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Abstract: The vacancy cluster is one of the most common defects in aluminum alloys. Using density-functional 
theory-based first-principles calculations, the energetics of small vacancy clusters in aluminum, including voids, 
stacking fault tetrahedra (SFT), and vacancy platelets on the {111} plane, was investigated. It is found that the 
significant difference in monovacancy formation energies reported in literatures is mainly related to their used 
exchange-correlation functions. On average, LDA is the most reliable approximation for the monovacancy formation 
energies in Al, followed by PBE, PBEsol, PW91, and AM05. The results in this work confirm that the divacancy in Al is 
indeed energetically unfavorable. Moreover, vacancy clusters with a size smaller than five in any form are unstable 
against their corresponding number of isolated monovacancies. The SFT is the most stable form of most small vacancy 
clusters, followed by the void and vacancy platelet. These results are helpful to understand the experimentally observed 
size distributions of vacancy clusters in Al. 
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1 Introduction 
 

Aluminum (Al) alloys are widely used as 
constructive elements of automobiles, aircraft, and 
spacecraft due to their low density, lightweight, and 
good formability [1−3]. Vacancies are unavoidable 
and widespread defects in Al alloys during their 
synthesis process or in work conditions, such     
as the inert-gas condensation, electrodeposition, 
radiation, quenching, and serve plastic deformation. 
Vacancies can further aggregate to form voids, 
vacancy-type dislocation loops, and stacking fault 
tetrahedra (SFT), which would strongly affect the 
properties of Al alloys, especially the resistance to 
plastic deformation [4−6]. Therefore, the energetics 
and kinetics of vacancies and their clusters in    
Al have been investigated extensively using 
computational and experimental methods. However, 

there are still some incompleteness and controversy 
regarding the fundamental parameters of vacancies 
and their clusters. 

Monovacancies are the simplest vacancy-type 
defects. Numerous first-principles works in the past 
two decades have systematically investigated the 
monovacancy properties in Al and predicted the 
formation energies of monovacancies at 0 K, 
however, which vary widely from 0.43 to 0.89 eV 
(see Table S1 in Supporting Materials for detailed 
literature data). This variation would significantly 
affect the prediction of the vacancy concentration  
in Al. On the other hand, the experimental 
monovacancy formation energy is 0.65−0.76 eV at 
high temperatures [7,8]. 

For the stability of the divacancy predicted  
by first-principles calculations, there are some 
controversies: stable or unstable relative to two 
isolated monovacancies. The early research [9,10], 
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using quantum mechanical density-functional 
theory (QMDFT), yielded that the first-nearest- 
neighbor (1nn) divacancy is unstable against two 
isolated monovacancies, while the second-nearest- 
neighbor (2nn) divacancy is barely energetically 
favorable with negligible binding energy. These 
first-principles results are completely contrary to 
the experimental view, where the 1nn divacancy is 
considered to be stable [11]. Before too long, this 
noticeable difference between the calculated and 
experimental results has been attributed to the   
use of small supercells in these early works. 
RADHAKRISHNAN and GAVINI [12] studied the 
effect of the supercell size on the vacancy cluster 
formation in Al using the orbital-free density- 
functional theory (OFDFT) and found that the 
divacancy binding energy changes sign from 
negative (repulsive interaction) for small supercell- 
sizes to positive (attractive interaction) for    
large supercell-sizes (>256 lattice sites). Further 
increasing the supercell, the divacancy binding 
energies change slightly (<0.05 eV). However, 
ZHANG et al [13] recently yielded an attraction of 
the divacancy with positive binding energies for the 
1nn and 2nn divacancies, using the QMDFT in a 
small supercell with 108 lattice sites. 

To date, three types of vacancy clusters, i.e., 
voids, vacancy-type dislocation loop, and SFT,  
have been observed in Al subjected to quenching, 
mechanical deformation, or ion irradiation. For 
many years, it was believed that SFT cannot appear 
in Al due to its high stacking fault energy, and this 
was supported by the calculations of vacancy 
clusters formation energy based on an elastic 
continuum expression [14]. It must be noted that the 
elastic theory cannot correctly yield the formation 
energy of small vacancy clusters. Then, the SFT 
was found to be the most stable structure of small 
vacancy clusters by molecular dynamics (MD) 
simulations with empirical interatomic potentials, 
followed by the vacancy platelet and voids [15]. 
However, the fidelity of the MD simulation 
seriously relies on the reliability of empirical 
interatomic potentials [16−19]. Therefore, it is 
necessary to use more precise first-principles 
calculations to study the stability of these three 
types of vacancy clusters. However, first-principles 
calculations of vacancy clusters in Al are rare. For 
the SFT, only WANG et al [20] predicted the stable 
configurations and binding energies of small SFTs 

