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Abstract The electronic and optical properties of vana-

dium dioxide are investigated in the frameworks of density

functional theory and GGA?U, in detail. It is found that,

the metal–insulator transition in VO2 is induced by the

on-site correlation effects, accompanied with a distinct

charge-transfer. Unlike that in rutile phase, the energy gap

in the monoclinic phase opens suddenly and abruptly,

which is consistent with the experimental observation. The

calculated indirect energy gap (0.32 eV) and the direct

energy gap (0.58 eV) can be used to theoretically interpret

the experimental optical transmission at 0.31 eV and the

optical energy gap 0.6 eV, respectively. Consequently,

both of them are confirmed by our optical calculation.

Furthermore, our calculated optical absorption peaks agree

with the experiment very well.

Introduction

The observation of a metal–insulator transition (MIT) at

the transition temperature 340 K in vanadium dioxide [1]

has initiated many experimental [2–9] and theoretical

[10–14] investigations for several decades. At high tem-

perature, VO2 is metallic and forms tetragonal rutile (R)

structure with space group P42/mnm. While, at low tem-

perature, it forms monoclinic (M1) structure with space

group P21/c, and becomes insulator with a band gap of

0.6 eV [15]. The striking feature of M1 phase is the

monoclinic distortion of R phase involving a zigzag-type

dimerization (pairing) of vanadium ions along the rutile

c-axis. The MIT occurs with an accompanying structural

phase transition (SPT) between the monoclinic and the

rutile tetragonal structures. It is commonly accepted that

Peierls and Mott–Hubbard pictures are two main alternative

mechanisms for MIT in VO2. It is well known that, a Mott

insulator undergoes a first-order MIT via the breakdown of

a strongly correlated critical electron Coulomb interaction

without a SPT [16, 17]. However, a Peierls insulator is

caused by electron–phonon interaction such as a charge–

density wave [18]. The Peierls MIT is then accompanied by

a SPT, in another words, the MIT and the SPT occur

simultaneously without the first-order MIT [6]. Up to date,

there is still a debate on the MIT mechanism [11, 12]. All

the controversial arguments are all based on a preconcep-

tion that the MIT and the SPT occur simultaneously.

However, some experiments have found that the MIT can

take place independent of SPT [4–6, 19, 20], recently.

Simultaneously, the electrical and optical properties of

VO2 have also been studied extensively [21–24]. The

electronic contribution to the optical properties of VO2 had

been studied by Verleur et al. [23], experimentally. Fur-

thermore, the optical constants of M1 and R phase VO2

(between 0.25 and 5 eV) had been determined. In M1

structure, they had found several absorption peaks centered

near photon energy 0.85, 1.3, 2.8, and 3.6 eV, and the

energy gap had been estimated to be about 0.6 eV. Addi-

tionally, an abrupt change from transparency to a low-

limiting transmission of 0.09 near phase transition point

had been observed at photon energy 0.31 eV, well above
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the fundamental phonon region but below the strong

interband transition. However, the authors had contributed

such interesting optical transmission to the free-carrier-

dominated behavior. Subsequently, the reflectivity of a

thick sputtered film of VO2 had been measured in the

energy range 0.5–11.0 eV at room temperature [25]. In

spite of the lack of a theoretical band-structure calculation,

the singularities in imaginary (e2) parts of the dielectric

constant at 0.6, 1.04, 1.32, 1.82, 2.64, 3.6, 5.89, and 9.6 eV

are assigned to specific interband transitions. In most cases,

the stoichiometry, chemical purity, and freedom from

defects of the measured VO2 have been high, and this fact

has produced a very large dispersion in the published data.

Regretfully, the theoretical interpretation of the experi-

mental optical observations, especially first principle cal-

culation, is still deficient up to date. So, in this letter, we

would like to try to provide a theoretical interpretation by

calculating the electronic and optical properties of the

vanadium dioxide, including the band structure, the atomic

or bonding population, and the optical constants. Our

investigations may be helpful for us to comprehend the

optical observation and search for the MIT mechanism in

vanadium dioxide, theoretically. All of our calculations are

performed based on the density functional theory (DFT),

and the strongly correlated effects are taken into account.

