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The thermochemical behavior afAl,03 corundum in the whole temperature range 0-2317 K (meltingtpand under pres-
sures up to 12 GPa is predicted by applyaiginitio methods based on the density functional theory (DFT), tieeofis local
basis set and periodic-boundary conditions. Thermodyoanoperties are treated both within and beyond the harnagpcox-
imation to the lattice potential. In particular, a recenplementation of the quasi-harmonic approximation, in threr €rAL
program, is here shown to provide a reliable descriptiorhefthermal expansion coefficient, entropy, constant-velamd
constant-pressure specific heats, and temperature defendiethe bulk modulus, nearly up to the corundum meltingpem
ature. This is a remarkable outcome suggestingyl ,O3 to be an almost perfect quasi-harmonic crystal. The effeasing
different computational parameters and DFT functionaleriging to different levels of approximations on the accyraf the
thermal properties is tested, providing a reference fahrstudies involving alumina polymorphs and, more gdheiguasi-
ionic minerals.

1 Introduction to simulate realistic pressure and temperature conditans
make the difference between providing a qualitative or anqua
Aluminum oxide has been extensively used for decades in gtative prediction. In general, DFT modeling of solid stat
wide variety of industrial applications due to its remarleab materials is performed at zero temperature and pressude, an
properties, including high melting point, density, eletre-  thermodynamic functions are estimated through harmotic la
sistivity, hardness, resistance to weathering and lowbslelu tice dynamics under the assumption of no thermal expansion.
ity.* Corundum §-Al 203, the most stable form of aluminum This is certainly a rough approximation, though successful
oxide, whose atomic structure is sketched in Figure 1) and itmany cases and frequently us¥d? However, this approach
polymorphs (the so-called transitions aluminas) also l@khi is unable to provide accurate predictions related to high te
unique surface properties, which make them suitable botlperature conditions, as well as to phases whose structndes a
as catalysts for several reactidn$and as support for other properties have a significant dependence on temperature and
catalystst®-14 Furthermore, the thermodynamic properties of pressure. Several computational studies on aluminum oxide
corundum are of particular interest in calorimetric stsdi®  polymorphs have been reported in recent years, which mainly
that it constitutes a standard reference material (SRM-Z20  apply standard DFT method$:30
the calibration of some calorimetet?. , ,
First-principles techniques based on the density funation " this paper, we apply a recently developed technique

theory (DFT) are becoming an important complementary tooP@s€d on the so-called quasi-harmonic approximation (QHA)
in the investigation of mineral structure and thermodynam-2 simple and effective method that is able to address the-afor

ics, as well as surface properties and reactivity, as tHeyal mentioned issue in the case of corundéhi2 The thermal ex

to analyse the nature of the fundamental interactions givin Pansion coefficient(T), heat capacitie€y (T) andCp(T),

rise to the observed phenomelan this context, the ability ~ €Ntropy.S(T) and bulk modulusk(T) of corundum are cal-
culated in its entire range of thermal stabilifye( from 0 K
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properties of corundum, as computed with a simplified Debye
model (where the lattice dynamics of the crystal is not expli
itly solved at theab initio level of theory), which are found
to largely disagree with available experimental d&tdo the
best of our knowledge, the present investigation consstut
the first completeab initio description of thermodynamic and
thermal structural and elastic propertiesefAl ,03. This pa-

per might then constitute a useful benchmark for undertakin
future investigations involving aluminum oxide and rethte
materials.

The structure of the paper is as follows: in Section 2 we
briefly recall the main features of the adopted implemeaniati
of the quasi-harmonic approximation and we introduce the ut
lized computational setup; results on the thermal effeats o
structural and thermodynamic propertiesofAl ,O3 are dis-
cussed in Section 3 where the effect of the adopted fundtiona
Fig. 1 (color online) Graphical representation of the atomic of the DFT is explicitly investigated; the combined effet o

structure of COfUﬂdem(—Ales. space groujR3c): aluminum is pressure and temperature on such properties is also qadntifi
colored in gray, oxygen in red. Alfoctahedra and lattice conclusions are drawn in Section 4.
parameters of the conventional cell are also represented.

