and PP-DFT-PBEsol 

schemes are 3.536, 3.508 and 3.506e¯ respectively.  
 

TABLE II 

MULLIKEN’S POPULATION CHARGE TRANSFER DATA FROM DONOR ATOMS TO 

THE ACCEPTOR ATOMS 

Method Valence charge e¯ 

Dy (1) Dy (1) O 

PP-DFT-GGA  1.776 1.760 -1.176 

PP-DFT-LDA 1.762 1.746 -1.166 

PP-DFT-SOGGA 1.759 1.744 -1.165 

PP-DFT-PBEsol 1.761 1.745 -1.166 

 

Almost similar amount of charge transfer by Dy1/Dy2 to 

oxygen atoms in Dy2O3 is observed. It is seen that the charge 

transfer from the rare earth elements is equally distributed 

among the three oxygen atoms. 

IV. CONCLUSIONS 

We have presented the first theoretical (LCAO based) 

Compton profiles of Dy2O3. It is seen that the LCAO-DFT-

GGA (WC) gives a marginally better agreement with the 

experiment than other LDA/GGA schemes. To compare the 

experiment in a more accurate way, relativistic Compton 

profiles with Lam-Platzman correlation corrections are 

required.   

ACKNOWLEDGMENT 

The authors are grateful to Prof. R. Dovesi for providing us 

the CRYSTAL09 package. We are also thankful to Prof. B.L. 

Ahuja for their kind support and suggestions. 

REFERENCES 

[1] B. Williams, McGraw-Hill, Compton Scattering, London, 1977. 

[2] M.J. Cooper, P.E. Mijnarends, N. Shiotani, N. Sakai, and A. Bansil, X-
ray Compton Scattering, Oxford Science Publications, New York, 2004. 

[3] H. Yang, H. Wang, H. M. Luo, D. M. Feldmann, P. C. Dowden, R. F. 

DePaula and Q. X. Jia, “Structural and dielectric properties of epitaxial 
Sm2O3 thin films”, Appl. Phys. Lett. Vol. 92, pp. 062905-062908, 2008. 

[4] K. Shalini, S. A. Shivashankar, Oriented growth of thin films of 

samarium oxide by MOCVD”, Bull. Mater. Sci., vol. 28, no. 1, pp. 49-
54, 2005 

[5] H.R. Hoekstra and K.A. Gingerich, “High-Pressure B-Type Polymorphs 

of Some Rare-Earth Sesquioxides”, 1964. Science, 146: 1163-1172.  
[6] R. Gillen, S. J. Clark, and J. Robertson, “The nature of the electronic 

band gap in lanthanide oxides”, Phys. Rev. B vol. 87, pp. 125116-1-7, 

2013. 
[7] S.Horoz , S. Simsek , S. Palaz , A. M. Mamedov, and E. Ozbay, 

Electronic and Optical Properties of Dy2O3: ab initio calculation, Int. J. 

of Sci. and Tech. Research, vol 1, no.4, pp. 36-44, 2015. 

[8] N.N. Rammo, “Structure study of some lanthanide's oxides by x-ray 

diffraction and pair potential modelling”, Iraqi J. Sci., vol. 53, no. 2, pp. 

316-321, 2012. 
[9] X. Zhao, X. Wang, H. Lin and Z. Wang, “Electronic Polarizability and 

Optical Basicity of Lanthanide Oxides”, Physica B, vol. 392, pp. 132-

136, 2007. 
[10] L. Petit, A. Svane, Z. Szotek and W.M. Temmerman, “First-principles 

study of rare-earth oxides”, Phys. Rev. B vol. 72, pp. 205118-205127, 

2005. 
[11] R. Dovesi, V. R. Saunders, C. Roetti, R. Orlando, .M. Zicovich-Wilson, 

F. Pascale, B. Civalleri, K. Doll, N. M. Harrison, I. J. Bush, Ph. D’Arco, 

M. Llunell, 2009 CRYSTAL09 Users’ Manual, University of Torino, 
Torino (2009). 

[12] M. D. Towler, A. Zupan, and M. Causa, “Density functional theory in 
periodic system using local Gaussian basis sets”, Phys. Commun., vol. 

98, no. 1, pp. 181-205, 1996. 

[13] Y. Zhao, D. G. Truhlar, “Construction of a generalized gradient 
approximation by restoring the density-gradient expansion and enforcing 

a tight Lieb-Oxford bound”, J. Chem. Phys., vol. 128, pp. 184109-1-8, 

2008. 
[14] Z. Wu, R. E. Cohen, “More accurate generalised gradient approximation 

for solids”, Phys. Rev. B 73 (2006) 235116. 

[15] http://www.theochem.uni-stuttgart.de/pseudopotentials/index.en.html. 
[16] http://www.tcm.phy.cam.ac.uk/mdt26/basis_sets /O_basis.txt 

[17] D. D. Johnson, “Modified Broyden’s method for accelerating 

convergence in self-consistent calculations”, Physical Review B, vol. 38, 
pp. 12807-12813, 1998.  

[18] H. Jiang, P. Rinke, and M. Scheffler, Electronic properties of lanthanide 

oxides from the GW perspective Phys. Rev. B, vol. 86, pp. 125115-1-13, 
2012. 

[19] A.V. Prokofiev, A.I. Shelykh, and B.T. Melekh, “Periodicity in the band 

gap variation of Ln2X3 (X = O, S, Se) in the lanthanide series” J. Alloys 
& Compds., vol.  242, pp. 41-49, 1996. 

 

 
 

 

 
 

 

http://www.theochem.uni-stuttgart.de/pseudopotentials/index.en.html
http://www.tcm.phy.cam.ac.uk/mdt26/basis_sets%20/O_basis.txt


International Journal of Pure and Applied Physics. ISSN 0973-1776    Volume 13, Number 1 (2017), pp. 123-126 

© Research India Publications   http://www.ripublication.com 

126 

Mr. Gagan Ahuja was born in Banga city 

in 1976. He received the B.Sc. and M.Sc. 

degree in Maths and Physics from the 

Guru Nanak Dev and Anna Malai 

University.  

He is currently pursuing the Ph.D. degree 

in Physics at Pacific University, Pacific 

Academy of Higher Education and 

Research, Udaipur. 

  

Dr. Gunjan Arora was born in 

Udaipur, Rajasthan, India in 1978. She 

received the M.Sc. degree in Physics 

from the ML Sukhadia University, 

Udaipur, in 2001. She has completed 

Ph.D. on the topic of “Compton 

Spectroscopy of some Binary Alloys 

and Compounds” from ML Sukhadia 

University, Udaipur under the guidance 

of Prof. B. L. Ahuja.  

She has published 36 research papers in international and 

national journals and conferences and written eight books for 

B. Tech. students. She is carrying out two major research 

projects with DST, New Delhi and BRNS, Mumbai. She is 

also guiding three research scholars for Ph.D. from various 

universities. She has teaching experience of 12 years in 

Geetanjali Institute of Technical Studies, Udaipur. 

Dr. Arora is life member of “Indian Society for Radiation 

Physics (ISRP)” Udaipur Chapter. She has been awarded by 

University Gold Medal for standing first in the M.Sc. 

(Physics) Examination 2001, held by Mohan Lal Sukhadia 

University, Udaipur. 


