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Abstract—Kaolinite is often a cause of deformation in soft-rock tunnel engineering, leading to safety
problems. In order to gain a better predictive understanding of the governing principles associated with this
phenomenon, the physical and chemical properties of kaolinite were investigated using an efficient, first-
principles scheme for studying isomorphic substitution of Al ions in kaolinite by two kinds of other
elements (namely, the dual defect). Elements that are relatively common in natural kaolinite were chosen
from groups II (Be, Mg, Ca, and Sr) and III (Fe and Sc) of the Periodic Table as dual-defect ions to
substitute for Al ions in kaolinite. By systematically calculating the impurity-formation energies (which
characterize the difference in the total crystal energy before and after the defect arises) and transition-
energy levels, which characterize the energy cost for the transformation between two different charge
states, the (Be + Sc)Al (i.e. the replacement of two specific Al ions in kaolinite by external Be and Sc ions),
(Ca + Sc)Al, (Mg + Sc)Al, and (Sr + Sc)Al ion pairs were determined to have low formation energies,
suggesting that these combinations of ions can easily substitute for Al ions in kaolinite. The (Be + Fe)Al,
(Ca + Fe)Al, (Mg + Fe)Al, and (Sr + Fe)Al ion pairs have relatively high formation energies which make
isomorphic substitution (or doping) in kaolinite difficult. Moreover, these combinations of elements from
groups II and III were found to have relatively low transition-energy levels compared with other element
pairs. Among them, (Sr + Sc)Al have the lowest transition-energy level at 0.06 eV above the valence band
maximum. When compared with single external substitutional defects in kaolinite, remarkably, the dual
defects have relatively low formation energies and transition-energy levels. The results are helpful in
understanding the chemical and physical properties of natural kaolinite.
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Defect, Transition-energy Level.

INTRODUCTION

Dealing with large-scale deformations in soft-rock

tunnels is a very important issue in soft-rock tunnel

engineering. The mechanism of this large-scale defor-

mation is closely related to the interaction between clay

minerals and water molecules (He et al., 2000, 2005).

Kaolinite is one of the most abundant clay minerals, and

so understanding the interaction between kaolinite and

water molecules is important to those working in

geophysics and geomechanics (Hu and Angelos, 2008).

Understanding the physics and chemistry of kaolinite is

the first step toward understanding this interaction. The

s t ab l e c ry s t a l s t r u c t u r e o f i d ea l kao l i n i t e ,

Al2Si2O5(OH)4, with a perfect 1:1 layered structure

consisting of two different surfaces (Adams, 1983;

Teppen et al., 1997), has been determined by numerous

experimental measurements and theoretical calculations

(Benco et al., 2001; Bish, 1993; Giese, 1973; Hayashi,

1997; He et al., 2009; Hess and Saunders, 1992; Hobbs

et al., 1997; Plançon et al., 1997). However, various

types of point defects may exist in kaolinite in the form

of atom or ion impurities in interstitial or interlayer sites,

or replacing the normal lattice ions directly. Additional

possibilities include lattice vacancies and polar defects

(He et al., 2009). In particular, when the substituent ion

has a formal charge which is different from that of the

replaced lattice ion, then the substitution defects may

function as trapping sites for electrons (electron holes),

which in turn provide adsorption centers for water

molecules. The water molecules adsorbed on the clay

surface or in the structure can reduce the mechanical

strength of the clay minerals, leading to deformation of

the rocks.

As natural kaolinite can have multiple defects, study

of the physical and chemical properties of a kaolinite

with two or more point defects is necessary.