2 Computational Approach and Details

ence of other crucial computational parameterg. Supercell
size in the calculation of phonon dispersion) on the catedla
properties is also assessed.

All calculations are performed using a development versfon
the GRYSTAL program?*4°where a fully-automated scheme
for computing quasi-harmonic properties of crystals has re
One of the main reasons of interest in the study of mineral%enﬂy been implemented, which relies on computing and fit-
at simultaneous high-temperatures and high-pressuré®is tting harmonic vibration frequencies at different volumés a
characterization of their elastic response at geochermah o, having performed volume-constrained geometry optimiz
mantle conditions. Indeed, a necessary prerequisite torthe  tjons 3132 Sych optimizations use analytical energy gradients
derstanding of how seismic waves do propagate during earthy;th respect to both atomic coordinates and lattice pararset
quakes is precisely the knowledge of the elastic response @onyergence is checked on energy, residual gradient compo-
all possible constituents of the Earth mantle. Conversk®/, nents and magnitude of the nuclear displacements: default
only source of information on the actual composition of theyiteria are used® Harmonic phonon frequencies are com-
Earth mantle are seismic data collected during earthquakeﬁuted by diagonalizing the dynamical matrix following a di-
different compositional models are used to interpret seth d yect space approach. The influence of the adopted supercell
which strongly rely on the characterization of the elaséi€ I sjze (equivalent to the sampling of the Brillouin zone intae
sponse of individual minerals at high temperature and Préseiprocal space approach) on computed thermodynamic prop-
sure conditions’®3"While a complete characterization of the erties will be analyzed in Section 3. Further details abbet t

thermo-elasticity ofa-Al,03 would require the calculation  «gjrect space” approach to phonon dispersion calculatan ¢
of its fourth-rank elastic tensor at various temperatures a pe found elsewherdl46-48
pressures (a quite demanding computational task whichdvoul - constant-volume specific hedy (T), and entropyS(T),
give access to the full anisotropic description of the &last  gre estimated through standard statistical thermodyrsamic
sponse);®*the QHA offers a simplified approach to the in- from harmonic phonon frequencies as computed at the equi-
vestigation of the high-temperature, high-pressure ieha¥ |iprjum zero temperature, zero pressure volume. Other-prop
an average elastic property of great geochemical intetlest:  gries (such as the constant-pressure specific heat, the the
bulk modulusk. mal expansion coefficient or the temperature dependence of
Estimations of some thermal properties of corundum, basethe bulk modulus), in order to be properly described, regjuir
on Kieffer's vibrational model upon experimental frequgnc to go beyond the simple harmonic approximation (HA) and
data, have been reported in the literat?é! as well as a  are here computed by means of the QHA which is found to
couple of DFT studies where the QHA was applied to the in-provide a satisfactory description of all of them nearly ap t
vestigation of phase transitions in alumina polymorph&4?  the melting temperature of corundum. The explored volume
Mousavi has recently reported some quasi-harmonic thermabknge extends from a -4.3% compression to a +8.6% expan-
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sion with respect to the equilibrium volume and four volumesexpansiorf'® Reciprocal space is sampled using a Monkhorst-
are explicitly considered in this interval. Pack mesh with a shrinking factor of 8, 4 and 2 when per-

The volumetric,isotropic, thermal expansion coefficient, forming the calculation on the primitive cell, the convemial
ay(T), is obtained by minimizing the isothermal Helmholtz cell or largest cells (like a 22x2 or a 3x3x3 expansion of
free energy the primitive cell), corresponding to 65, 14 and 4 independe