containing 3−6 vacancies using QMDFT, where the 
pentavacancy was expected to play a crucial role in 
the process of vacancy clustering in Al due to its 
very high stability relative to other SFTs. For the 
vacancy-type dislocation loop, GAVINI et al [21] 
studied the energetics of planar vacancy clusters 
using OFDFT. They found that the planar 
quad-vacancy cluster energetically prefers to lie in 
the {111} plane and both the {111} quad-vacancy 
and 7-vacancy hexagonal vacancy clusters are 
stable with respect to the corresponding separated 
monovacancies. As far as we know, no energies and 
structures of small voids are reported by the 
first-principles calculations. 

In this work, we firstly performed high-precision 
systematic QMDFT calculations for monovacancy 
and divacancy and try to resolve the controversies 
of the previous first-principles results. Then, we 
carried out a series of QMDFT calculations to 
provide accurate energies and structures of small 
vacancy clusters in Al, including voids, SFTs, and 
vacancy platelets on the {111} plane. Moreover, 
small vacancy clusters with vacancy number of 3−8 
were considered due to the limitation of 
computation cost. Our calculations show that SFTs 
are the most stable vacancy clusters, followed by 
voids and vacancy platelets. 
 
2 Methods 
 

The supercell approach was used in the 
calculation of the vacancy cluster formation 
energies and binding energies. The formation 
energy per vacancy of the vacancy clusters ( f

nVE ) 
is given by  

bulk
tot totf ( ) /n nV V N nE E E n

N
−

= −                (1) 
 
where tot

nVE  and bulk
totE  are the total energy of the 

supercell with the vacancy cluster Vn and without 
any defects, respectively, and n and N are the 
numbers of vacancies and lattice sites in the 
supercells, respectively. Specially, 1

f
VE  denotes the 

monovacancy formation energy. The value of 
1

f
nVE > < 1

f
VE  implies that the Vn>1 cluster is stable 

against n isolated monovacancies. The binding 
energy of the Vn−1 cluster b( )nVE  to the 
monovacancy can be calculated from the vacancy 
cluster formation energy, i.e.,  

11
b f f f( 1)n n nV V VVE E n E nE−= + − −              (2) 
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where the positive binding energy indicates an 
attractive interaction while a negative one means 
repulsion. 

Since their focus is on mono- or divacancies, 
the majority of previous works used small 
supercells, containing 108 lattice sites or less. Here, 
to investigate the vacancy cluster, we used a few 
sets of large supercells, respectively, containing  
108, 256, 500, and 1372 lattice points (i.e., 3×3×3, 
4×4×4, 5×5×5, and 7×7×7 duplicates of a 
conventional FCC unit cell, respectively). All 
first-principles quantum mechanical calculations in 
the present work were carried out using the VASP 
simulation package with Blöchl’s projector 
augmented wave (PAW) potential method [22−24]. 
The energy cutoff value of 400 eV was used for the 
plane-wave basis set, which is about 1.67 times 
higher than the VASP default largest energy for the 
Al element and larger than most previous 
first-principles works on the vacancy in Al. Five 
exchange-correlation functions were adopted, namely 
LDA [25], PW91[26], PBE [27], PBEsol [28], and 
AM05 [29]. Generally, the LDA is exact for a 
nearly homogeneous electron gas but would fail in 
systems with a large spatial variation in electron 
distribution. To incorporate effects due to 
inhomogeneous electron density, different flavors  
of GGA (generalized-gradient approximations) 
functions have been developed successively, such 
as PW91, PBE, and PBEsol. The PBEsol function is 
the optimized PBE to better describe equilibrium 
properties of densely packed solids and overcome 
the shortcomings of PBE function in describing 
surfaces. The AM05 function, including the surface 
effects like PBEsol, is expected to yield a better 
description of point defects than PBE and PW91. 
The real-space projection scheme was adopted due 
to these supercells with above 20 atoms. For the 
structural optimizations, the atomic positions, as 
well as the shape and size of the supercell, were 
allowed to change in the relaxation, unless  
specified. The convergence criterion for electronic 
self-consistency was set to be 1×10−6 eV, and the 
structural optimizations were truncated when the 
forces on each atom were less than 0.01 eV/Å. 

