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We have studied computationally the CdF2 crystal doped with Al, Ga, In, Sc and Y impurities,

using the density-functional theory and the ultrasoft pseudopotential method. In particular, we focus on

the bistability behavior of the dopants. The formation energies, ionization levels and spatial

configurations are calculated. For bistable donor configurations (DX centers), the overlap populations

and energy barriers are also estimated. The results obtained for the DX centers associated with Ga and In

atoms in the negative charge state are in a good agreement with previous works.  We predict the

existence of bistability in the case of the Sc-doped CdF2. In all the investigated cases for the DX-centers

we find an antibonding state between the impurity and the nearest Cd atoms.
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I.  INTRODUCTION

The so-called DX-type dopant centers in semiconductors and insulators have been the subject

of intensive because these centers have a number of important properties1-7. One very special

characteristic of the DX defects is their bistable behavior. This means that the defect possesses two

equilibrium states separated by a vibronic energy barrier, namely, a shallow and a deep donor state, the

latter accompanied by a large lattice relaxation2-4. The peculiarity of this type of defects is their presence

not only in covalent crystals, e.g. III-V semiconductors1-5, but also in ionic materials 6,7. In fact, some

recent experimental measurements have demonstrated that the ionic CdF2 crystal doped with trivalent

impurities such as In and Ga shows bistability 6,8,9.

When In- or Ga- doped CdF2 is exposed to UV-VIS radiation at low temperatures, the associated

absorption peak disappears giving rise to an IR band6,8,9.  The explanation of this process is related to the

electronic transfer from the deep state to the metastable shallow state due to photon absorption. It is also

important to notice that the negative-effective-U nature of the deep-state has been confirmed by the

quantum yield measurements6 at low temperatures, giving a value of ~2e for the localised charge. This

implies that the deep state contains two electrons. The electrons that were promoted to the shallow level

cannot return to the deep state because of the energy barrier separating the states. The height of this

barrier was experimentally estimated to be about 0.10 eV and 1.12 eV for In and Ga, respectively6,8,10.

Recently, positron annihilation experiments have revealed the existence of an open-volume defect

related to the atomic configurations of the deep DX state in In- and Ga-doped CdF2 5.

Such DX behavior shows a large difference between the thermal and optical ionization energies

(Stokes shift) observed in both DX:In and DX:Ga8.  The electron photoionization in the deep state and

its subsequent recapture into the shallow state causes a local change in the polarizability, thus changing

the refractive index 11,12.  This property enables one to use the material as efficient medium for the
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optical storage of information with nanometer spatial resolution 11. It is also known that in Ga related

DX centers, the metastable electron occupation exists up to 250 K12 while for In the metastable electron

occupation is observed only below 70K11. This makes CdF2:Ga a promising material for room-

temperature operations. On the other hand, impurities such as Al and Y produce only shallow states.

In the present study we carry out ab initio computations using the total-energy plane-wave

pseudopotencial (PW-PP) method focusing on the DX behavior. The above-mentioned method allows us

to estimate the formation energies and structural properties for both native defects and trivalent dopants.

Additionally, we perform the Mulliken population analysis13 for trivalent bistable dopants. The predicted

values for the formation energies of trivalent dopants with different charge states agree quite well with

the recent theoretical studies by T. Mattila et al. 14, as well as with the large lattice relaxations found by

C. H. Park et al.15 in the case of Ga- and In-doped CdF2. The latter work attributes the stability of the

DX center associated with Ga or In in the negative charge state to the hybridization between d electrons

of the impurity and d electrons of the Cd atom15. Our results point to the DX-behavior not only in the

Ga- and In-dopants but also in the Sc-dopant. The geometry and the bond population analysis suggest

that the interaction between the d electrons has an antibonding nature.

The manuscript is organized as follows. A detailed description of the computational methods and

the reference results of bulk crystal calculations are given in Sec. II. The formation energies, geometries,

local vibrations and population analysis are presented in Sec. III together with a discussion. Finally, in

Sec. IV we give our conclusions.

