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Dynamical stability of the & and @ phases of alumina

Z. todziana
Center for Atomic-scale Materials Physics, DTU, Building 307, DK-2800 Lyngby, Denmark

K. Parlinski
Institute of Nuclear Physics, ul. Radzikowskiego 152, 30-142 KvaRwoland
(Received 7 November 2002; published 16 May 2003

Using density functional calculations the phonon dispersion relations, phonon density of states, and free
energy of6 anda phases of alumina are investigated. The temperature dependence of the free energy indicates
that entropy contributes to the destabilization of éhphase at the high temperatures, but this is insufficient to
drive transformations between those two phases. The fcc arrangement of the oxygen sublattice plays an
important role in the stabilization of the phase above 600 K. The present calculations explain the common
presence of tetrahedrally coordinated Al cations in alumina, and suggest that some other than entropic mecha-
nism exists, which stabilizes transition aluminas up to 1400 K. The present calculations go beyond the ground
state energy calculatiof€. Wolverton and K.C. Hass, Phys. Rev6B, 24102(2001)], and give an additional
understanding of the stability of transition alumina at finite temperatures.

DOI: 10.1103/PhysRevB.67.174106 PACS nuniber61.43.Bn

I. INTRODUCTION phases are a hcp structure of the oxygen sublattice and the
only octahedral coordination of the aluminum in ia@hase.
Alumina is an extremely important material due to its In the present study, we provide insight into the question
great hardness, high thermal stability, and chemical inertnes8f how the free energy contributes to the stability of corun-
These properties lead to applications in the catalytic anglum with respect transition phases, which we represent here
Coating industrieé_Athinum oxide (AEOB) exists in vari- by ¢-alumina. We also consider the role of the vibrational
ous structural polymorphs, which are stable over a wideentropy in the stabilization of the transition alumina at high
range of temperatures. Besides the most stabiumina temperatures. The analysis of the transition alumina ground
(corundum, sapphijethere exists a variety of so-called tran- State properti€sruled out the hydrogenated spinel as a can-
sition phased? These phase&enoted asy,7,5,6) usually ~ didate for the spinel based alumina, and showed the tendency
are formed prior to corundum, when an oxide is obtained viePf Al to occupy tetrahedral sites. In the present studies we go
the dehydration process, and they are very stable up tBeyond the ground state, providing some insight into the sta-
1100°C. The sequence— §— 6— a° occurs as the tem- bility of transition aluminas at finite temperatures. By means
perature increases, when the alumina is obtained from eithéf extensive density functional theo§DFT) calculations,
hydroxide (boehmite or melt. All transition phases possess We show that at low temperatures the vibrational free energy
very low degree of crystallinity with surface area higher thanof corundum is lower than that of-alumina, while above
150 nf/g, preserved up to the stability limit. Thephase, T>600 K, this situation reverses. The origin of this phe-
on the other hand, usually forms single crysfals. nomena is traced to the result of the presence of a fcc ar-
During the past years an enormous scientific effort hagangement of the oxygen sublattice, which possesses a larger
been focused on the understanding of the nature, propertie§Prational entropy at high temperatures.
and transition sequence of alumina. Despite this, many ques- The structure of thex-Al,0; belongs to the rhombohe-
tions are still left unanswered. Especially puzzling is the stadral space groufR3c. The unit cell contains two formula
bility of the transition phases. units; see Fig. (). The representation of the structure in a
Although the details of the atomic structure of transition hexagonal unit cel(six formula unit3 visualizes the layered
aluminas are still under discussibf;® there seem to be an structure of corundum. Oxygen is arranged in layers perpen-
agreement that the, 6, and » phases possess a defecteddicular to thec axis, and aluminum occupy octahedral inter-
spinel structure. The oxygen atoms in the transition phasestices between oxygen sheets. The stoichiometry requires
are arranged into a slightly distorted fcc sublattice, while thethat 1/3 of the octahedral sites are vacant. #h&l,0O; pos-
cations are distributed between octahedral and tetrahedraésses a monoclinic structure belonging to @&m space
sites. The distribution of cations and vacancies within a spigroup (a structure that is pseudomorphic witGa,0s).
nel structure is still being debated in the literature, but theThe unit cell contains four formula unifef. Fig. 1(b)]. In
preferential occupancy @), sites by the vacancies seems to this phase, oxygen forms a slightly distorted fcc lattice and
be favored. For a detailed discussion of problems related toations evenly occupy tetrahedral and octahedral interstices.
the transition aluminas the reader may refer to the excellent Below in Sec. Il the methods of calculations are pre-
review by Wolverton and HassThe 6 phase is the ultimate sented, followed by a presentation of the results related to the
ground state of transition structures, which always appeastatic structures and the vibrational spectrum of aluminas.
just prior to the transformation to the corundum. The mainThen the thermodynamics of both phases is discussed in
structural differences between corundum and the transitiosome more detail. The paper is completed with a discussion.
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elsewheré? but here we briefly mention that the method
utilizes Hellmann-Feynmann forces acting on atoms in the
supercell. To determine the dynamical matrix, three indepen-
dent displacements of the amplitud®.03 A alongx, y, and