The k-point convergence tests in previous 
works revealed that a mesh of 6912 k-point × atoms 
are sufficient to obtain a good convergence of the 
total energy within 0.002 eV/atom [30], and up   
to a mesh of 1×105 k-point × atoms is required to 

converge the monovacancy formation energy within 
0.01 eV [31]. Here, we carefully tested the k-points 
convergence of not only the formation energies of 
the monovacancy but also the 1nn divacancy 
binding energies. For each calculation, irreducible 
k-points are generated by the Monkhorst−Pack 
scheme [22]. It can be seen from the results of the 
3×3×3 supercell presented in Figs. 1(a) and (b) that 
the 5×5×5 k-point mesh, corresponding to 
13500 k-point × atoms, is sufficient to obtain a good 
convergence of the monovacancy formation energy 
and 1nn divacancy binding energy less than 0.05 eV. 
When the supercell size increase from 3×3×3 to 
4×4×4 FCC unit cells in the case of 5×5×5 k-point 
mesh, the monovacancy formation energy decreases 
0.03−0.05 eV depending on the exchange- 
correlation functions, while the changes of the 
divacancy binding energies are negligible. Further 
tests in the 3×3×3 supercell with 5×5×5 k-point 
mesh reveal that difference between the smearing 
width of 0.2 and 0.1 eV can be negligible for the 
monovacancy formation energy and divacancy 
binding energy, respectively (see Figs. 1(c) and (d)). 
The change from the Methfessel−Paxton scheme  
to the tetrahedron method can respectively lead   
to 0.02−0.07 and 0.03−0.05 eV increase in the 
monovacancy formation energy and divacancy 
binding energy, depending on the exchange- 
correlation functions. In this work, the first-order 
Methfessel−Paxton scheme with a smearing width 
of 0.1 eV was used for the Fermi-surface smearing. 
Furthermore, it can be seen from these results   
that five exchange-correlation functions show very 
similar convergence behavior. Therefore, only 
PBEsol was adopted in further tests. For the 4×4×4 
supercell, we checked the k-point convergence up to 
186624 k-point×atoms, and found that 3×3×3 
k-point mesh (6912 k-point×atoms) and the 5×5×5 
k-point mesh (32000 k-point×atoms) are sufficient 
for the formation energy and binding energy, 
respectively. In addition, since the calculation cost 
is proportional to the cube of the number of atoms 
and the number of irreducible k-points, we only 
checked the cases of 3×3×3 k-point mesh in the 
5×5×5 and 7×7×7 supercell, corresponding to 
13500 and 37044 k-point×atoms, respectively. It is 
found that the 5×5×5 supercell with a 3×3×3 
k-point mesh underestimates the monovacancy 
formation energy and overestimates the divacancy 
binding energy, while the 7×7×7 supercell with a 
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Fig. 1 Monovacancy formation energy (a) and 1nn divacancy binding energy (b) as function of n×n×n k-point mesh; 
monovacancy formation energy (c) and 1nn divacancy binding energy (d) as function of electronic-states occupied 
schemes in 3×3×3 supercell with 5×5×5 k-point mesh 
 
3×3×3 k-point mesh well converges compared to 
the case of 186624 k-point × atoms. 

Note that, a large number of vacancy cluster 
configurations with a lower symmetry needed to be 
considered here, which would involve too many 
irreducible k-points for the calculations. Therefore, 
for computational efficiency reasons, the 3×3×3 
supercell with 5×5×5 k-point mesh was adopted in 
the relaxation of numerous candidate configurations 
of the vacancy cluster, and the 4×4×4 supercell with 
5×5×5 k-point mesh was used to obtain more 
precise results of the formation and binding 
energies of the most stable vacancy cluster detected. 
Moreover, the 5×5×5 and 7×7×7 supercells with 
3×3×3 k-point mesh were adopted for checking and 

improving some results. According to the above 
convergence tests, this calculation process can be 
expected to obtain relatively reliable formation 
energies and binding energies of the vacancy 
clusters in Al. It should be mentioned that both 
supercells and k-point × atoms mesh used here are 
larger than those in most previous studies of the 
monovacancy formation energies in Al by the 
electronic-structure calculations. 
 
3 Results and discussion 
 
3.1 Basic properties 

Figure 2 presents the lattice constants, bulk 
modulus, and cohesive energies, calculated here and  
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Fig. 2 Lattice constant (a), bulk modulus (b), and 
cohesive energy (c) of FCC Al at 0 K, distributed using 
standard boxplot, with 4×4×4 supercell and 5×5×5 
k-point mesh used in calculations (The hollow and solid 
symbols represent the results reported in the literature 
and calculated in this work, respectively, see Tables 
S2−S4 in Supporting Materials for detailed literature 
data. Dash-dot lines denote the experimental results) 
 