II. COMPUTATIONAL DETAILS

The calculations are based on the density-functional theory (DFT) and the local-density

approximation (LDA) as parametrized by Perdew and Zunger16 combined with the ultrasoft Vanderbilt
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pseudopotential (PP) technique17,18.  Additionally, the density mixing scheme19 was used to minimize

the Hohenberg-Kohn-Sham total-energy functionals. The use of ultrasoft pseudopotentials (USP)

introduced by Vanderbilt has many advantages. It allows one to work with modest plane-wave (PW)

energy cut-offs, and the generated PPs have exceptional transferability.  Moreover, the use of USP

allows one to treat explicitly the “shallow” core electrons in the calculations20. This also adds high

accuracy and transferability to the PP20,21. Specifically, we have included as valence states the 2s state of

F, the 4d state of Cd and In, the 3d state of Ga,  and the 3s, 3p and 3d states of Sc. We have found that

using a PW cut-off of 25 Ry is sufficient to obtain well-convergent results for the CdF2. The calculations

were performed using the CASTEP computer code.17,21

A. Perfect crystal

The perfect cadmium fluoride has a cubic structure (Fm-3m) with three atoms in its unit cell22.

The experimental value of the band gap is found to be approximately 7.8 eV23 and the lattice constant is

equal to 5.356 Å24. In order to calculate accurately the bulk crystal properties of perfect CdF2, we have

performed the computations using a 4x4x4 Monkhorst-Pack k-point mesh25. The predicted lattice

constant of 5.338 Å is in a good accordance with the experimental value and previous theoretical

estimations of 5.307 Å14 and 5.354 Å15. Furthermore, our estimation of 1.25 Mbar for the bulk modulus

agrees very well with the earlier computed values of 1.21 to 1.30 Mbar14 and 1.27 Mbar15. We have also

calculated the one-electron band structure of CdF2. Figure 1 shows a visual comparison of our results for

CdF2 with those of Ref. 14. As it is possible to appreciate, there is no significant difference. From our

calculations, the indirect band gap is estimated to be 2.89 eV, which is considerably smaller than the

experimentally obtained value of 7.8 eV. This underestimation is a typical limitation of the DFT/LDA

methods. However, as only total-energy differences are considered in the following, we do not expect

the gap  error to seriously affect the conclusions of this work.



5

B. Defective crystal

To minimize the artificial effect introduced by the mutual defect-defect interactions when the

supercell model is used, the calculations were performed using bcc supercell consisting of 48 atoms

spanned by the following lattice vectors: (1,1,-1), (-1,1,1), (1,-1,1). Due to its large size this supercell

together with the 1/4(1,1,1) k-point mesh for the reciprocal space integration is expected to have zero

closest-defect interaction26. Additionally, for the cases of Ga- and Sc-doped CdF2, we have carried out

computations  with several supercells with different geometries and k-point meshes, keeping the same

number of atoms.

C. Formation energies and population analysis

Throughout the study, the formation energy of a defect in a given charge state q, Ef(q), is

calculated by the standard procedure 14, 27,28

∑−++=
i

iievDf nEqqEqE µµ )()()(  (1)

where ED is the total energy of the defective supercell, Ev the maximum energy value of the upper

valence band  in the perfect CdF2 (at the W point), and µe is the electron chemical potential relative to

the band maximum. Finally, ni and µi stand for the number of atoms of type i and its chemical potential,

respectively. Due to the defect-defect interactions arising from finite supercell size, the error introduced

in the Ev is corrected by using the so-called average potential correction29,30.

The atomic chemical potentials of the host constituents, Cd and F, fulfill the following equation

Thus we can consider the effect of growth conditions. The Cd-rich conditions correspond to µCd
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calculated from hexagonal Cd metal22 and inserting the value in Eq. (2) and solving for µF. For the F-

rich conditions we have to use µF calculated for the F2-dimer. In the case of the impurities, their atomic

chemical potentials are obtained by calculating the formation energies for the relevant starting material

constituents14. The compounds utilized also in the present work, InF3, GaF3 and AlF3, 22 were suggested

in Ref. 14. The ionization levels are calculated from the magnitudes of Fermi level µe, at which energies

of the competing charge states cross20. The ionization levels can be obtained by solving for ue from the

following equation

)(')'()()( '
ev

q
Dev

q
D EqqEEqqE µµ ++=++  (3)

Because of the fact that the total energy values are less influenced than the Kohn-Sham single-particle

eigenvalues by the LDA approximation, we allow µe to vary within the full experimental band gap.

The Mulliken population analysis13 for the PW-PP calculations was carried out using the scheme

described in Refs. 31-32. Within this technique the eigenfunctions are projected onto a basis set

comprised of a linear combination of atomic orbitals31,32. Basically, the projection calculates both the

density matrix Pσµ (k) and the overlap matrix Sσµ (k) for the localised basis set. Within this scheme, the

Mulliken charge Qm(A) associated with an atom A is given by

∑∑∑
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and the overlap population nm(AB) between the atoms A and B is computed as

∑∑∑
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In the last two equations, wk are the weights associated with the k-points in the Brillouin zone. It is

important to mention that the quality of the projections is determined by the calculation of the so-called



7

splitting parameter31. It is a parameter that varies between 0 and 1 and measures the ability of a basis set

to represent PW states, e.g., it is zero when projected wave functions perfectly represent the PW states

and 1 if the atomic basis set is orthogonal to the PW eigenstates. This technique is very useful to study

the variation of the covalent bonding of the DX centers in the CdF2.