z directions for every symmetry nonequivalent atom were
calculated. All displaced configurations generate 144D
and 2160(6) components of the Hellmann-Feynman forces.
Next, the symmetry of the force constants, following from

R3c and C2/m space groups ofr and # phases’ is estab-
lished. The force constants are fitted to the collected
Hellmann-Feynman forces by the singular value decomposi-
tion method. At the distance of 7 A, the largest element of
the force constant is three orders of magnitude smaller than
the corresponding one from the first shell. The diagonaliza-
tion of the dynamical matrix provides the phonon frequen-
cies.

FIG. 1. (Color online Schematic representation of the rhombo- ~ The method is correct for the analytical part of the dy-
hedral unit cell ofa-Al,O5 (left), and @ alumina(right). Large red  namical matrix only, as the periodic boundary conditions are
spheres represent oxygen, small gray are for aluminum.(fpn imposed on the supercell. The large band ¢(fapV) causes

darker gray spheres denote tetrahedrally coordinated Al. incomplete screening in alumina, reflected by Born effective
charges carried by ions. Thus, the nonanalytical part de-
Il. METHOD scribes the effects of this macroscopic electrostatic field that

arises for certain infraredR) modes in the long wavelength

The structure and dynamics of tife and a-Al,O5 were  limit (q—0). The symbolg is used to distinguish vibrational
calculated within the DFT approacéhThe ionic cores are modes from the electronic states sampling in reciprocal
represented by ultrasoft pseudopotentials. The electronigpace. A Coulomb interaction splits this mode into longitu-
density is determined by an iterative diagonalization of thedinal (LO) and transversal opticalTO) parts, lifting the
Kohn-Sham Hamiltonian, and the resulting Kohn-ShamLO-TO degeneracy. We account for the nonanalytical part of
eigenstates are populated according to the Fermi statisticynamical matrix by introducing the effective charges fol-
with a finite temperature smearing 5=0.02 eV. The Pulay lowing Ref. 11. The values of the screened Born effective
mixing of the resulting densities is applied and the procedureharge tensors Z(aB/\/gz) are Z,,=72,,=1.65 and Z,,
is repeated until a self-consistency of the electronic density is=1.63 for Al, and Z,,=-1.15, Z,,=—1.04, andZ,,
achieved. Then the total energy is extrapolated to0 K. =—1.09 for oxygen. The two independent elements of the
The calculations were carried within a generalized gradientlielectric tensor are,,= €,,=3.2 ande,,=3.1. This proce-
(GGA) PW91(Ref. 8 approximation of the exchange corre- dure affects only LO IR modes.
lation function. A very restrictive accuracy was applied to
compare the relative stability of both phase§at0 K. The
wave function was sampled according to a Monkhorst-Pack
scheme with &-point meshes of 4% 4 for thea phase and At a preliminary step the unit cells of both phases of
2X8x%4 for the § phase. This is sufficient to compare ground Al,O; were optimized. The optimization was carried in the
state energies of both phases, as the denser ghfx® for  symmetry appropriate for each phase; the internal atomic po-