Experimentally, some substitution defects in natural

and synthetic kaolinite, such as FeAl(Si) (which means

the replacement of a specific Al or Si ion in kaolinite by

an external Fe ion) and (Mg + Fe)Al(Si) (replacement of

two specific Al or Si ions in kaolinite by external Mg

and Fe ions) were investigated using electron spin

resonance (ESR) measurements (Angel et al., 1974;

Poole and Farach, 1986). The ESR experimental

measurements require full knowledge of the local

structural and electronic properties of the defects, thus

calling for an extensive first-principles study of kaolinite
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with various kinds of substitution defects. Unlike the

extensive ab initio studies (e.g. Hess and Saunders,

1992; Hobbs et al., 1997) that have been carried out for

pure kaolinite in the last decade, few theoretical works

on defect-formation energies in kaolinite have been

carried out (He et al., 2009). To the authors’ knowledge,

no ab initio investigation of multiple-defects doping in

kaolinite has been published. The present study reports a

series of first-principles studies of kaolinite in which

dual-defect formation energies and transition-energy

levels that characterize the energy cost for the transfor-

mation between two different charge states were

calculated. In the present study, elements from groups

II (Be, Mg, Ca, and Sr) and III (Fe and Sc) were chosen

as external ions to substitute for Al ions in kaolinite. In

nature, the concentrations of the group-II elements Be,

Mg, Ca, and Sr range from ~0.0015 to ~0.006%, ~1.33 to

4.64%, ~3.0 to ~8.08%, and ~0.13 to ~0.35% by weight,

respectively. The concentrations of group-III elements

Fe and Sc range from ~3.5 to ~8.24% and from ~0.0011

to ~0.0038% by weight, respectively (Chen and Wang,

2004). In the present study, the defects ranged in

concentration from ~0.87 to 8.5% by weight, similar to

those reported from other studies. The objective was to

use a first-principles approach to help explain the

various chemical and physical properties associated

with multiple point defects in kaolinite from a micro-

scopic perspective.

METHODS

Density-functional theory (DFT) using the local-

density approximation (LDA) as implemented in the

Vienna ab initio Simulation Package (VASP) (Kresse

and Furthmüller, 1996) was applied to idealized kaolinte

with the molecular formula Al2Si2O9H4 and space group

P1. Projector augmented wave (PAW) pseudo-potentials

(Blöchl, 1994; Kresse and Joubert, 1999) were used. All

atomic positions were relaxed according to the calcu-

lated Helmann-Feynman forces. The energy cutoff for

the plane-wave basis was 400 eV, which is large enough

to reduce the error from calculations of the formation

energies and transition-energy levels to <0.01 eV.

During calculations of dual-defect formation energies

and defect transition-energy levels, the supercell

approach was used in which a dual-defect a in charge

state q was placed in a kaolinite supercell that was

repeated periodically. All the calculations were per-

formed using a 26261 supercell (containing 68 atoms).

The defect system was modeled by arranging for a dual

defect to substitute for two Al atoms at the center of a

periodic supercell (Figure 1). The 26261 supercell was

chosen to provide sufficient lattice sites to accommodate

defect concentrations as low as 1.47 mol.%. For a

charged defect, a uniform background charge was

added to keep the global charge neutrality of the

periodic supercell (Zhang et al., 1997). The optimization

of atomic geometries was performed via a conjugate-

gradient algorithm until the residual forces acting on

atoms were <0.01 eV/Å. The 26262 Monkhorst-Pack

(Monkhorst and Pack, 1976) k-point set was used to

sample the Brillouin zone. The calculated structural

parameters a = 5.160 Å, b = 5.160 Å, c = 7.602 Å, a =

81º, b = 89º, and g = 60.18º were used throughout the

study, in good agreement with experimental lattice

parameters reported previously (Bish, 1993; Table 1).

By counting the number of valence electrons for the

defect elements and host Al ions, one can predict, in

principle, which of the doping elements will lead to a net

negative charge. In kaolinite, substituting a group-II or

group-III element for trivalent Al ions may introduce a

corresponding net-negative charge. The valence elec-

trons in kaolinite include 3s and 3p electrons of Al, 3s

and 3p of Si, 1s of H, and 2s and 2p of O. For the group-

II elements, the valence electrons include 2s of Be, 4s

and 4p of Ca, 3s and 3p of Mg, and 5s and 5p of Sr. For

the transition elements Fe and Sc the valence electrons

include 3d and 4s, respectively. In order to determine

which pairs of ions are the most stable in kaolinite,

defect-formation energies and defect transition-energy

levels were calculated for various types of dual defects.