V) k-points in thg irreducible- portion of the Brilloqin zone. A

FOHA(T, V) = UZP(V) + keT [In (1_ e—k—B"T—ﬂ @ pruned grid with 1454 radial and 99 qngular points is used to

Zp calculate the DFT exchange-correlation contribution tigio

numerical integration of the electron density over the aelit

with respect to volume at several temperatures, whgrs  volume?® The Self-Consistent-Field (SCF) convergence on
Boltzmann’s constant arld¢”(V) is the zero-temperature in- energy was set to a value of 1% hartree for all geometry
ternal energy of the crystal which includes the zero-paint e optimizations and phonon frequency calculations.
ergy of the systemEZ"(V) = 3y, haap(V)/2. The scheme,
recently developed and implemented into thRYSTAL pro-
gram3132is here generalized to the caseanfisotropicther- 3 Resultsand Discussion
mal expansions: directional thermal expansion coeffisient
aa(T) and ac(T), corresponding to tha andc symmetry- 3.1  Thermodynamic Properties
independent lattice parameters afAl,O3 are computed
which allow for a finer description of the thermal expansion
mechanism.

One of the powerful advantages of the QHA is that of al-
lowing for a natural combination of pressure and tempeeatur
effects on structural and elastic properties of materiéy.
differentiating equation (1) with respect to the volume and
changing sign, the thermal pressure is obtained:

When computing thermodynamic properties of crystals, one
has to make sure that the description of the lattice dynamics
of the system is properly converged with respect to the sam-
pling of the dispersion of phonon branches in reciprocatspa
Equivalently, given the direct space nature of the approach
here utilized, convergence of computed properties with the
size of the adopted supercell (SC) has to be carefully cliecke
for. If harmonic thermodynamic functions, such as entropy
m:QHA(V;T) and constant-volume specific heat, show a rather slow cenver
P\V;T)= v (2)  gence (more so fdBthanGy), the situation is generally much
more favorable for quasi-harmonic ones. For instance, some
The description of the isothermal bulk modulus of the sys-of us have recently shown that for fully ionic systems, such
tem at simultaneous high-temperatures and high-pressuregs MgO and CaO, a SC containing 128 atoms is required to
Kr(P,T), can be obtained as an isothermal second derivativeonverge the entropy while a SC containing just 8 atoms al-
of equation (1) with respect to the volume and by exploitingready provides a converged description of all quasi-haienon
relation (2): quantities®? Figure 2 shows such a convergence for entropy
aZFQHA(V(PT)'T) and constant-volume specific heatafAl,03, as computed
A ) (3)  atthe PBEO level. Four SCs of increasing size are consigered
oV(PT)? T containing 10, 30, 80 and 270 atoms and corresponding to the

Let us finally recall that the QHA allows for computing the-dif primitive cell, the conventional cell, 2222 expansion of the

ference between constant-pressure and constant-voluene sﬁlj ”m't'r\]/?hcinba?ﬁ a &ri;i3 exE)an;cAo?i of”the pr:\llm:twed;,eilslﬁ:lt
cific heats as followd950 s seen that both quantities are practically converge

containing 80 atoms, more so 6y than forS: atTy, the dif-
COMA = Cp(T) = Gy(T) = a2 (T)K(T)V(T)T . (4) ference between the 80 and the 270 atom SCs being just 0.9%

and 1.3% foiCy andS, respectively. The SC containing 270
All-electron atom-centered Gaussian-type-functiondasts, atoms is then expected to give results that are most likdigto
of TZVP quality, are adopted’ Six different formulations of ~ fully converged. In the figure, we also report accurate exper
the exchange-correlation functional of the DFT are considmental data to compare with: empty circles refe€Cfovalues
ered, corresponding to some of the most widely used schemésy Saxena and Shéhwhile full circles to S values by Ro-
within the LDA (SVWN®°2%), GGA (PBE>* PW91>>  bie et al.f? For both quantities, the agreement between com-
PBEsoP® and hybrid approaches (B3LY#®, PBEC®). puted and experimental data is rather satisfactory in tr@avh
Thresholds controlling the accuracy of Coulomb and ex-temperature range and malkas initio simulations a reliable
change series are set to fQT; to T;) and 1016 (Ts) forthe  predictive tool for these harmonic properties. Analogpus!
integral truncation and to 162 and 1018 for the selection of  what recently documented for fully ionic systerfsalso in
bi-electronic integrals that can be approximated by thelaip  the present case of a mixed ionic/covalent system, theteffec