the @ phase and 410X 6 for the § phase changes the ground sitions and the lattice parameters were relaxed. After a con-
state energy by less than 0.0007 eV/formula unit. For thevergence with respect to the forces exerted on atoms was
calculations of the lattice dynamics, a larger supercell had taccomplished, the symmetry was released and structures
be used to assure that the force constants fall sufficientlwere reoptimized. Both corundum amealumina remain in
with distance. For thex phase, the supercell 0f<2x2 was the ground state of the first optimization stage. The largest
found to be sufficient, and for the-Al,O; the 1X3X2 su-  residual force exerted on the atom was smaller than 0.0001
percell gives a satisfactory decay of the interatomic forceeV/A at the end of this process. The lattice parameters and
constants. Thus calculations were performed on systems diie energy difference between phases are presented in Table
80 and 120 atoms fos and 6 phases, respectively. For the I. The calculated lattice constants are in the level of agree-
calculations on those large systems khgoint sampling was ment with experimental data typical for GGA calculations.
limited to theI” point, which only slightly affects the accu- The internal positions of atoms agree precisely with the ex-
racy of the small supercell. The cutoff of the kinetic energyperimentally measured position for corundum. The agree-
in all cases was 490 eV. The structure was optimized accordnent between previous and present calculations is very good.
ing to the calculated Hellmann-Feynman forces. Both interThe ground state energies of both phases are very similar,
nal positions of atoms and the unit cell parameters were opslightly (by 0.03 eV/ALO;) favoring corundum. The previ-
timized. ous calculatiomsgave similar result, showing also that the

The lattice dispersion relations are determined by the dilocal density approximation exchange-correlation functional
rect method. The details of this method are presentedtend to overestimatAE(a— 6) at T=0.% The insight into

Ill. RESULTS

174106-2
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TABLE I. Comparison of the calculated and literature structural (a) oo
parameters of the and 6 alumina. The ground state energy differ- 25 g{ O og g © i
ences are given ifmeV/formula unij, and are calculated from a
converged X1x1 supercell. oo Z 8 1

20-nn}\92 og
a-Al,04 Present Calc(Ref. 5 Expt. (Ref. 12 = ~——1 :.,:_‘= =
a(A) 5.153 5.161 5.128 é 15 == \‘zé =
« (deg 55.279 55.27 55.28 3 ] = S=——F—
Al (X,X,X) 0.352 0.352 0.352 8 T e {g,‘:i
- S — -

O (z.2+3.3) 0.556 0.556 0.556 E WX =~ 7
6-Al,0; Present  Calc(Ref. 5 Expt. (Ref. 4 5| J
a(A) 11.853 11.86 11.85
b (A) 2.923 2.929 2.904 0
c(R) 5.631 5.657 5.622 r
B (deg 104.034 104.0 103.8 25 I
0 (x,02) (0.161,0.108 (0.159,0.109 (0.161,0.098 |
0O (x,02) (0.495,0.257 (0.495,0.257 (0.495,0.253 [ ﬁ — c'
O (x,02) (0.826,0.433 (0.826,0.432 (0.827,0.42y 20
Al (x,02) (0.909,0.205 (0.910,0.204 (0.917,0.20Y =
Al (x,02) (0.658,0.31p (0.658,0.31Y (0.660,0.31p ':E 5

=
AE(6—a) (meV) 30 40 <120 %

z.,- 10
the energy difference between both phases of alumina is oft-
particular interest and will be addressed below. 5 .