Computational method

Density functional theory has become an increasingly

popular tool for computational material science (seen in a

recent review article [26]). Despite the widespread popu-

larity and success of DFT, it is found to suffer from some

inherent defects and limitations. Many works [27–32] have

been done to try to improve them, recently. The numerical

results from the local density approach (LDA) cannot

describe the MIT in VO2 satisfactorily. It is suggested that

this failure is mainly due to the neglect of the local Coulomb

interaction, which may be significant in 3d transitional

metal oxides. So, we performed a comprehensive study of

such system, in which the on-site Coulomb repulsion effects

are in consideration. CASTEP code [33] is employed to

calculate the total energy and the electronic properties by

first principle calculations based on a plane wave basis set

with periodic boundary condition. The electron–electron

exchange and correlation effects are described by revised

Perdew–Burke–Eruzerhof (RPBE) functional [34] in gen-

eralized gradient approximations (GGA)[35] within the

DFT. Ultrasoft pseudo-potentials [36], known for their high

efficiency in calculating the structural and electronic

properties, are used for the electron–ion interactions. In this

case, a 5 9 6 9 6 Monkhorst–Pack grid and a total number

of 45 k points in the irreducible Brillouin zone were

employed. In order to confirm the convergence of the cal-

culation, the cutoff energy is 340 eV, which corresponds to

a criterion of convergence of 0.1 9 10-5 eV/atom. For a

large class of compounds, so-called correlated systems, a

mixture of the Hubbard model theory and DFT are required.

The most popular implementation is known as the LDA?U

method as introduced by Anisimov et al. [37]. The LDA?U

method, adopting a simplified, rotationally invariant

approach [38, 39] as an implementation for GGA, is applied

in our calculations. For simplicity, hereafter, we call it

GGA?U method. The only external parameter needed for

GGA?U is the effective value of the on-site Coulomb

parameter, Ueff, for each affected orbital. In the GGA?U

method, the effective parameter Ueff = U - J is adopted as

an only input parameter, where U and J are the Coulomb

and exchange parameters, respectively. In order to detect

the correlation effects, the effective parameter Ueff for V are

ranging from 0 to 5.0 eV.

Population analysis in CASTEP is performed using the

Mulliken formalism [40]. It is widely accepted that the

absolute magnitude of the atomic charges yielded by

population analysis have little physical meaning, since they

display a high degree of sensitivity to the atomic basis set

with which they were calculated [41]. However, consid-

eration of their relative values can yield useful information

[42], provided a consistent basis set is used for their cal-

culation. In addition to providing an objective criterion for

bonding between atoms, the overlap population may be

used to assess the covalent or ionic nature of a bond.

A high value of the bond population indicates a covalent

bond, while a low value indicates an ionic interaction. See

Segall et al. [42] for more details.

Two different initial crystalline structures of VO2, namely

high-temperature R phase with space group P42/mnm and

low-temperature M1 phase with space group P21/c are

considered (as shown in Fig. 1). The structural parameters

for these two phase used in our work are taken from McWhan

et al. [43] and Longo et al. [44], which are under the tem-

peratures of *360 and 300 K, respectively.

Results and analysis

First, we calculate the overlap population (bond popula-

tion) between the center V atom and its six O ligands. The

results show that the V–O bond populations are dependent

on the distance between them sensitively, but independent

of the on-site Coulomb interaction Ueff. The average

overlap population of V–O bond in R phase is about 0.556.

The average overlap population in M1 phase is also cal-

culated to be about 0.36. The absolute value of the bond

population reflects the level of covalence properties of

V–O bond in both phase, and also means the extent of the
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electron sharing between them. The ratio of the covalence

level between R and M1 phases is about 1.5, independent

of Ueff.

Then, we calculate the band structures with varying Ueff

of R and M1 phases, respectively. The calculated energy

gap (Eg) curves are plotted in Fig. 2 versus varying Ueff.

From Fig. 2, the MIT processes have been observed both in

R and M1 structures by increasing the on-site Coulomb

repulsion interaction Ueff. So, our results show that the

MIT in such system is independent of the structure phase

transition. However, their critical Coulomb repulsion

Ueff
C are different: 2.8 eV for R phase and 3.98 eV for M1

phase. Furthermore, their transition characters are abso-

lutely dissimilar. Unlike that in the R phase, the MIT in

monoclinic phase takes place suddenly, and an energy gap

(Eg * 0.32 eV) opens abruptly at the critical point

Ueff
C * 3.98 eV. The energy band of monoclinic VO2 at

the critical point is shown in Fig. 3. It is obvious that the

energy gap (Eg * 0.32 eV) is an indirect gap between two

symmetry points B and D in Brillouin zone with different

momentum. Nevertheless, the direct energy gap at the same

symmetry point D is about 0.58 eV. The indirect energy

gap (*0.32 eV) can be used to interpret the experimental

0.31 eV optical transmission observed by Verleur et al.