III. RESULTS AND DISCUSSION

A. Energetical, structural and electronic properties of shallow states

We have calculated the enthalpy of formation for pure cadmium difluoride considering its

elemental precursors (hexagonal Cd and F2 dimers) as mentioned in Sec. II. The calculated value was

found to be -8.56 eV, which is close to the experimentally known value of -7.26 eV33. The difference

reflects the tendency of the LDA approach to overestimate the cohesion energy of solids.

The results for group-III impurities Al, Ga, and In as well as those for group-II impurities Sc and

Y are presented in Table I.  In the case of the three first impurities, we find the negative-effective-U

character, i.e. the positive and negative charge states are always more stable than the neutral state. This

result is in accordance with the experimental quantum yield measurements for the In-doped CdF2 6.

On the other hand, we find that when the CdF2 is doped with Sc, the impurity exists in a singly

positive charge state or in the DX form as a negative charge state. This will be discussed below in more

detail.

In general, the ionization levels show a tendency to occur more or less in the middle of the band

gap. In Table II the relaxations around each calculated impurity in their negative or positive charge states

are presented.  We have considered the atomic displacements with the impurity atom fixed to its

substitutional position. In the perfect CdF2 lattice eight F atoms surround the impurity (see Fig. 2). The

distances di are the atomic distances between the impurity and a given F atom. As seen from Table II,

the Al and Ga atoms show a similar behavior in the negative charge state because Fi (i=1-4) show an
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inward relaxation (26%) while the remaining F atoms experience outward relaxations (12%). In the case

of the In impurity, we find a negligible relaxation in the negative charge, with the nearest-neighbor

inward relaxation equal to 5%.  These results are good agreement with the those obtained previously by

T. Mattila et al.5 The percentage values are given with respect to the F-Cd inter-atomic distance, 2.631

Å, in the perfect lattice.

B. Occurrence of the DX behavior in Ga-, In- and Sc-doped CdF2

In order to examine the bistable behavior of impurity-doped CdF2, we next allow for the

displacements of the Ga, In and Sc atoms situated inside the cube formed by eight F atoms along the

[100] axes (see Fig. 3).  The relaxations were performed similarly as in previous studies of similar kind

of defects 4,34,35, where very large atomic movements were reported.

Our results reveal that additionally to the expected bistability in Ga- and In-doped CdF2 as

suggested by C. H. Park et al. 4, Sc-doped CdF2 also exhibits bistability when the Sc complex is in a

negative charge state. We have also used the same optimisation technique to the Al impurity. However, it

was found that the Al impurity always returns to its normal substitutional position upon relaxation. In

order to see possible artificial effects introduced by the defect-defect interactions, we have also

performed several calculations for a series of 48-atom supercells using suitable k-points for the

reciprocal integration (see Table III).  We have also performed the same calculations for both Ga and Sc

impurities in order to compare the values for the barrier separating the two potential minima. During the

lattice relaxation we have considered 18 atoms including the impurity (see Fig. 3).  It is important to

notice that the inclusion of Sc 3s, 3p and 3d states as valence electrons made our calculations very

accurate. So far there is no experimental confirmation of the existence of DX centers in case of the Sc

impurity.

When the bcc supercell with the 1/4 (1,1,1) k-point sampling is used, we find the second
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potential minimum for Sc, accompanied by large lattice relaxation. The magnitude of the stable

displacement for the Sc atom is found to be equal to 2.41 Å. In contrast, the minimum-energy

displacement for the Ga atom impurity is found to be equal to 1.84 Å for the bcc supercell and 1.87 Å

for the case of the tetragonal (T1) supercell. When we then carry out the relaxation procedure in the

tetragonal supercell and the Γ-point, we cannot find any bistability for either Ga- or Sc-doping.

However, if we use the T2 supercell together with 4 k points (the 2x2x2 Monkhorst-Pack grid), both the

Sc and Ga impurities exhibit bistability with the atomic displacements equal to 2.23 Å and 1.66 Å,

respectively. Thus we can conclude that Sc-doped CdF2 shows bistable behavior.