The enlarged supercells for the lattice dynamics calcula-
tions were constructed from the optimized structures de-

scribed above and only the internal atomic coordinates were 0 '
reoptimized. Since the multiplication of the unit cell folds L r A z r M
back the residual forces, the reoptimization of the internal FiG. 2. Phonon dispersion relations fé@ «-alumina. High
atomic coordinates lifts the problem of losing accuracy. Thesymmetry points arez=(3,%,2), A=(0,3,0), and D=(3,03). (b)
residual forces remained below 0.0001 eV/A for both phasesg-alumina with high symmetry pointsL=(3,0.3), A=(0,03),
Z=(3,30), andM =(3,3,3). Lines represent calculated spectrum and
A. Phonon dispersion relations points represent experimental ddRef. 15.

The calculated phonon spectrum along some high symmenents. The accuracy of these experiments is superior to the
try directions is presented in Fig(& for a-alumina and in  scattering measurements presented in F{@). 2l modes
Fig. 2(b) for #-alumina. The spectrum has a rather compli-are classified following the space group analysis and six IR
cated structure, as there are 30 different branches. The inand seven Raman modes are allowed by the symmetry. Our
portant feature to note is that all frequencies presented in Figealculations for the Raman frequenci@sble Il) agree with
2 are positive. This is not a surprise for corundum, howevethe experimental values within 5%, which is typical when
for the #-Al,O3 this is an indication that the structure is using the direct method. For the IR frequencies, the corre-
dynamically stable in a crystalline phase. Another importanspondence of the calculated TO frequencies to the experi-
property can be observed when comparing Fig®) 2nd  ment is good, and the good agreement for LO modes assures
2(b) at the range of 18 to 23 THz. A higher density of phononthat our choice of the treatment of the screening effects is
branches exists for the alumina in this range. correct. The systematic underestimation of the frequencies

The rich literature of the vibrational properties of can be attributed to slight overestimation of the unit cell
corunduntt 3-8 gives an opportunity for a better compari- volume by GGA calculations.
son of our results and existing data. The phonon dispersion The good agreement between the experimental and calcu-
relations were determined experimentally by inelastic neulated vibrational spectra of corundum justifies our calcula-
tron scattering® and are presented as squares in Fig).2 tions and allows the extension to tdegphase, where experi-
The overall agreement is in the typical rangeatf initic ~ mental data are not available. Thepoint frequencies for
calculations. this phase are collected in Table Ill. Even though any experi-

TheT point frequencies for corundum are summarized inmental details of the microscopic dynamics are not known,
Table II. In the long wavelength limitg=0), the vibrational there is an interesting property of transition alumina, which
frequencies are determined via infrared and Raman measureelates lattice dynamics df-Al,O; to another known struc-
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TABLE 1l. The comparison of the calculated and literature fre- T T T T T T y T y T
quencies of the corundum optical modescgtl” point. For IR 0.12
modes the longitudinal frequenciéisO) are given in parentheses.
Frequencies are given in THz. 0.10
Mode Present Expt{Ref. 13  Calc.(Ref. 1)) ‘g 0.08
A2u(l) 10.985(15.37  11.99(15.35 11.72(14.99 &
A2u(l) 15.846(25.32  17.48(26.1) 17.14(25.79 @ 0.06
Eu(l) 10.640(11.49  11.54(11.63 11.44(11.50 =
Eu(l) 12.179(13.87  13.25(14.39 13.05(14.41) B 004
Eu(l) 15.660(17.7) 17.06(18.74 16.95(18.74
Eu(l) 17.778(26.40  19.04(26.98 18.83(26.60 0.02
Present Expt(Ref. 14  Calc. (Ref. 11 0.00
Eg(R) 10.734 11.3 11.38 Frequency (THz)
EgR) 11.974 13.0 12.86
Eg(R) 12.602 135 13.27 FIG. 3. (Color onling Total density of phonon states far(gray
Eg(R) 16.089 17.3 17.02 shaded regionand 6 (thick, solid red lines phases of AIO;. The
Eg(R) 20.842 22.5 22.38 DOS g(w) is normalized/g(w)dw=1.
Alg(R) 11.495 12.5 12.34
ALGR) 18.272 194 19.07 ral and synthetic MgAIO, was found’ in the high energy
A2¢g 8.30 9.04 .
A2g 15.27 16.08 part of the Raman spgctrum. The peak around 21.8 THz is
present in the synthetic spinel, while in natural samples it
A2g 20.84 - 22.41
Alu 16.941 i 17.82 appears only_ when they are heated up _to 13OQ K and
Alu 19.754 ) 20.62 quenched rapidly. It was suggestéthat the disorder in the

cation sublattice is responsible for this effect. Some of the Al
cations migrate to the tetrahedral sites and form Al@ving
an additional peak at 21.8 THz.