reported in the literature, which are classified by 
exchange-correlation functions. It can be seen that 
the exchange-correlation functions have a 
significant influence on these basic properties. 
When using the same functions, our calculated 
results are consistent with most of reported results. 
The slight difference results from the use of 
different simulation packages and calculation 
parameters, including cutoff energy, k-point mesh, 
supercell size, and so on. Therein PBE yields the 
best description of these basic properties, overall, 
followed by PW91, PBEsol, AM05, and LDA. 
Specifically, PW91 can well describe the lattice 
constant and the cohesive energy, like PBE, but  
its performance in predicting bulk modulus is 

underestimated by an average of 3.8%. Due to the 
well-known overbinding of the LDA function, it 
produces an underestimation of the lattice constant 
by an average of 1.2% and an overestimation of the 
bulk modulus and cohesive energy by an average of 
8.5% and 19.5%, respectively. PBEsol and AM05 
have a similar performance as the LDA function in 
describing these bulk parameters, only slightly 
better. 
 
3.2 Formation energy of monovacancy 

Figure 3(a) shows the monovacancy formation 
energies reported in the literature. Similar to the 
 

 
Fig. 3 Monovacancy formation energies distributed using 
standard boxplot reported in literature (hollow symbols, 
see Table S1 in Supporting Materials for detailed 
literature data) and calculated in this work (solid symbols, 
in 4×4×4 supercell with 5×5×5 k-point mesh) (The 
experimental monovacancy formation energies vary from 
0.62 to 0.72 eV, marked by the cyan area; the dashed line 
denotes the revised monovacancy formation energy at 
0 K using the experimental data [31]) (a); Monovacancy 
formation energies as function of lattice constant, marked 
by solid symbols and at equilibrium lattice constant, 
denoted by hollow symbols (b) 
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basic properties, when using the same exchange- 
correlation functions, most of the data differ within 
0.1 eV, suggesting that the exchange-correlation 
function is the main reason for the large 
discrepancy in the reported monovacancy formation 
energies. The slight difference between these 1

f
VE

data using the same exchange-correlation function 
results from different calculation parameters used, 
such as k-point mesh, supercell size, and the 
schemes of the Fermi-surface smearing, as shown 
in Fig. 1. Besides, the differences in the lattice 
constants used in these works may be another 
important factor for the monovacancy formation 
energies differences, which have been found to be 
very sensitive to the lattice constant in other  
metals [32]. As can be seen in Fig. 3(b), the 
monovacancy formation energy shows a linear 
dependence on the lattice constant, and the 
dependence is not sensitive to the choice of the 
exchange-correlation functional. An 0.01 Å increase 
in the lattice constant can lead to a 0.02 eV increase 
in the monovacancy formation energy. It can be 
seen from Fig. 2(a) that the variation of the lattice 
constant is in the range of 0.01−0.02 Å for the same 
exchange-correlation functions, which can induce 
0.02−0.04 eV difference in the monovacancy 
formation energies. Because it would take too much 
space to consider each past calculation point by 
point, and the systematic error of the first-principles 
calculations limits the accuracy of both the present 
and past data, we are going to discuss the influence 
of the exchange-correlation functions on the 
monovacancy formation energy using the median of 
the data obtained by the same exchange-correlation 
functions. The data in this work, calculated by the 
4×4×4 supercell with the 5×5×5 k-point mesh, are 
about 0.02 eV smaller than their corresponding 
median value. 

The experiment data of the monovacancy 
formation energies can be used as the benchmark 
for the computed values; however, they are quite 
scattered, ranging from 0.62 to 0.76 eV. Moreover, 
it is difficult to make a direct and conclusive 
comparison between the experimental and 
computed values due to their large temperature 
differences, where the experimental measurements 
are limited to the temperature range of 60%−100% 
of the melting point while the first-principles 
calculations are generally performed at 0 K. It is 
very computationally expensive to account for 

temperature effects on the first-principles 
calculations. Recently, GLENSK et al [31] studied 
the temperature dependence of the Gibbs energy of 
vacancy formation in Al and gave a revised 
monovacancy formation energy at 0 K using the 
experimental data, that is, 0.66 eV. Here, we took 
the 0.66 eV as the benchmark to evaluate the 
reliability of exchange-correlation approximations 
in calculations on the vacancies in Al. 