Following Wei and Zhang (2002), the dual-defect

formation energy, DHf (a,q), as a function of the Fermi

Figure 1. Top view of a dual defect replacing two Al ions at the

center of a periodic supercell looking down the z axis. White

spheres, red spheres, purple spheres, and dark yellow spheres

represent hydrogen, oxygen, aluminum, and silicon, respec-

tively. Black spheres represent the aluminum ions replaced by a

dual defect.

Table 1. Calculated vs. experimental lattice parameters of
kaolinite using basis sets were described in present study.

Phase Calculated Experimental % Difference

a 5.160 Å 5.155 Å 0.9
b 5.160 Å 5.155 Å 0.9
c 7.602 Å 7.405 Å 2.5
a 81º 75.14º 7.2
b 89º 84.12º 5.4
g 60.18o 60.18o 0
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energy, EF, and atomic chemical potential, mi, of the ith

element were deduced. For the present system, DHf (a,q)
is given by:

DHf(a,q) = DE(a,q) + nAlmAl +
nSimSi + nAmA + nOmO nHmH + qEF (1)

Here, DE(a,q) can be determined by the following

self-consistent total energy calculation:

DE(a,q) = E(a,q) � E(kaolinite) + nAlmAl
0 +

nSimSi
0 + nAmA

0 + nOmO
0 + nHmH

0 + qEVBM (2)

E(a,q) is the total energy of the supercell containing

the defect a in charge state q, E(kaolinite) is the total

energy of the defect-free supercell containing 68 atoms,

and nAl, nSi, nA, nO, and nH are the number of Al, Si,

external-defect (A), O, and H ions in the supercell,

respectively. In the present case, the kaolinite keeps its

equilibrium with bulk Al, Si, and doped ions under

ambient conditions, therefore, mAl
0 , mSi

0 , and mA
0 are

identical to the ground-state energies (per ion) of bulk

Al (cubic close-packed), Si (diamond structure), and

doped ions, i.e. mAl
0 = Ebulk(Al), mSi

0 = Ebulk(Si), and mA
0 =

Ebulk(A). Likewise, the chemical potentials mH
0 and mO

0

are given by half of the ground-state gas energies for

hydrogen and oxygen molecules, respectively, i.e. mH
0 =

0.5EH2
and mO

0 = 0.5EO2
. EF in equation 1 is the Fermi

energy measured from the valence band maximum

(VBM), EVBM. Depending on the experimental growth

conditions, some thermodynamic limits exist for chemi-

cal potentials. In the present study, the chemical

potential of kaolinite was not considered, i.e. all the

results calculated were discussed for mi = 0 in equation 1.

The defect transition-energy level ea(q/q’) is defined as

the value of the Fermi level at which the formation

energy of defect a in charge q is equal to that of defect a
in q’:

e
q
q0

� �
¼ ½DEða; qÞ � DEða; q0Þ�

q0 � q
ð3Þ

According to the definition, ea(q/q’) is independent of
chemical potentials m and the Fermi level EF, and can be

determined precisely from self-consistent calculations.

The dual-defect transition levels of point defects

referenced to the conduction band maximum (CBM)

and VBM were calculated (Table 2).

Table 2. External dual defect formation energies in term of DE(a,q) and defect transition levels ea(q/q’) in kaolinite. nA and
nAl are the numbers of doping atoms and Al atoms, and q are the numbers of excess electrons, transferred from the defect-free
crystal to the reservoirs to form dual defects.