The structure ofé-alumina gives a direct insight into
AlO, dynamics, since this AlQunit exists directly in this
phase, such that no further approximations are required in

ontrast to the MgAIO, systemt® In that sense, we may
relate two Raman modes @, symmetry at 20.758 and

3.465 THz, which are Al@tetrahedron breathing and

tretching of the Al-O bond, respectively, to the same
modes in the spinel structure. The close agreement between
these frequencies, and their common origin from the tetrahe-
drally coordinated Al, point to the high stability of such co-
ordination, despite the very different chemical environment.

ture. The #-alumina consists of a mixture of tetrahedral
(50%) and octahedrab0%) aluminum cations. The presence
of tetrahedral cations is responsible for larger density of pho
non branches above 18 THz. The average Al-O bond equal
do=1.95 A for an octahedrally coordinated cation and only
dr=1.77 A for tetrahedral Al. The shorter bonds contribute
to the higher frequency spectrum. In particular modes relate
to the “breathing” of AlO, are very interesting as they shall
be common for variety of compounds containing AIO
The extensive Raman measureméhes the magnesium

spinels (MgA}LO,) reveal the following features that are di-
rectly related to the AlQ breathing modes. The spinel cat-
ions can occupy two sublattices: Mg tetrahedral sites and Al

octahedral interstices. A substantial difference between natu- B. Density of states

The difference in the vibrational spectrum of both phases
is better visible on the density of statédBOS) plots, pre-
OIsented in Fig. 3. The spectrum of corundum develops two
prominent Van Hove peaks at 10.4 and 21.2 THz. 67% of

TABLE lIl. The frequencies(in THz) of the optical modes of
the #-Al,O5 atq=I". The experimental value is taken from data for
magnesium spinel. Only TO frequencies are shown for infrare

modes. d(w) ranges from 9.5 to 20 THz, while 20% has a lower
Mode Present ExptRef.17) frequency. They(w) of the 6 phase, on the other hand, pos-
sesses two distinct regions dividing the spectrum into sepa-
Au(l) 7.974; 9.894; 14.349; 21.136 - rate parts below and above 18 THz. The lower part of the
Bu(l) 9.634; 10.650; 12.649; 14.534 - spectrum contains 70% of( »).
Bu(l) 16.339; 18.061; 21.223; 22.483 - Another interesting point is the rich structure of the high
Ag(R) 5.966; 7.841; 8.659; 13.025; 13.092 - frequency region of the DOS in the phase, which can be
Ag(R) 15.842; 17.879; 20.403; 23.465 ascribed to AIQ vibration. Overall the DOS of-Al,0;
Ag(R) 20.758 21.79 extends 2 THz above the DOS of corundum. The differences
Bg(R) 5.824: 6.822: 11.480; 14.872; 20.889 - in g(w) suggest different vibrational contributions to the free

energy in both phases.
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C. Free energy

The small difference of the ground state energy betweer [ e ]
the considered phases of alumina raise the question o L[+ . S

whether there is another mechanism for the stabilization of ~&
corundum from transition phases. One possibility points to —~

the larger entropic contribution to the free energy in the case =~ 0
of corundum. The density of states calculated above provide: = I \
a basis for further analysis in a quasiharmonic approxima- £ 4oL — AF(6-a) b |
tion. L "
- . < --- AF, (6 -a)
To compare the stability of the two phases of alumina at Al
the given thermodynamic conditiong,{/,T) one must go 20b AF,(6-a) i

beyond the ground state and calculate of the free energ
G(p,T)=F(V,T)+pV. The standard procedure is to deter-
mine Gibbs free energ®(p,T); however, for our purpose Temperature (K)