As shown in Fig. 3(a), the medians of these 
computed data are about 0.66, 0.86, 0.74, 0.62, and 
0.53 eV for LDA, AM05, PBEsol, PBE, and PW91, 
respectively, differing significantly. AM05 yields 
the highest monovacancy formation energies, 
followed by PBEsol, LDA, PBE, and PW91. The 
difference between AM05 and PW91 is up to 
0.33 eV. LDA gives the best monovacancy 
formation energy compared to experimental values. 
Similar results have been found in previous works 
about the monovacancy in metals [33]. This can be 
attributed to the well-known error cancellation 
effect: LDA largely overestimates the exchange 
energy of a free metal surface but underestimates by 
approximately the same magnitude the correlation 
energy. PBE slightly underestimates the mono- 
vacancy formation energy by 6%. This is because 
PBE underestimates the exchange surface energy 
but only slightly overestimates the correlation 
surface energy. Similar to PBE, PW91 also 
underestimates the monovacancy formation energy 
but with a larger error of up to about 20%. PBEsol, 
as a redesigned PBE with the aim to remedy the 
deficiencies of PBE for surfaces, however, did   
not yield a greatly better description of the 
monovacancy formation energies than the PBE, 
overestimating the monovacancy formation energy 
by about 12%. AM05, surprisingly, produces an 
unexpectedly large overestimation error (about 
30%), which includes the surface effects and has 
been supposed to perform well for systems with an 
electronic surface. Similar conclusions can be 
drawn from our calculated data, except that PBEsol 
slightly outperforms PBE. 
 
3.3 Binding energy of divacancy 

We performed a series of systematic 
calculations about the 1nn and 2nn divacancy 
binding energies. Strikingly, the 1nn and 2nn 
divacancy binding energies are 0.12 and 0.05 eV, 
respectively, in the case of 4×4×4 supercell with 
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3×3×3 k-point mesh (6912 k-point × atoms), 
meaning an attractive interaction between two 
monovacancies. Moreover, the 1nn 2

b
VE  is very 

close to the experimental value (0.17 eV). 
Regrettably, the values of 2

b
VE  are always 

negative in other cases considered here, particularly 
for the cases with larger supercell and denser 
k-point mesh, indicative of a repulsive interaction. 
As shown in Figs. 4(a) and (b), up to 87808 
k-point × atoms are required to obtain a very good 
convergence of the divacancy binding energies less 
than 0.01 eV. The 1nn and 2nn 2

b
VE converge at 0 

and −0.05 eV, respectively. Therefore, we believe 
that the calculated value of 0.12 eV is not true 
although it happens to be consistent with the 
experiment. Similarly, the attraction of the 
divacancy reported by ZHANG et al [13] may be 
due to the use of insufficient k-point × atoms (6912 
k-point × atoms used in their work). In addition, the 
23328 k-point×atoms, used in the early works [10], 
give converged values less than 0.05 eV for     
the 1nn and 2nn divacancies binding energies. We 
further checked the effect of supercell size on   
the divacancy binding energies. As can be seen   
in Fig. 4(a), the divacancy binding energies are 
 

 
Fig. 4 Divacancy binding energies as functions of n×n×n 
supercell with 3×3×3 k-point mesh (a), n×n×n k-point in 
4×4×4 supercell (b), and lattice constant (c) (The 
calculation setup for the results in (c) is the same as that 
of Fig. 3(b)) 

negative for large supercell sizes (>256 lattice sites), 
in the range from −0.1 to 0 eV, meaning a repulsive 
interaction. Particularly, both 1nn and 2nn 
divacancy binding energies are negative in the  
case of 7×7×7 supercell containing 1372 lattice 
sites. This differs from the results of 
RADHAKRISHNAN and GAVINI [12] obtained 
by the coarse-graining OFDFT. It should be pointed 
out that the coarse-graining scheme of the OFDFT 
generally loses computational accuracy. In addition, 
as shown in Fig. 4(c), the effect of the lattice 
constant on both 1nn and 2nn 2

b
VE  is negligible. 

According to these calculated results, it can be 
concluded that the 1nn divacancy in Al is indeed 
unstable while the 2nn divacancy is barely 
energetically favorable. 