[23] perfectly, but the authors had attributed it to the free-

carrier-dominated behavior. The optical transition between

two different symmetry points is usually electron phonon

scattering required due to the momentum conservation,

with low-excitation probability. As a result, the energy gap

detected by optical experiment should usually be the direct

energy gap. Therefore, our calculated direct energy gap

(*0.58 eV) agrees to the experimental gap 0.6 eV given

by Ladd and Paul from optical transmission experiment

[45] very well. It is also consistent with the energy gap

obtained by means of all-electron full-potential linear

muffin-tin orbital GW calculation [14]. Unlike the transi-

tion in R structure, the sudden and sharp behavior at the

phase transition in M1 structure is consistent with the

experimental observation. We suggest that the MIT should

take place in M1 phase with the first-order characters,

although the MIT can occur in both R and M1 phases. And,

the Hubbard Ueff of V atom in VO2 should be around

Fig. 1 Crystal structures of the high-temperature rutile (R) tetragonal

cell (dotted line) and low-temperature M1 unit cell (solid line). The

arrows indicate the distortions from R to M1 phase, and the

displacements of O atoms are given only for two inequivalent O’s

Fig. 2 The energy gap (Eg) curves of VO2 with M1 and R phases

versus varying Ueff

Fig. 3 The energy band structure of monoclinic VO2 with M1 phase

at Ueff = 3.98
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3.98 eV, which is nearly the same as that suggested in Ref.

[13] on the basis of cluster dynamical mean-field theory.

In order to detect the charge transfer or electron occu-

pation in M1 phase with the varying on-site correlation

effects, we do some Mulliken analysis on the V atoms. The

atomic population (charge) of V atoms is shown in Fig. 4.

The positive charge of V ions increases slowly with

enhanced correlation, but a distinct saltation of charge

emerges at the critical point Ueff = 3.98 eV. A discontin-

uous and abrupt charge-transfer from the center V atom to

the six O ligands was found during MIT process. The

electronic system itself (the Coulomb interaction between

electrons) can cause dramatic discontinuous MIT without

any other effects (structural distortion or phonon). It means

the correlation effects prevail upon the itinerancy of the

electrons, forcing them to localize during the MIT process.

Such character suggests the insulating M1 VO2 a charge-

transfer like insulator [46, 47].

Finally, we calculate the optical constants of the M1

phase VO2 at 300 K, including refractive index, dielectric

constant, and absorption spectrum (as shown in Figs. 5, 6,

and 7 respectively). The complex refractive index is plotted

in Fig. 5. A distinct threshold at about 0.32 eV can be seen

clearly in Fig. 5, below which the refractive index is

absolutely real. We know that a real refractive index

denotes the transparency of material, and such phenomena

are consistent with the experimental optical transmission at

0.31 eV [23]. The real part e1 and imaginary part e2 of

dielectric constant have also been obtained (as shown in

Fig. 6). In Fig. 6, the imaginary part e2 of the dielectric

constant shows two thresholds (at *0.3 and 0.6 eV) and

several singularities at 0.88, 1.32, 1.9, 2.3, 2.7, and 3.6 eV.

The two thresholds denote the optical transmission and the

optical energy gap, respectively. And, these imaginary part

singularities denote the corresponding optical absorption

peaks. Furthermore, the absorption spectrum is plotted in

Fig. 7. Except for a threshold at 0.31 eV and a little

shoulder at about 0.6 eV, one can see some distinct

Fig. 4 The atomic population (charge) of V in monoclinic VO2 with

different Ueff

Fig. 5 The complex refractive index of monoclinic VO2 with

different Ueff

Fig. 6 The complex dielectric function of monoclinic VO2

Fig. 7 The absorption spectrum of monoclinic VO2
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absorption peaks set at 0.82, 0.99, 1.2, 1.34, 1.63, 1.93, 2.3,

2.6, 2.8, 3.1, 3.2, 3.4, and 3.6 eV, respectively. To sum up,

all of the theoretical optical results above are consistent

with each other, and they agree with the experimental

absorption peaks(0.85, 1.04, 1.3(1.32), 1.82, 2.64, 2.8, and

3.6 eV) [23, 25] very well. Additionally, the threshold at

0.31 eV should be the optical transmission point, and the

little shoulder around 0.6 eV should be the optical obser-

vation energy gap.