the comparison of the Helmholtz free enefgfyv, T) is suf- FIG. 4. (Color onling The difference of the vibrational part of

ficient, since the corundum only exists in the crystalline . . . .
phase and we are interested in the region of ambient prnge free energyAF,p(¢—a) (thick, solid red ling. The partial

contributions coming from anioniddotted blug¢ and cationic
sure§p= Po- . (dashed blacksubsystems are also shown.
High pressure >p,) transformations of corundum,
which indeed require a direct treatment of the Gibbs free
energy, were previously performed by Thomsaral1° They
predicted orthorhombic RBiD; (Il) structure to be the most

stable above p=75 GPa, which was confirmed later firming the stability of th d t Tow t i
experimentally’ This exemplifies the great predictive power confirming the stabiiity of the corundum at low temperature.
With increasing temperature entropy decreases the stability

of DFT calculations applied to alumina, but the area of high _ g
pressures is beyond the scope of the present paper. We lin§f this phase, driving thé-Al,0, to be more stable above

our discussion here to temperature induced transformationd,~ 290 K. This stabilization is, however, not sufficient to
To account for the validity comparison af-(V,T) only, the cpnvert the system towarq tItﬁEphase unless the temperat_ure
Grineisen parameteyg was estimated for corundum by cal- rises well above the melting point as the static energy differ-

culating the vibrational spectrum at a volume reduced bfrceAE ”(]jUSt bte ta!<etr) mttho accmtmlf: Nevte:thele;s{r:ransnmnt
3%. The value ofyg ranges fromyg=0.4 for theE, mode aluminas do not exist in the crystalline state an ere mus

t0 yo=1.8 for theA,, mode. The average Gmaisen param- be additional stabilization mechanisms related to their poros-
eter? >':1 14 givzeus the thermal expansion coefficient ity. One must also be aware of several limitations of above
Y p;y)(r;n wﬁich is rather small, so a comparison of theapproach. First of all local anharmonic effects related, at
Helmholtz free energy is sufficient for our purposes. Withinf'rSt’ to the significant mode coupling, could play a role of

this limitation the Helmholtz free energy(V,T) is calcu- further decreasing the,;,(#). Second, transition aluminas _
lated as possess large surface areas. Corundum usually does not exist

in such a porous state, but even the porateumina holds
F(V,T)=Eq(V)+F,ipn(V,T), (3.2 significantly smaller surface areas to 100 ni/g). McHale
et al,! when comparing the stability of poroug and «
phases, suggested that the lower surface energy of transition
alumina is responsible for its stabilization. This interesting
point is still awaiting direct confirmation.
Foin(V,T)=U(V,T)-TSV,T), (3.2 Besides all the limitations, the picture of entropy driven
_ ) . destabilization of corundum, presented above, is clear and
where U(V,T) describes the internal energy of the lattice 5,5 an important mechanism contributing to the stability

including zero point vibrations, while the last term is for the ¢ e transition aluminas over a wide range of temperatures.
entropic contribution. When the phonon modes are populategis 515 indicates that the denga@lumina is not a ground
according to the Bose-Einstein statistics the internal energy;ate of ApO,.

equals

i . 1 i 1 . I e
0 200 400 600 800 1000

The difference of the vibrational free energyfF,;,(6
—a) is presented in Fig. 4. The zero point energy contribu-
tion to the free energy of thé phase is larger ai=0 K,

whereEq(V) is the total energy evaluated from the first prin-
ciple calculationgcf. Table ). The vibrational contribution
to the free energy equals

. i
U(v,T)zf g(w)hwcoth(—w )dw. 33 IV. DISCUSSION
0

2keT The calculations give the opportunity for a strict division
kg is the Boltzmann constant. Other thermodynamic func-of the entire vibrational spectrum into partial contributions,
tions are calculated takin§=0 at T=0 from the third law so that further analysis is possible, as there is no energy
of thermodynamics. The free energy of the system reads exchange between modes in harmonic systems. The reader
5 must be aware that this is not the case in real systems, where,
i _[” L e at equilibrium, energy is shared equally between all modes.
Fui(V.T) jo g(w)in Smr<2kBT)dw' 349 The following analysis is justified, however, as it shows