The noticeable difference between the 
calculated and experimental divacancy binding 
energies may result from the plausible explanation 
of the non-Arrhenius temperature dependence of 
vacancy concentration at high temperatures in 
experiments [31]. The formation energy of the 
monovacancy is generally considered to be a 
constant and thus the logarithm of the vacancy 
concentration varies linearly with the inverse 
temperature, i.e., an Arrhenius plot. However, for 
many metals, numerous experimental results  
show an upward curvature at high temperatures   
in the Arrhenius description of the vacancy 
concentration [8,34]. This curvature was explained 
by assuming contributions from defects other than 
monovacancies, namely divacancy, known as the 
monovacancy−divacancy model [34]. Thus, the 
binding energy of the divacancy was extracted  
from the vacancy concentration or self-diffusion 
coefficient based on the monovacancy−divacancy 
model. Although the monovacancy−divacancy 
model was commonly accepted in the past, it now 
may be implausible. In recent years, a series of 
high-precision first-principles calculations have 
revealed that the monovacancy formation energy is 
not constant but varies with temperature in metals, 
caused by the anharmonicity of the lattice 
vibrations [31,35,36]. Particularly, in Al, it has been 
confirmed that the temperature dependence of the 
monovacancy formation energy alone can well 
interpret the non-Arrhenius natures of the vacancy 
concentration observed in experiments [31], thus 
eliminating the need to introduce the divacancy in 
analyzing experimental data. 
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The anharmonicity of the lattice vibrations can 
also affect the divacancy binding energy. It has  
been reported by CARLING et al [9] that the 
anharmonicity makes the divacancy more unstable 
whereas the vibration entropy contributions slightly 
stabilize the divacancy, consequently, the divacancy 
binding energy at the melting temperature is still 
negative, that is, the divacancy is energetically 
unstable against two isolated monovacancies. In 
addition, the divacancy binding energy is also 
influenced by the configurational entropy. Recently, 
CAO et al [37] proposed a calculation procedure to 
evaluate the contribution of configurational entropy 
to the binding energy between two solute pairs. 
Here, we adopt a similar calculation procedure: the 
number of configurations of the 2N site system with 
a divacancy is ΩV2=2N 

2, and that of the 2N site with 
two isolated vacancies is Ω2V=24N, thus the 
contribution of the configurational entropy to the 
divacancy binding energy is  

( )2B 2 Bln ln ln
12V V
NT S k T Ω Ω k T∆ = − =       (3) 

 
where T is the temperature, ΔS is the entropy 
change, kB is the Boltzmann constant, and N=108 or 
256 adopted in our calculation. According to  
Eq. (3), the configurational entropy (TΔS) decreases 
monotonically with increasing temperature. 
Furthermore, the contribution of configurational 
entropy is always negative, which weakens the 
divacancy attraction. The configurational entropy 
effect also makes the binding of divacancy unstable. 

Based on the above discussion, the theoretical 
calculation value of the binding energy of 
divacancy is negative, which is different from the 
experimental measurement. The results of these 
theoretical calculations were derived partly from the 
QMDFT calculations in small supercells (less than 
100 atoms) with 4×4×4 k-point mesh and partly 
from the molecular-dynamics simulations using an 
interatomic potential with parameters determined 
from DFT calculations due to the very time- 
consuming high-precision QMDFT calculations of 
the anharmonic effect. And the simplicity of this 
calculation comes at the expense of the accuracy of 
the results. In addition to the above calculation 
factors such as lattice vibration and configuration 
entropy, impurities [38] also affect the divacancy 
binding energy measured in the experiments. Due to 
the influence of many factors, the discrepancy 

between theoretical calculations and experimental 
measurements is an open question. 
 
3.4 Small vacancy clusters 

Three different types of vacancy clusters are 
considered, namely, voids, SFT, and vacancy 
platelets on the {111} plane. To compare the 
relative stability of these three types of vacancy 
clusters, it is needed to find the lowest energy 
configurations for each vacancy cluster. However, 
as size increases, the number of vacancy cluster 
configurations increases dramatically, and it is very 
time-consuming computationally to find the lowest 
energy configuration for large vacancy clusters. In 
this work, due to the limitation of computation cost, 
only small vacancy clusters with n=3−8 were 
considered. For each type of vacancy cluster, a 
series of potential Vn configurations (more than 20 
for V6−8) were studied using the 3×3×3 supercell 
with the 5×5×5 k-point mesh, and then the 
configurations with lower energy were further 
checked using the 4×4×4 supercell with the 5×5×5 
k-point mesh. Moreover, we also conducted a 
literature survey on atomic simulation studies of 
vacancy clusters in other FCC metals to cross-check 
our results. These calculations were done using 
PBEsol, and the most stable configuration was used 
to calculate the formation energy per vacancy and 
the binding energy. In addition, the most stable 
configurations for the voids were recalculated using 
LDA, PW91, PBE, and AM05 to evaluate the effect 
of the exchange-correlation functions. 

Figure 5 shows the lowest energy configurations 
for the voids V3−8 and their corresponding formation 
energy per vacancy and binding energy. As for the 
cases of the above-mentioned mono- and 
di-vacancy, the formation energies per vacancy of 
the void obtained by different exchange-correlation 
functions differ greatly from each other, and AM05 
yields the highest values, followed by PBEsol, LDA, 
PBE, and PW91. Moreover, AM05 predicts the 
strongest attraction between the vacancy cluster and 
monovacancy, PW91 gives the weakest attraction, 
while the binding energies yielded by LDA, PBE, 
and PBEsol are very close to each other. However, 
it can be seen from Figs. 5(b) and (c) that these  
five exchange-correlation functions predict similar 
trends for the formation energy per vacancy (binding 
energy) as a function of the vacancy number.  
Overall, the formation energy per vacancy shows a  
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Fig. 5 Schematic configurations of the most stable V3−8 voids (a), and their corresponding formation energy per vacancy 
(b) and binding energy (c) 
 
