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Ab initio lattice dynamics of sapphire
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Structural and lattice dynamical properties of sapphire are investigated within the framework of density-
functional perturbation theory. We obtain weak anisotropies in the dielectric tensor and in the Born effective
charges. The theoretical phonon dispersions are found to be in very satisfactory agreement with available
experimental data.

Sapphire @-Al,03) belongs to the class of aluminum  The lattice structure of sapphire{Al,O3) belongs to the

oxides which are very common materials in th_e earth’s Cr!JSttrigonaI system(space groupR?c). Its rhombohedral unit
Due to its outstanding mechanical and optical propertiesge|| contains 2 formula unit€L0 atoms. The structure can be
sapphire finds a wide range of technological applicationsyje\ved as a slightly distorted hexagonal close-packed lattice
e.g., in catalytic and corrosion technology, or as substratg oxygen ions, where the aluminum ions occupy 2/3 of the

material. Its importance has motivated a variety of theoret."octahedral interstices, and is determined by four parameters:

cal in\(es_tigations ai_med to glucidate its un.derlying electroni he rhombohedral lattice constant and angle, or, alternatively
and binding properties. While the electronic structure of sapy hexagonal lattice constangsand ¢, and two internal

phire is now well understood on the basisfioét principles - o
calculations-? its lattice dynamics has only been studied in _parametersl gnduodescrlblng the positions of the O and Al
pns, respectively:

the context of phenomenological models adjusted to opticd , S . . .
and neutron scattering data. The static equilibrium structure is found in the following

In this paper, we present an investigation of the latticeVa@y- For fixed volumeV, the total energyE is minimized
dynamics of sapphire in the framework of density-functionalWith respect to the internal parameters &ndv) and the
theory. This is achieved by combining a mixed-basis pseudotatio c/a. Repeating this for a set of different volumes, the
potential approach,which allows an efficient treatment of optimal volume is then determined from a fit Bf,,(V) to
the stronger localized O-like valence states, with moderthe Murnaghan equation of state. Finally, the parameters
density-functional perturbation theoty. v, andc/a are optimized again. Results of this procedure are

Calculations are performed within the local-density ap-summarized in Table I. The internal parameters andctlae
proximation (LDA) using the Hedin-Lundqvist form of the ratio are found in excellent agreement with experimental val-
exchange-correlation fu_nction%ll. We employ norm-  yes. Small deviations of the lattice constant(.4%) and
conserving pseudopotentials of the Hamann-SemMGhiang  pulk modulus (- 3.7%) are typical for LDA. Our results are
type” The valence states are represented by four local funcaiso in accord with a recent all-electron LDA calculatfon,
tions ofsandp type at each oxygen site, smoothly cut off at confirming the adequacy of our pseudopotential approach.
aradius of 1.3 a.u., and plane waves up to a kinetic energy of phonon properties are calculated using density-functional

20 Ry. Brillouin-zone(BZ) sampling in the band-structure perturbation theory. This efficient approach originally formu-
calculation was performed on ax#4 x4 simple rhombohe-

dral k-point mesh corresponding to 13 special points in the

irreducible wedge of the BZ. TABLE Il. Theoretical values for the screened Born-effective

charge tensorg,z//¢;, Values given for O correspond to the ion
TABLE I. Bulk properties of sapphire. Experimental values are with rhombohedral coordinates; ¢-u,,— 3 +u). For all Al ions

taken from Ref. 16. The all-electron calculation from Boettgeaf. charge tensors are equal by symmetry.

2) employs Gaussian-type basis functions.

Al (@)
a(A) cla v u B (MBarn dB/dP X y z X y z
Mixed basis 9.57 2.733 0.102 0.307 2.45 4.0 x 1.65 0 0 —-1.15 0 0
Experiment 9.71 2730 0.102 0.306 2.54 43 vy 0 1.65 0 0 -1.04 -0.14
All electron 9.68 2.721 0.102 0.306 2.44 43 z 0 0 1.63 0 -0.19 -1.09
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TABLE l1l. Calculated properties of infrared-active modes. Fre- T A zr A zr A z
quencies are given in THz. The third quantity is a measure for the ol 128
oscillator strength. Hereq=2z or a=x,y for A,, or E, modes, .| . 128
respectively. Experimental valuéis brackets are taken from Ref. '™ e 1%
13. % . :}} 22
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18.83(19.1) 26.60(27.0 0.04(0.09 0 0

FIG. 1. Phonon dispersions of sapphire alonglfh& direction
lated for a plane-wave expansion of the valence &dtess  (rhombohedral axjs given separately for each of the three irreduc-
been recently extended to general nonorthogonal basis sdbie representations. Lines are theoretical results, and dots represent
suitable for the use of a mixed-basis representationde-  neutron-scattering data of Ref. 4.
tails of the formalism see Ref. L1As sapphire is an insula-

tor, a complete characterization of its lattice dynamics re- A
quires knowledge of the dielectric tensef,, and Born Aeaﬁ()\):mma()\)mﬁ()\)- (1)
effective-charge tensoEﬁB(K) for each ionk, which deter- TO

mine the nonanalytic contribution to the dynamical matrix inHere, V is the volume of the elementary celbro()\) is the
the limit g—0."* Currently, a perturbative approach to transverse frequency of the mode, an)) is the induced
these quantities has not been implemented for the mixedslectric moment of the elementary cell per unit displacement.