KT<P,T>=V<P,T>(
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Fig. 2 (color online) Specific heaGy, (upper panel) and entrofsy
(lower panel) ofar-Al,03 as a function of temperature, as computed
at PBEO level with SCs of increasing size: 10 (dots), 30 (ddjs80
(dot-dashed) and 270 (continuous) atoms. The uppermesbfithe
top panel is th€p curve obtained by adding tigRHA
quasi-harmonic contribution (evaluated according to &qoat) to
the converge®@y one. The inset of the upper panel showsGheas
computed with all the six DFT functionals considered in #tisdy
for the SC containing 30 atoms. Empty circles refer to experital
Cv values from Saxena and Sh&hfull circles are experiments&
andCp data from Robiest al.89
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Fig. 3 (color online) Convergence of thermal expansion coefficien
ay (T) andCOHA (see equation 4) afi-Al ;05 as a function of the
adopted SC size. Differencesg andACR™A, are reported with
respect to the SC containing 80 atoms. All results are obtaivith
the PBEO functional.

SC containing 80 atoms are reported. It is clearly seenthat i
the primitive cell (10 atoms) is not a suitable model, the-con
ventional SC containing just 30 atoms provides a descriptio
of both quantities which is essentially converged, with &n a
erage deviation of 0.3% faZ®"A and 0.9% foray (T) over

the whole temperature range with respect to the SC with 80
atoms. The effect of the adopted DFT functional on the quasi-
harmonic description will be discussed in Section 3.2. By
adding the converged®"* quasi-harmonic term to the con-
vergedCy harmonic contribution, the final constant-pressure
specific heatCp, is obtained which is reported in the upper
panel of Figure 2 as a continuous line and compared with
available experimental data by Rotee al.%° (full circles).
This comparison shows how for-Al,O3 the QHA is capable

of the adopted DFT functional on such quantities is almosbf correctly describinge(T) up to its melting point, which
negligible as they are both dominated by acoustic modes gefis a remarkable result given that for most systems the vglidi

erally correctly described by all functionals. In this resp
the inset of the upper panel of Figure 2 sh@ysas computed
with the six DFT functionals considered in this study (LDA,

domain of the QHA is restricted to temperatures well-below
the melting one®261This is a first evidence, to be further con-
firmed below, of the fact thadr-Al,O3 corundum essentially

PBE, PBEsol, PW91, B3LYP and PBEQ) for the 30 atom SC;hehaves as an almost perfect quasi-harmonic crystal, with n

the six curves are essentially superimposed to each other.

barticular need for an explicit account of intrinsic anhanic

the upper panel of the figure, the constant-pressure specifigffects beyond the QHA.
heat is also reported which will be commented on later as it is

a quasi-harmonic and not a simple harmonic quantity.

3.2 Structural Properties

The effect of the SC size on the convergence of quasi-
harmonic properties is shown in Figure 3 where the differ-The thermal behavior of structural and elastic properties-o

ences between thermal expansion coefficigits,and quasi-
harmonic contribution to the specific heaC*"A, as com-