After a careful study of the bistability in the Sc-doped CdF2 crystal, we have proceeded to

compute the energetical, structural and chemical properties of the DX centers associated with Ga, In and

Sc, using an 48-atom bcc supercell with the 1/4 (1,1,1) k-point mesh as mentioned in the Sec. II. The

corresponding results are given in Tables IV and V as well as in Fig. 3.

In and Ga impurities produce a total outward relaxations of the atoms surrounding the impurity,

e.g., as is shown in Fig. 3a. It is interesting to notice that the F(1) atoms have considerable

displacements of about 6%  for the DX:Ga, DX:In and DX:Sc. The percentages are given with respect to

the F-Cd initial inter-atomic distance (2.631 Å) in the perfect crystalline lattice. In Table IV we show

detailed information for the lattice relaxation.

The displacements for the In and Ga impurities were found to be equal to 1.95 Å (74%) and 1.85

Å (70 %), respectively.  These outcomes are in good agreement with the values of 1.82 Å (Ga) and 1.84

Å (In) found in Ref. 4. It is interesting to relate our results of the lattice relaxation with the experimental

results obtained by Nissilä et al.7 Their work revealed the existence of open volume regions associated

with DX:Ga and DX:In , implying large lattice relaxations.

In the case of the DX:Sc, the Sc impurity has the displacement of 2.41 Å (92%) and the eight-

nearest F atoms have an inward relaxation of 0.23 Å (8.7%) for the F(3)-atoms and 0.1 Å (3.8%) for the
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F(2)-atoms, while the remaining atoms present an outward relaxation as is shown in detail in Fig. 3.b

and Table IV.

The energetic properties and chemical character of the DX centers are presented in Table V. The

values obtained for the formation energies of the DX centers show clearly the negative-effective-U

character.

The energy levels of the deep states with respect to the valence band maximum (VBM) are at 2.5

eV, 2.61 eV and 2.3 eV for the Ga, In and Sc impurities, respectively. The wave function of these levels

is rather dispersed around the F(1)-atoms.

The population analysis has been carried out for both the defective and perfect supercells, in

order to facilitate comparison. The results from the perfect supercell display the overlap population of

0.12 and -0.06 for the Cd-F and the F-F bonds, respectively. Positive and negative values of nm indicate

bonding and antibonding states, respectively32. The bond population nm of the four nearest Cd atoms

with the impurity atom were found to be -2.23 (Ga-Cd), -1.5 (In-Cd) and -0.14 (Sc-Cd) (see Table V and

Fig. 3 for more details). In these estimations, the value of the splitting parameter is around 0.001, which

is sufficiently small for a good description32. The results for the defective region clearly show an

increase in the covalency, in accordance with previous studies 36. The obtained negative values point out

to the fact that the d-d interaction is repulsive in contrary to the suggestion in Ref. 4.

This unexpected result opens the problem of stability for the DX centers in CdF2 and encourages

us to propose an alternative model to explain the observed behavior: the negative values of the bond

population for the Ga, In or Sc interacting with the nearest Cd atoms is difficult to reconcile with the

large displacements of the impurities.

We have mapped the total energy surface for the impurity atoms, Ga and In, displaced along the

[100] axis (Fig. 5). The estimated energy barriers for the shallow-deep transition were found to be 1.5

eV and 2.13 eV for the Ga and In, respectively as shown in Table V. The result of 1.5 eV is in
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accordance with the previous theoretical (1.0 eV)4 and experimental (1.24 eV)6 results.

We suggest that the bistability with large displacements is due to the competition between the

attractive electrostatic (dipolar) interactions generated by the electronic redistribution/large

displacements on one side and the covalent d-d repulsion of the impurity (Ga, In, Sc) with the nearest Cd

atoms on the other. We would thus conclude that the Al impurity does not present bistability because

there are no d-electrons, as already argued in Ref. 15.

IV. CONCLUSIONS

We have performed first-principles pseudopotential calculations for CdF2 crystals doped with

Al, Ga, In and Sc impurities. We have calculated the formation energies, ionization levels, geometries,

energy barriers and bond populations, focusing on the bistability question. The results for the normal site

location of the impurities are in good agreement with a number of recent theoretical studies14,15. We have

found the existence of bistability for Ga, In and Sc impurities when they are in the negative charge state.