174106-5
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0.08 I~ ot . ]
I I P — S(ACYS(AT)

—_ —~ 09} LT - -UACYUAIN

0.04
2" >
c 3 © 20[ ]
: L

; 0.00 I L ]
2 —Ala-ALO T e T R
© 004 273 - 0 —
= —A6-ALO ol —ATSEw Tl
o Phat SN O --AUew T T el ]
~— O, xiexy | 90k e AR TR ]
= 0.02 - <= Al"0- Alzoa - 20 .. N A1':(6._(1)| 1 1 L 1 " 1 N 1 L 1 " 1 i
: 0 100 200 300 400 500 600 700 800 900 1000
Temperature (K)
0.00 memmmentti it Ly U

0 5 10 15 20 25

Frequency (THz) FIG. 6. (Color online Temperature dependence of the vibra-

tional free energyAF i, , entropyAS, and internal energgU. (a)
Ratio betweenJ and S of tetrahedral and octahedral cation sub-
systems ofé# phase.(b) Difference between fcc and hcp oxygen
sublattices.AF,;, is dotted red,AS is solid black, andAU is
dashed blue.

FIG. 5. (Color onling Partial densities of statesa) Oxygen
sublattice of corunduntgray shadedand #-alumina (thick, solid
red lines. (b) Aluminum sublattice. The gray shaded region is for
AI® of corundum, and solid red lines are for%ldotted blue for

tetrahedral cations of-Al;0s. ing the cation sublattice of the two phas&sg. 4) one can

see that the pure octahedral Al coordination possesses a
which modes are primarily excited prior to achieving equi-lower F,;, at every temperature. But anionic/cationic sub-
librium and possibly contribute to structural modifications. systems do not exist separately. Only 40% of the internal

It is very instructive to examine closer the differences ofenergy is carried by cations.
the free energy distribution between both phases of alumina Comparing the internal energy between hcp and fcc sub-
and even going further to compare partial contributions comiattices of oxygersee Fig. @)], we notice they are almost
ing from different sublattices. The partial densities of statesqual, slightly favoring hcp arrangements in the low tem-
for aluminum and oxygen are presented in Fig. 5. The vibraperature limit. With increasing temperature the difference
tions of oxygen arranged in the hcp sublattice in corundunslightly grows, until the modes above 10 THz are excited in
are limited mainly to the region between 10 and 20 THz,the hcp structure. This leads to the equilibratiorUofoward
with small contribution from the acoustic branches and highhigherT, as shown in Fig. ®). The entropy of the fcc oxy-
energy excitations. The partial DOS that results from the fcgyen arrangement is larger at all temperatures and the differ-
arranged oxygen in thé phase looks rather different. It ence S(fcc—hcp) grows continuously. Around~200 K,
spans the same frequency range as the total DOS, and hagmtropy wins against internal energy and the fcc structure of
similar shape. oxygen becomes more stable; see Figp).6The differences

The cationic sublattice of corundum covers majority ofin the free energy are quite small, so they cannot be respon-
excitation of modes below 10 THz; see Figbp Weak and  sible for transformations between structures, but the tenden-
fairly localized modes are present at high frequencies. Thegies are well described, as they become more visible as the
belong to the Al-O stretching, giving two peaks around 23temperature rises.