Al,O3 is now discussed as determined at the quasi-harmonic
level of theory. The effect on computed properties of the par

puted with SCs of different size and those obtained with theicular choice of the adopted DFT functional (three diffare
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Fig. 4 (color online) Dependence of the conventional cell volume, Fig. 5 (color online) Mearisotropic (@ = ay /3) andanisotropic
V, and bulk modulusK, of a-Al,03 on temperature, as computed (0 — @a) thermal expansion coefficient af-Al 03 calculated as a
with different DFT functionals at the quasi-harmonic levielill and ~ function of temperature with various DFT functionals. Faittles

empty circles correspond to experimental data by Andeesah 52 represent experimental data by Andersol.® for ay /3 and by
and Fiqueet al., 53 respectively. Munro’2 for ac — aa; empty circles are data from White and
Roberts’3

classes of functionals, LDA, GGA and hybrids, are explic-

ity considered) is discussed, which may serve as a benctexcellent agreement with the experimental data, followed b
mark for future studies on aluminum oxides. In Figure 4,the PBEO hybrid functional; PBE and PW91, on the contrary,
we report the equilibrium volume (of the conventional cell) give the poorest description among those explored; v) PBEso
and the bulk modulus of corundum as a function of temperthe PBE re-parametrization specifically designed for thiel so
ature, up to its melting point. Experimental data are by An-state, significantly improves the description of both qites,
dersoret al.%2 (full circles) and by Fiqueet al.53 (empty cir- ~ even if not to a sufficient extent to bring its results closth®
cles). From the analysis of the figure, some considerationéxperimental ones; vi) the inclusion of the zero-point ot
can be made: i) different functionals do provide very differ on zero-temperature values increases the volume by about 1%
ent values of the equilibrium volume and bulk modulus, with and decreases the bulk modulus by about 1.5% for all func-
differences among them as large as 5% for the volume antionals (notshown in the figure). The exceptional perforagan
11% for the bulk modulus; ii) as already observed in previ-Of LDA in reproducing equilibrium structural features of

ous studies, the LDA functional provides the lowest volumeAl203 has already been discussed in seveialinitio stud-
and the highest bulk modulus among them while pure GGAes3064T71

functionals such as PBE and PW91 give the highest volumes The good description of the temperature dependence of
and lowest bulk moduli; iii) despite the very differentdege ~ V(T) andK(T) up to Ty, without strong deviations which
tion of the absolute value of these properties, all funetisn are commonly seen in other systems (particularlykaiT ))
provide a fairly correct description of the temperatureatep  well below Ty, 32 is a strong evidence of the quasi-harmonic
dence ofV andK almost up toTy, with small differences character ofr-Al,O3 corundum.

among them to be discussed below; iv) surprisingly enough, Let us now analyze the description of the thermal expan-
in this case, the simple LDA functional provides results insion of a-Al,03 into more detail. The upper panel of Fig-
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ure 5 shows the averagsotropic thermal expansion coeffi- 06 ——T 7T T T T T T
cient,a = ay /3, of corundum as computed with the six DFT Loa i . goox
functionals here considered. Accurate experimental dgta b

Andersonet al.52 are reported as full circles. Despite an S1.02 N
overall good description of the thermal expansion of corun-x
dum by all functionals, this figure allows for a finer discus- %
sion. It can be seen that three functionals (LDA, PBEsol i

900 K -

600 K

0.98 -
and PBEOQ) perform better than the other three (PBE, PW91
and B3LYP) that slightly overestimate@. An interesting 0.96 H00R -
feature of the thermal expansion of non-cubic crystalssis it ' — o s

0 500 1000 1500 2000 O 5 10 15
anisotropy. If one considers the conventional cebref\l ,03, T (K) P (GPa)
there are two symmetry-independent lattice parametetsh
and c; the corresponding directional thermal expansion co
efficients, aa(T) and a¢(T), can be computed (the relation

ay = 20 +ha° holds t;L.jf?)' In the Iowfer p?“e' Off Figure 5 | lime at 300 K and zero pressuremfAl ,03. Full circles are
we report thea — 0, difference as a function of tempera- experimental data from Andersen al.2 (in the left panel) and

ture. Experimental data by Munf® (full circles) and White  from Sato and Akimotd* (in the right panel), empty circles from

and Robert§® (empty circles) are also reported, the latter be-Grevelet al, 75 while full squares and corresponding error bars are
ing not as smooth as the former ones. Some remarks can B@®m Dubrovinskyet al.”® All computed values are obtained at the
made: i) thea; — a5 difference is positive both experimentally PBEO level.