trend of increasing first and then decreasing with 
the vacancy number increase and finally becomes 
smaller than the monovacancy formation energy at 
a certain size, meaning that large voids are 
energetically favorable than their respective isolated 
monovacancies. Moreover, as the size increases, the 
binding energy starts out negative and then changes 
its sign to positive, suggesting that the interaction of 
the voids with the monovacancy shifts from 
repulsive to attractive. These results suggest that the 
voids would grow by capturing the isolated 
monovacancy and become more and more 
energetically stable. Moreover, as can be seen in 
Fig. 5(b), the differences between these exchange- 
correlation functions gradually decrease with 
increasing vacancy numbers. For example, the 
difference between the formation energies per 
vacancy obtained by AM05 and PW91 gradually 
narrows from 0.33 eV at V1 to 0.23 eV at V8. 

For the case of the SFT, as shown in Fig. 6, the 
formation energy per vacancy is initially larger and 
then smaller than the monovacancy formation 
energy, taking n=4 as a boundary. This suggests that 
the SFT Vn changes from energetically unstable to 
stable against the n isolated monovacancies at n>4. 

Same to WANG et al [20], the V5 SFT is also found 
to have the lowest formation energy per vacancy 
among all SFTs investigated in this work. The 
stable V5 SFT consists of six vacancies and one 
aluminum atom, of which six vacancies are located 
in the face-centered positions of the unit cell, 
forming an octahedron, and the Al atom is located 
at the body-centered position of the unit cell, 
constituting a local body-centered cubic structure 
with its nearest-neighboring Al atoms. Furthermore, 
the formation energy per vacancy of V5 is, 
respectively, much and slightly smaller than that of 
V4 and V6. This leads to a strong peak of the binding 
energy of the monovacancy to the SFT at n=5. As 
can be seen in Fig. 6, the binding energies of the V1 
to the V4 and V5 SFTs are 0.62 and −0.07 eV, 
respectively, meaning a very strong attraction of V4 
SFT to V1 and a weak repulsion of V5 SFT to V1. 
This indicates that the V5 SFT is particularly stable 
with a low inclination to grow or shrink. The 
binding energy of the V1 to V4 SFT is in fact much 
larger than other SFTs considered here, which are 
generally close to zero or negative, meaning very 
weak attraction or repulsion between these SFTs 
with V1. Therefore, V5 SFT can be expected as a 
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crucial nucleus for larger SFTs during the annealing 
of quenched supersaturated pure Al samples. The V6 
SFT corresponds to a perfect SFT. In addition, our 
predicted most stable configurations of V3−6 and 
their corresponding binding energies agree well 
with the results of WANG et al [20]. 

Figure 7 shows the lowest energy configurations 
for the V3−8 platelets on the {111} plane and their 
corresponding formation energy per vacancy and 
binding energy. When a vacancy number is a magic 
number, the vacancy platelet’s structure is definitive, 
such as equilateral triangular shapes for V3 and V6 
platelets and the perfect hexagonal shape for V7 

platelets. For non-magic vacancy number platelets, 
the additional vacancies are energetically favorable 
to be located at the edge center outside the magic 
number vacancy platelets and form a rhombus- 
shape with its nearest four vacancies in the vacancy 
platelet. Similar results have also been found in Ni. 
However, unlike the case in Ni [39], all vacancy 
platelets considered here in Al are energetically 
unfavorable relative to their corresponding n 
isolated monovacancies and are difficult to capture 
the isolated monovacancy. As can be seen in 
Figs. 7(b) and (c), the formation energies per vacancy 
of V3−8 platelets are larger than the monovacancy 

 

 
Fig. 6 Schematic configurations of the most stable V3−8 SFTs (a), and their corresponding formation energy per vacancy 
(b) and binding energy (c) (These results were calculated in the case of a 4×4×4 supercell with a 5×5×5 k-point mesh. 
The dash line in (b) represents the monovacancy formation energy) 
 

 
Fig. 7 Schematic configurations of the most stable V3−8 platelets on {111} plane (a) and their corresponding formation 
energy per vacancy (b) and binding energy (c) (These results were calculated in the case of a 4×4×4 supercell with a 
5×5×5 k-point mesh. The dash line in (b) represents the monovacancy formation energy) 
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formation energy and their binding energies to the 
additional monovacancy are most negative except 
for that of V7 platelet, which is close to 0 eV. In 
addition, our results obtained by QMDFT are 
different from the previous results by OFDFT, 
where the {111} plane vacancy cluster is stable. 
This is the same as the above case of divacancies. 
These show that the coarse-graining scheme of  
the OFDFT proposed by RADHAKRISHNAN  
and GAVINI [12] may overestimate the binding 
between vacancies. 