Conclusion

In the present article, we have made some Mulliken anal-

ysis of the V–O bond, first. The overlap population of them

is found to depend on the bond length between O and V

sensitively, but to be independent of the on-site Coulomb

interaction on V atoms. The level of covalence of R phase

are stronger than that of M1 phase, the ratio average

overlap population between R and M1 phases is about 1.5.

Consequently, we have calculated the band structure and

the energy gap of both high temperature R and low tem-

perature M1 structure VO2. Our calculations show that,

though the MIT can take place in both structures by

increasing the on-site Coulomb repulsion interaction, the

sudden and abrupt opening of the energy gap of M1 phase is

consistent with the experimental observations. The M1 VO2

belongs to an indirect gap semiconductor with an indirect

energy gap *0.32 eV, which interprets the experimental

0.31 eV optical transmission. Furthermore, the direct

energy gap about 0.58 eV agrees to the experimental gap

0.6 eV very well. According to our calculation, we suggest

that the MIT should take place in M1 phase without any

structural changes, and have the first-order characters.

Then, we have investigated the charge transfer or elec-

tron occupation in M1 phase with varying correlated

effects. The Mulliken analysis on the V atoms has been

made. A discontinuous and abrupt charge-transfer from the

center V atom to the six O ligands, and a strong electronic

localization has been found during MIT process. Such

character suggests that the M1 VO2 should be a charge-

transfer like insulator.

Finally, we have calculated the optical properties of the

M1 phase VO2. Two thresholds (at *0.3 and 0.6 eV) are

observed in the complex refractive index, the dielectric

constant, and the absorption spectrum. And, the threshold

at 0.31 eV should be the optical transmission point, and the

little shoulder around 0.6 eV should be the optical energy

gap. The theoretical results agree with the experimental

observation very well.

Acknowledgements This work is supported by the major research

program from the Ministry of Science and Technology of China under

Grant No. 2009CB939901. Numerical computation of this work was

carried out on the Parallel Computer Cluster of Institute for Con-

densed Matter Physics (ICMP) at School of Physics, Peking

University.

References

1. Morin J (1959) Phys Rev Lett 3:34

2. Takayuki U, Kozo O, Akio K (1993) J Phys Soc Jpn 62:2595

3. Goering E, Schramme M, Müller O, Barth R, Paulin H, Klemm

M, Denboer ML, Horn S (1997) Phys Rev B 55:4225

4. Kim H-T, Chae B-G, Youn D-H, Maeng S-L, Kim G, Kang K-Y,

Lim Y-S (2004) New J Phys 6:52

5. Kim H-T, Chae B-G, Youn D-H, Lee S-J, Kim K, Lim Y-S

(2005) Appl Phys Lett 86:242101

6. Kim B-J, Lee YW, Choi S, Lim JW, Yun SJ, Kim H-T, Shin T-J,

Yun H-S (2008) Phys Rev B 77:235401

7. Eguchi R, Taguchi M, Matsunami M, Horiba K, Yamamoto K,

Ishida Y, Chainani A, Takata Y, Yabashi M (2008) Phys Rev B

78:075115

8. Xu SQ, Ma HP, Dai SX, Jiang ZG (2004) J Mater Sci 39:489. doi:

10.1023/B:JMSC.0000011503.22893.f4

9. Gopalakrishnan G, Ruzmetov D, Ramanathan S (2009) J Mater

Sci 44:5345. doi:10.1007/s10853-009-3442-7

10. Goodenough JB (1960) Phys Rev 117:1442

11. Wentzcovitch RM, Schulz WW, Allen PB (1994) Phys Rev Lett

72:3389

12. Rice TM, Launois H, Pouget JP (1994) Phys Rev Lett 73:3042

13. Biermann S, Poteryaev A, Lichtenstein AI, Georges A (2005)

Phys Rev Lett 94:026404

14. Sakuma R, Miyake T, Aryasetiawan F (2008) Phys Rev B

78:075106

15. Koethe TC, Hu Z, Haverkort MW, Schüßler-Langeheine C,
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