basis scheme. We therefore pursued the alternative way dfhe latter quantity is related to the Born effective charges
extracting the nonanalytic part from calculations égpoints  and the mode eigenvectors by

close to the center of the BZ along three different directions

in reciprocal space. By this procedure, all matrix elements of 71%(\)
the dielectric and Born effective-charge tensors can be deter- m,(\) =2, Z35(k) Ny (2
mined except for a single scale factor because only ratios KB VM

* | > . . .
z* € enter the expression _for th? dynampal matrix. whereM . denotes the mass of ioa For the trigonal lattice,
In trigonal symmetry, the dielectric tensor is diagonal andAeaB()\) is again diagonal, with nonzero matrix elements

pag only twlf mt_nlependent/eleTirg,%; €yy and e;,. W?h A€,, for modes having induced polarization parallel to the
Ind a small anisotropyey/e;;=1.02 in agreement with ., hohedrg| symmetry axi#\g, representation and non-

measurement§ e, =3.2, 622:_3'1 (Ref. 13]. Independent zeroAe,,, A€, for those with induced polarization perpen-
elements of the Born effective-charge tensors are shown in

Table II. For both ion species, results indicate only small

anisotropies, being largest for the O ions which occupy sites 120r = A = ]
of low C, symmetry. 128
Calculated frequencies df-point phonons are summa- 1o _'\'\\.\ 126
rized in Tables Ill and IV. Comparison of infrarétkR) and 100 104
Raman active modes with optical data gives a maximum « o o \ — 5
deviation of 2.7963*In case of the IR modes, information 0
about the accuracy of the theoretical eigenvecigi\) of 80 /""Q\,/—/'/._.: 20
mode\ can be gained from the contributidne(\) of each Tt~ —] . . 118
mode to the total static dielectric tensoedz=es; o 7o i: : % 16 =
+3,Ae,5(\), given by® % 0 —M/—%q\_: u B
. . 2 __/—u__:—/‘/m——r——"— >
TABLE IV. Frequencies of the Raman-activa;, E,) and 50 w . 712
silent (A,q, A1,) modes in THz. Experimental values for Raman- 40 N\'\.\\V.\ e * J10
active modegin brackets are taken from Ref. 14. V/_,./-)/"*"— 8
30 |
Alg Eg AZQ A1u 20 b ] i
12.34(12.5 11.38(11.3 9.04 17.82 10 F 15
19.07(19.9 12.86(13.0 16.08 20.62 0 0
13.27(13.5 22.41
17.02(17.3 FIG. 2. Same as Fig. 1, but for th&-A direction [A
22.38(22.5 =(0,0.5,0)]. For clarity, the two irreducible representations have

been unfolded.
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10k FIG. 4. Theoretical phonon density of states of sapphire. The
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FIG. 3. Same as Fig. 1, but for th€-D direction [D sured so far. The prominent features of the phonon density of
=(0.5,0,0.5). For clarity, the two irreducible representations have states, shown in Fig. 4, are pseudogap structures near 43 and

been unfolded. 87 meV, and a strong peak near 92 meV which is due to a
nearly dispersionless oxygen mode.
dicular to this axis E,). Table Ill shows theoretical values In summary, we have presented results from a DFT based

for the ratioAe,,(\)/€.,. They agree with experimental investigation of the structural and lattice dynamical proper-
data better than 10% for modes with strong infrared activityties of sapphire. We find an excellent agreement with the
demonstrating that the present calculation also provides reatneasured phonon spectra, demonstrating that the perturba-
Istic eigenvectors. tive approach applied in this work can provide very accurate

_To obtain the gomplete_ phonon spectrum we haye deterpredictions of the lattice dynamics of metal oxides with non-
mined the dynamical matrices on &4 x4 mesh, whichis  ivial crystal structures.

then extended to the whole BZ using a standard Fourier in-

terpolation techniqué!? In Figs. 1, 2, and 3, dispersion Financial support by the Deutsche Forschungsgemein-
curves are shown along three high-symmetry directions foschaft (Graduiertenkolleg Komplexita in Festkapern:
which neutron scattering experiments have been performedhononen, Elektronen und Strukturen, GRK 176¢3grate-
The theoretical dispersion curves compare very favorablyully acknowledged. We would also like to thank the
with experiment and provide predictions for those phononLandesrechenzentrum in Munich for granting us Fujitsu
branches along thE-D direction which have not been mea- VPP700 computing time.
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