and theoretically at all levels of theory thus implying aglar

thermal expansion along thecrystallographic axis than in

the basal planab; ii) the anisotropy of the thermal expan- figure, theV /V, ratio (whereVy is the equilibrium volume at
sion amounts to about 10% of the total; iii) the steep behav3po K and zero pressure) is reported as a continuous func-
ior of experimental data by White and Robéftst tempera-  tion of temperature, up to corundum melting point, at five
tures below 250 K seems to be inconsistent with all theaaktic equidistant pressures (0, 3, 6, 9 and 12 GPa). Experimental
predictions and other experimental data by Muffdy) the  data at zero pressure by Andersenal.6? are given as full
PBEO hybrid functional describes an anisotropy which igver circles while those at about 11 GPa by Dubrovinskyal.”®
close to the experimental one by Munf®B3LYP provides  as full squares, with corresponding error bars. The efféct o
a reasonable description up to about 600 K and then rapidlgressure is a non-linear compression of the unit cell volume
increases, while the other functionals seem to systenfigtica The compression of the cell volume due to pressure is more
overestimate it by about 20%. pronounced at higher temperatures than at lower tempegatur
so that, as a result, pressure clearly reduces the thermal ex
pansivity of a-Al,03 (see below). In the right panel of the
figure, we report the same quantity/Vp, as a function of
While the inclusion of pressure on computed properties ofressure at eight equidistant temperatures (0, 300, 6D, 90
solids can be considered a re|ative|y Simp|e tééRZ_SZthe 1200, 1500, 1800 and 2100 K) EXperimental data are also re-
combined description of temperature and pressure is muchorted as measured at 300 K at different pressures by Sato and
more demanding and seldom reportedai initio studies. Akimoto’ (full circles), Grevelet al.” (empty circles) and

As recalled in Section 2, one of the advantages of the quasPubrovinskyet al.”® (full square). We can clearly see that: i)
harmonic approximation is precisely that of allowing forsa-n ~ Obviously as temperature increases the cell volume expands
ural combination of both temperature and pressure on theii) & given volume {e. a given value of th®/ /\ ratio) corre-
modynamic and structural properties of solids. The scedall Sponds to higher pressures as temperature increases.
thermal pressure can indeed be computed as a volume deriva-As we have just anticipated, from inspection of the left
tive of the isothermal Helmholtz free energy (see equatjon 2 panel of Figure 6 one can see how pressure is progressively re
The pressure-volume-temperatu®\(-T) equation-of-state ducing the thermal expansivity of corundum. In order to give
(EOS) is then easily obtained. In Figure 6, we report two dif-a more quantitative representation of such effect we intced
ferent representations (which correspond to constargspre  the upper panel of Figure 7 where the volumetric thermal ex-
and constant-temperature experiments) ofRhé-T EOS of  pansion coefficientyy, of a-Al,03 is plotted as a function of
a-Al,03, as computed with the hybrid PBEO functional that temperature at five equidistant pressures. Experimertabda
has been found to reliably describe most of the properties di zero pressure, from Andersen al, 62 are in excellent agree-
cussed in the previous paragraphs. In the left panel of thenent with PBEO theoretical ones, as already noticed while di

Fig. 6(color online)V /\j as a function of temperature at 5
different pressures (left panel) and as a function of presat8
different temperatures (right panel), wh&gis the equilibrium