Defect a DE(a,q) (eV) nA nAl q

(Be + Sc)Al
0 2.67 �2 2 0

(Be + Sc)Al
� 2.82 �2 2 �1

Defect transition level: (�/0) = EV + 0.15 eV

(Fe + Sc)Al
0 6.96 �2 2 0

(Fe + Sc)Al
� 7.39 �2 2 �1

Defect transition level: (�/0) = EV + 0.43 eV

(Ca + Sc)Al
0 2.46 �2 2 0

(Ca + Sc)Al
� 2.64 �2 2 �1

Defect transition level: (�/0) = EV + 0.08 eV

(Ca + Fe)Al
0 5.51 �2 2 0

(Ca + Fe)Al
� 5.94 �2 2 �1

Defect transition level: (�/0) = EV + 0.43 eV

(Mg + Sc)Al
0 1.48 �2 2 0

(Mg + Sc)Al
� 1.63 �2 2 �1

Defect transition level: (�/0) = EV + 0.15 eV

(Fe + Sc)Al
0 5.93 �2 2 0

(Fe + Sc)Al
� 6.35 �2 2 �1

Defect transition level: (�/0) = EV + 0.42 eV

(Sr + Sc)Al
0 1.38 �2 2 0

(Sr + Sc)Al
� 1.45 �2 2 �1

Defect transition level: (�/0) = EV + 0.06 eV

(Sr + Fe)Al
0 5.87 �2 2 0

(Sr + Fec)Al
� 6.42 �2 2 �1

Defect transition level: (�/0) = EV + 0.69 eV
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RESULTS

The dual-defect formation energies, DHf (a,q), of

each supercell in terms of DE(a, q), nAl, nA, and q (as

found in equation 2), as well as defect transition-energy

levels ea(q/q’) of equation 3 were calculated (Table 2).

The valence states of the external ions in the present

study are Be2+, Ca2+, Mg2+, Sr2+, Fe3+, and Sc3+. In the

present study, focus was on the kind of external dual

defects that can easily introduce charge-negative proper-

ties in kaolinite. From the calculated results, combining

ions from groups II and III (Be, Ca, Mg, and Sr) with Sc,

the formation energies DHf (Be + Sc)Al, DHf (Ca + Sc)Al,

DHf (Mg + Sc)Al, and DHf (Sr +Sc)Al for q = 0 were

2.67, 2.46, 1.48, and 1.38 eV, respectively.

Of the ions in groups II and III, Sr and Sc are the

most promising dual-doping ions which substitute for Al

ions because they have the lowest formation energy. In

addition, considering the transition-energy level posi-

tion, (Sr + Sc)Al has a relatively low transition-energy

level e(�1/0), 0.06 eV above the VBM. A high

transition-energy level indicates that this kind of defect

would not easily introduce negative charge, while a low

level indicates the opposite. In the present system, one

concern is to determine which kinds of dual defects can

easily introduce negative-charge properties. From the

results, (Sr + Sc) ions that substitute for Al ions can

easily introduce negative charge, because (Sr + Sc)Al has

the lowest transition-energy level.

For the combination of Be, Ca, Mg, and Sr with Fe,

the formation energies DHf (Be + Fe)Al, DHf (Ca + Fe)Al,

DHf (Mg + Fe)Al, and DHf (Sr + Fe)Al are 6.93, 5.51,

5.93, and 5.87 eV, respectively. These kinds of dual

defects have relatively high formation energies com-

pared with Sc-coupled defects, which means that these

defects are more difficult to form than the combinations

above. However, the transition-energy levels of (Be

+Fe)Al, (Ca + Fe)Al, (Mg + Fe)Al, and (Sr + Fe)Al are

0.43, 0.43, 0.42, and 0.55 eV, respectively, above the

VBM (low defect levels with localized electronic states).

Other dual-defect combinations of groups II and III

elements were also tested. The results revealed that the

formation energies and transition-energy levels were

even higher. Thus, those dual defects would be very

unlikely to be doped in Al ion sites and so difficult to

form. If they were to form, no observable change in

negative charge in kaolinite would be introduced.

The formation energies of the various kinds of

external substitutional defects vs. the Fermi energy EF

(Figure 2) revealed that EF is bounded between EVBM

and ECBM, the difference between which gives the

insulating band gap. The calculated band gap is 4.89 eV.