THz. The picture of the stability between phases shows that the
The spectrum of tetrahedral and octahedral Al in the free energy of the octahedral arrangement of aluminum con-
phase reveals their difference. While théw) for Al° fol- tributes to the stabilization of this coordination at all tem-

lows that of corundum closely, almost all of the high fre- peratures. This, together with a lower free energy of the hcp
quency phonons belong to the tetrahedral subsystem. Thiionic sublattice, stabilizas-Al,O; in the low temperature
shows the stability of the AlQconfiguration. The high fre- limit. At higher T, the large vibrational entropy of fcc oxygen
quency Al-O stretching modes are also present intphase  in ¢-Al,O5 counteracts the stabilization coming from cations
but at higher frequencies and here they are surrounded kynhd the stability shifts toward the transition phase. An oxy-
other excitations. gen arrangement different than hcp is always accompanied
The distribution of internal energy and entropy betweenby the presence of tetrahedral Al cations.
presented subsystems depends on the differences of the This is a very interesting point that explains the common
g(w). Figure &a) shows the distribution of the internal en- occurrence of the tetrahedrally coordinated aluminum in the
ergy U and entropyS between AP and Al". At the low variety of aluminas. There is a simple correlation between
temperature limit, a larger amount of thebelongs to tetra- the presence of Aland the structure of the oxygen sublat-
hedral subsystem. At high temperaturesequilibrates be- tice. In the structure of corundum, oxygen possesses
tween subsystems. The vibrational entr&pig always larger ABABAB (hcp stacking and no tetrahedral cations are
for the AI° subsystem. This stabilizes the octahedral subpresent. In thec phasé? the oxygen stacking i&BAG and
system and the vibrational free energy is always lower for itthus different from hcp and fcc. In this structure, 25% of
This shows that the octahedral coordination of Al is alwayscations are tetrahedrally coordinated. In thé\l,0;, stack-
dynamically more stable, even in tifgphase. Now compar- ing of oxygen isABCABGC and as many as 50% of cations
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occupy tetrahedral positions. In fact the presence of tetrahe?, we have shown that the vibrational contribution to the free
dral Al should not be stable from the dynamical point of energy leads to a destabilization of corundum at high tem-
view. However, tetrahedral Al is responsible for the stabili- peratures. Destabilization only by the vibrational effect is not
zation of an oxygen arrangement other than hcp. The lowufficient to drive the structural transition between those
free energy of this arrangement at high temperatures forcgshases. The question of the stability of the transition alumi-
aluminum to occupy tetrahedral sites. nas is still open, and is the subject of our studies.

An intriguing result was presented in Ref. 5, where the \we have shown that at low temperatures the structure of
tendency of aluminum to occupy the tetrahedral position in.qryndum, besides an electronic contribution, is stabilized by
the spinel structures of alumina was shown by means of DFJ},o hcp arrangement of the oxygen sublattice. At high tem-
calculations. This result is along the line of our finding of theperatures the entropy of the fcc oxygen sublattice entails a

s_tablhzmg role_ .Of oxygen in a'“.m'”?‘s with fcc Oxygen lat- stability shift toward this configuration. This induces the ap-
tice. The stabilization of the spinel is more complicated, as

Lo ; R{earance of Al, which stabilizes the fcc arrangement of
the presence of vacancies in the structure plays an importa .
role oxygen. It explains the very common presence of tetrahedral

Thin alumina films grown on an NiAl substrate contain cations ir_1_a variety of aluminas, ranging from thin films to
significant amounts of Al2324The CVD-grown, high resis- (1€ transition phases. _ _
tive coatings usually consist of the alumina in bhphasez,z The presence of tetrahedral cat|_ons associated t(_)_the_ fcc
which contains 25% of AL In all these examples, the pres- OXY9en arrangement pgrtlally contrlbute_s to the stqb|llzat|on
ence of AT appears to stabilize an oxygen structure differentof the metastable aluminas. However, in the quasiharmonic
from hcp, and the oxygen arrangement is a factor that dete@PProximation, the stabilization of th&phase cannot come
mines the presence of tetrahedral aluminum cations. In thenly from the vibrational entropy. Another mechanism, pos-
thin layers the surface contribution to the overall stabilitySibly related to the surface, must be responsible for the sta-
cannot be neglected, and work to resolve its role is inbilization.
progress. Also the coordination of aluminum in the melt of
Al,O5; shows an abnormal abundance of tetrahedrally coor-
dinated cations. This liquid phase is different from the crys-
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