3.3 Effect of Thermal Pressure

6| Journal Name, 2010, [vol] 1-9 This journal is © The Royal Society of Chemistry [year]



atures. Isothermal experimental determinations at zezs-pr
sure from Andersoet al.52 are reported as full circles. The
agreement with the PBEO theoretical description (lowest co
tinuous line) is remarkable in the whole temperature range.
Some experimental techniques for measuring the bulk modu-
lus of a crystal involve elastic waves and are charactetiged
very short time-scales that prevent the system from regchin
thermal equilibrium; in these cases, an adiabatic bulk modu
lus, Ks, is measured. Adiabatic and isothermal bulk moduli do
coincide with each other at zero temperature oklyalways
being larger thaKt at any finite temperature. In the figure,
for instance, empty circles do represent adiabatic bulkunod
lus values as measured at zero pressure by €oah83 with

the rectangular parallelepiped resonance method. The QHA
also offers a way to compute the adiabatic bulk modulus from
the isothermal one, given that:

2 2
agVTK C
VT ke x =22 ,
Cv Cv
200 0 GPa where the dependence of all quantities on temperature is omi
: ; ted for clarity sake and in the last equality equation (4) has
180 : . : ' : ' : ' : been exploited. The computed adiabatic bulk modulus at zero
0 500 1000 1500 2000 : : . ) X
pressure is reported in the figure as a dashed line; again, the
T'(K) agreement with the experimental determinations is quite re
Jnarkable and confirms once more how the QHA allows for ac-
curately describing structural and elastic featureg-@l,03
up to the melting temperature.

Ks=Kr + (5)

Fig. 7 (color online) Dependence on temperature, up to 2300 K, an
pressure, up to 12 GPa, of the thermal expansion coefficippef
panel) and bulk modulus (lower panel) @fAl,03, as computed at
PBEO level. Experimental data at ambient pressure from Asuthe

et al.52 are reported for comparison. In the lower panel, full ciscle
refer to the isothermal bulk modulusy, while empty circles to the
adiabatic bulk moduluss. In the lower panel, the dashed line
represents the computed adiabatic bulk modulus at zersynes

4 Conclusions

The dependence on temperature of a variety of thermody-
namic, structural and elastic propertiescfAl ,O3 has been
accurately determined by meansaif initio simulations ex-
. . ) . ploiting both the harmonic and quasi-harmonic approxima-
cussing Figure 5. It is clearly seen that, as pressure Iynear tijons. The validity domain of the quasi-harmonic approxi-
increases, the thermal expansivity of corundum decreases ( mation, being often limited to temperatures much lower than
linearly). As we could not find any high_—p_ressure experimensne melting poinfTy, is here found to extend almost upTq
tal data of the thermal expansion coefficientoof\l,03 and 5 suggesting that corundum essentially behaves asecperf
given the excellent description provided by the hybrid PBEOquasi-harmonic crystal with negligible intrinsic anhamio
functional so far, these values are expected to constielite I effects. As other aluminum oxide polymorphs exhibit anal-
able predictions of the high-temperature, high-presse@-  o40ys structural and chemical features, from presentteesul
ior of corundum. the quasi-harmonic approximation is expected to constéunt
As recalled in the Introduction, the description of the bulk effective and reliable approach to their thermal charazder
modulus of minerals at simultaneous high temperature antion.
pressure conditions is of particular geochemical interést The effect of the adopted functional of the density func-
the lower panel of Figure 7, we report the isothermal bulktional theory on thermal properties afAl,O3 has been ex-
modulus,Kt, computed as the volume second derivative ofplicitly investigated and will prove a useful benchmark fior
the isothermal Helmholtz free energy (see equation 3). It idure theoretical studies requiring a good thermodynamic de
reported as a continuous function of temperature at five disscription of aluminum oxides. Six different formulations,
tinct pressures, up to 12 GPa. Pressure is seen to systematelonging to three different rungs of the “Jacob’s ladder”,
ically increase the bulk modulus, more so at higher temperhave been considered: i) all functionals accurately descri
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