Our results for the geometry of the DX centers clearly exhibit the open volume type of defects, in

accordance with experiments using e positron annihilation7. The estimated energy barrier for the DX:Ga

is in good agreement with both experimental6 and another ab initio study4.  We have found the existence

of an antibonding state between the impurity (In, Ga and Sc) and the four surrounding Cd atoms. We

suggest that the competition of the attractive electronic polarization along the [100] axis and the

covalent repulsive interaction between the nearest Cd with the impurity stabilizes the DX center in the

Ga-, In- and Sc-doped material. We also conclude that the formation of the DX centers requires the

existence of d electrons, because  no bistability is observed in Al-doped CdF2.
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TABLE I.  Calculated ionization levels (eV) and formation energies Ef (eV) at these ionization levels for

both F-rich and Cd-rich conditions. The CdF2:Sc and CdF2:Y were found to be stable only in the singly

positive charge state.

Defect (-/+) Cd-rich F-rich

CdF2:Al 3.27 1.7 5.7

CdF2:In 3.16 -1.2 3.1

CdF2:Ga 3.31 1.15 4.3
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TABLE II. Relaxations Δdi (in Å) of the eight nearest F atoms with respect to the impurity (Al, In, Ga ,

Sc and Y).  The “-“ sign indicates an inward atomic displacement. The results are given for the stable

charge states.

Impurity Δd1 Δd2 Δd3 Δd4 Δd5 Δd6 Δd7 Δd8

Al

-1 -0.68 -0.67 -0.68 -0.68 0.31 0.31 0.32 0.31

+1 -0.24 -0.24 -0.24 -0.24 -0.24 -0.24 -0.24 -0.24

In

-1 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15

+1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1

Ga

-1 -0.67 -0.67 -0.67 -0.67 0.32 0.32 0.32 0.32

+1 -0.21 -0.21 -0.21 -0.21 -0.21 -0.21 -0.21 -0.21

Sc

+1 -0.12 -0.12 -0.12 -0.12 -0.12 -0.12 -0.12 -0.12

Y

+1 -0.15 -0.15 -0.15 -0.15 -0.15 -0.15 -0.15 -0.15
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TABLE III. Results of the existence of DXcenters using different k-point sets and several supercell

geometries: bcc, tetragonal  (T1) with lattice vectors (2,0,0); (0,2,0); (0,0,1), and tetragonal  (T2) with

lattice vectors (1,1,0), (-1,1,0), (0,0,2). dDX is the displacement in Å of the impurity with respect to its

expected substitutional  position.

Supercell-geometry k-point DX existence dDX

bcc:Ga 1/4 (1,1,1) Yes 1.84

T1:Ga Γ Yes 1.87

T2:Ga Γ No

T2:Ga (±1/4, ±1/4, ±1/4) Yes 1.66

bcc:Sc 1/4 (1,1,1) Yes 2.41

T1:Sc Γ Yes 2.11

T2:Sc Γ No

T2:Sc (±1/4, ±1/4, ±1/4) Yes 2.23
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TABLE IV.  Displacements in Å for the DX centers for: Ga, In and Sc. The F(i)’s represent four F

atoms laying in the plane perpendicular to the direction of impurity displacement. A negative value

indicates an inward displacement.

ΔdF(1) ΔdF(2) ΔdF(3) ΔdCd-nearest dDX

DX:Ga 0.17 0.09 0.04 0.07 1.84

DX:In 0.17 0.20 0.05 0.12 1.95

DX:Sc 0.15 -0.10 -0.23 0.19 2.41
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TABLE V. Calculated impurity energy-levels Elevel (eV) , ionization levels (+/-) in eV, overlap

population between the impurity and the four-nearest Cd atoms ncd-Imp and energy barriers Eb (eV) for

the bistable configurations with Ga, In and Sc. A negative value of ncd-Imp implies an antibonding state.

Elevel (+/-) ncd-Imp Eb

DX:Ga 2.5 4.05 -2.23 1.5

DX:In 2.61 4.31 -1.5 2.13

DX:Sc 2.3 4.43 -0.14
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Fig.2. Arrangement  of the nearest F atoms to the impurity (Al, In, Sc, Ga, Y).
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Fig.3. Detailed information of the relaxations for two systems: a) DX:Ga and b) DX:Sc. The figures a2) and b2)
are plots viewed from the <010> axis. It is important to notice that for the Ga and In cases, all the nearest F atoms
have  outward relaxations while for the Sc case, the F(3) and F(4) atoms have an inward relaxation.  Also the
values of the bond population nGa-Cd (-2.23) and nSc-Cd (-0.14) are marked. The magnitude of the impurity
displacement are also indicated. All the displacement arrows are magnified  by a factor of seven, except for the
displacement of the impurity.
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Fig.4. The total energy as a function of the dopant displacement for  a) Ga and b) In, along the <100> axis.
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