When the Fermi level, EF, moves toward the CBM,

according to equation 1, the formation energy of external

defects will decrease. In the case of (Sr + Sc)Al, when EF

is located at VBM, the formation energy DHf (Sr + Sc)Al

= 1.38 eV, which means that the (Sr + Sc)Al dual defect

is easy to form and its formation energy DHf (Sr + Sc)Al

decreases with increase in the Fermi level. As the value

of EF approaches 1.45 eV, the formation energy of (Sr +

Sc)Al becomes negative, revealing that the dual defect

(Sr + Sc)Al can be formed spontaneously when EF >1.45

eV. The formation energies for DHf (Ca + Sc)Al, DHf

(Mg + Sc)Al, and DHf (Be + Sc)Al (Figure 3) also became

negative when EF reached 2.64, 1.63, and 2.82 eV,

respectively. Only the formation energies DHf (Be +

Fe)Al, DHf (Ca + Fe)Al, DHf (Mg + Fe)Al, and DHf (Sr +

Fe)Al were always positive within the energy gap. This

result implies that these atoms are very difficult to

substitute into kaolinite.

Plots (Figure 3) were made of the orbital-resolved

site-projected density of states (PDOS) for Be, Fe, O,

Figure 2. Formation energies (equation 1) vs. the Fermi energy for replaced defects in kaolinite. The charge state q determines the

slope of each line segment.
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and H atoms (one atom for each atomic component) in a

single kaolinite unit cell, with the Fermi energy set to

zero. The PDOS of the four different kinds of oxygen

atoms, which were similar to each other, were plotted

separately because of their different symmetries and

positions in the unit cell. This similarity is due to the

high electronegativity of oxygen, which results in a large

charge transfer from the Be 2s, Fe 3d, and H 1p states to

the O 2p states. In fact, the valence bands in a wide

energy range (�10eV < E< EF) are largely composed of

O 2p states (Figure 3). On the other hand, some residual

charges are also to be found in the Be 2s/2p and Fe 4s/3d

states, implying that an observable covalent component

also exists in the Be�O and Fe�O chemical bonds in the

kaolinite (Figure 3).

To obtain a more precise understanding of the different

kinds of dual defect in kaolinite, the crystal charge-

density distribution maps of (Mg + Fe)Al were plotted

(Figure 4). Observable covalent bonding between Fe and

O in kaolinite was noted (Figure 4a), which implies that

no residual charges occur in kaolinite. As no similar

covalent component between Mg and O was observed,

Mg-doping can clearly accommodate the negative charge

in kaolinite more easily. Counting the number of valence

electrons of the dopants and the host element could lead to

the negative charge. When divalent elements of groups II

and III replace the trivalent Al ions, a net-negative charge

is introduced. If the transition elements become trivalent

cations in kaolinite, however, maintaining the negative

charges becomes difficult.

Figure 3. Orbital-resolved partial DOS for Be, Fe, O, and H atoms (from top to bottom) in a kaolinite unit cell. The Fermi energy is set

at zero. The total DOS is also plotted along the top.

Figure 4. Charge-density distributions for kaolinite with dual-defect Fe (a) andMg (b) included. The plot plane is fixed by one defect

atom and two apical oxygen atoms which bridge the silicon-ring system to the Al layers.
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SUMMARY

External dual defects in kaolinite were studied using

first-principles DFT-LDA calculations. All combinations

of group-II and group-III elements as dual-defect

dopants had relatively low transition-energy levels. (Sr

+ Sc)Al gave the lowest transition-energy level at

0.06 eV above the VBM, which means that (Sr + Sc)Al

can accommodate negative charge in kaolinite. (Be +

Sc)Al, (Ca + Sc)Al, (Mg + Sc)Al, and (Sr + Sc)Al have low

formation energies, suggesting that they can easily

substitute for Al ions. (Be + Fe)Al, (Ca + Fe)Al, (Mg +

Fe)Al, and (Sr + Fe)Al have relatively high formation

energies and so will not be accommodated easily in

kaolinite, nor can they supply much negative charge.

Compared with previous research on single external

substitutional defects in kaolinite, external dual defects

in kaolinite had relatively low formation energies and

transition-energy levels, meaning that dual defects will

form more easily and introduce negative-charge proper-

ties. The present research on multiple-point defects in

kaolinite is close to the situation found in natural

kaolinite in engineering environments.
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