To compare the relative stability of the void, 
SFT, and platelet, the formation energies per 
vacancy of the most stable voids and SFTs obtained 
by PBEsol are replotted in Fig. 7(b). When n=3, 
their formation energies per vacancy are very close 
to each other, with a difference of less than 
0.0002 eV. Therefore, it can be considered that the 
trivacancy has two stable configurations, i.e., a 
triangular of 1nn vacancies on the {111} plane and 
a body-centered tetrahedron configuration (a 
tetrahedron of 1nn vacancies with one Al atom at 
the center, known as Damask−Dienes−Weizer 
(DDW) [40] structure, see Fig. 6(a)). When n=4, the 
formation energies per vacancy of the void and SFT 
are very close and smaller than that of the platelet. 
The most stable structures of tetravacancies for  
the void and SFT types are the tetrahedron 
configuration consisting of four 1nn vacancies (see 
Fig. 5(a)) and two DDW structures with a common 
1/2〈110〉 edge (see Fig. 6(a)), respectively. However, 
for Vn<4 clusters, all formation energies per vacancy 
are larger than the monovacancy formation energy, 
and their binding energies with the monovacancy 
are negative or positive close to zero. These 
indicate that the vacancies tend to remain as 
separated monovacancies as opposed to attracting 
and forming Vn<4 clusters. Thus, these Vn<4 clusters 
are difficult to serve as efficient nucleation sites for 
large vacancy clusters. 

The stable Vn clusters begin to exist at n=5 and 
6 in the form of SFT and void, respectively, and 
their stability is improved as the size increases. 
Moreover, among the Vn>4 clusters considered here, 
the SFT always has the lowest formation energy per 
vacancy, especially V5 SFT, followed by the void 
and platelet, suggesting that the SFT is more stable 
than the void and platelet. The formation energies 
per vacancy of voids and {111} plane vacancy 

platelets decrease monotonically with the increase 
of size, while those of SFT do not change mono- 
tonically but fluctuately. Therefore, their relative 
stabilities would be changed for large clusters. This 
may be the reason why the SFT plays a dominant 
role in small-sized vacancy-type defects, while 
vacancy dislocation loops or voids dominate in 
large-sized vacancy-type defects, as observed in 
typical experiments [41]. The relative stability of 
large voids, SFT, and vacancy-type dislocation 
loops in Al requires further examination. 
 
4 Conclusions 
 

(1) The exchange-correlation functions are the 
main source of the large difference in the 
monovacancy formation energy reported in the 
previous literatures. Compared with the 
experimental results, LDA yields the best 
monovacancy formation energy, followed by 
PBEsol, PBE, AM05, and PW91. Our results 
confirm that the 1nn divacancy in Al is indeed 
unstable while the 2nn divacancy is barely 
energetically favorable at 0 K. 

(2) The monovacancy formation energy shows 
a linear dependence on the lattice constant, while 
the lattice constant variation has little effect on the 
divacancy binding energy. 

(3) The Vn<4 clusters in any form are unstable 
against their corresponding n isolated mono- 
vacancies, and the stable Vn clusters begin to exist 
at n=5 for SFTs and n=6 for voids; while all 
platelets on the {111} plane considered in this work 
are unstable. For most cases, the SFT is the most 
stable form of these small vacancy clusters, 
followed by the void and platelet. These results are 
helpful to understand the experimentally observed 
size distributions of vacancy clusters in Al. 
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铝中小空位团簇稳定性的第一性原理研究 
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摘  要：空位团簇是铝合金中最常见的缺陷之一。利用基于密度泛函理论的第一性原理计算，研究铝中孔洞、层

错四面体(SFT)和{111}平面上的空位板等小空位团簇的能量学，发现文献报道的单空位形成能的显著差异主要与

它们所使用的交换相关泛函数有关，LDA 是 Al 中单空位形成能最可靠的近似，其次是 PBE、PBEsol、PW91 和

AM05。本文结果证实 Al 中的双空位在能量上是不稳定的。此外，任何结构中小于 5 的空位团簇相对于相应数量

的孤立单空位都是不稳定的。SFT 是大多数小空位团簇中最稳定的结构，其次是孔洞和空位板。这些结果有助于

理解实验观测到的铝中空位团簇的尺寸分布。 

关键词：第一性原理；铝；单空位；双空位；空位团簇；层错四面体；空位板 
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