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First-principles calculation of the phonon spectrum of MgALO, spinel
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The phonon spectrum of a Mg#D, spinel has been calculated from first principles using density-functional
theory. The spinel was perfectly ordered with space gr‘édﬁm. The five Raman active and four infrared
active modes allowed by symmetry are unambiguously identified. Agreement with available Raman, infrared,
and inelastic neutron scattering data is good. The fifth Raman rfrog@ising in experimentis located at
570 cmil.
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[. INTRODUCTION occurrence of yet another mode has been demonstrated to
result from cation disordef.
Spinel MgALO, has been the subject of intense study In this paper we report first-principles calculations of the
for several reasons. This natural mineral is the archetypghonon spectrum of a MgAD, spinel, throughout the full
of many compounds that crystallize in the same structdre. BZ. The calculations unambiguously identify the positions of
It is the dominant component of the spinel phase inthe Raman and IR-active modes, in the absence of any dis-

Earth's shallow mantlé® Moreover, it has a combination Order. They may serve as a reference, and thus help to dis-
of several desirable properties such as a high meltinﬁ”m.'”af[e petween tho_se experimentally obs_erved modes that
temperature, high strength, resistance to chemical attacdk® intrinsic to th_e lattice and those that arise from de_fects,
and ion bombardment at elevated temperatures, angﬂuch as cation dlsor_der. Moreover, they _should constitute a
low electrical los¢. Therefore the material has many appli- reference for approximate models of a spinel that are needed

: . . . , .in the simulation of fracture experimeftsand low-index
cations, e.g., in refractory ceramics, as electrical dielectrid P

and irradiation resistant material. In addition, it can be use&ompllcated surfaces.
as an envelope material in high-pressure discharge lamps, to
replace quartz glassOther applications are in heteroge- Il. COMPUTATIONAL DETAILS
neous catalysi®, as humidity sensofsand ultrafiltration Calculations were carried out with the first-principles
membranes. _ _ _ molecular-dynamics programasp (Viennaab initio simula-
The crlstal structure of MgAD, is cubic, fcc, with space  jgn program.?>~2" This program calculates the electronic
groupFd3m (Of, No. 227 in the International Tabfs®™*  structure and, via the Hellmann-Feynman theorem, the inter-
Mg, Al, and O are at Wyckoff position& 16d, and 32, atomic forces from first-principles.
respectively. The structure is fully determined by the lattice The phonon spectrum has been calculated with
constanta and the anion parametarof the positions 32,  the method of Ref. 28. In this direct method, the interatomic
The anions are on an approximate close-packed fcc latticéprce-constant matrix is derived from a set of calculations
with the Al and Mg cations at octahedral and tetrahedrabn a periodically repeated supercell that is a multiple of
interstitial positions, respectively. Spinel is highly prone toseveral unit cells. As a starting point, all atoms are put
cation disorder: Some, in inverted spinel even all, Mg ionsinto their equilibrium positions. Then an atom is slightly
may exchange positions with Al ions. This problem is par-displaced, and the forces on all atoms in the cell are
ticularly severe in synthetic spinels. Natural spinels have lessalculated. These forces are proportional to the interatomic
cation disorder. force constants times the displacement. By considering
The vibrational properties of spinel Mg&D, have been all symmetry-inequivalent displacements, the full force-
studied with Ramalf® (R) and infrared (IR) constant matrix can be obtained. It is truncated due
spectroscopy**>1"=22To our knowledge, only one study us- to the finite size of the supercell. However, it rapidly
ing inelastic neutron scattering is availabfelhus most ex- decays to zero with increasing interatomic separation. The
perimental data is restricted to the vicinity of thepoint of ~ phonon frequencies as a function of thgector are obtained
the Brillouin zone(BZ). Infrared studies have led to some by a straightforward diagonalization of the dynamical
controversy, as authors reported differing numbers of IRmatrix2°
active modes. Only four IR-active modes are allowed by The above method is only correct for the analytical part of
symmetry. For Raman spectroscopy only four of the fivethe dynamical matrix, as it imposes a translational symmetry
allowed modes have been reported for natural spinel. Then the supercell. The nonanalytical part describes the effect
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of the macroscopic electrostatic field that arises for certaimpoint of the Brillouin zone of the supercell. Using a smaller
LO modes in the long-wavelength limig~T"). Thus it lifts ~ 1X1Xx1 cell, k-point convergence was checked. Norm-
the LO-TO degeneracy of these modes. The field is a consg&onserving pseudopotentials were used for Mg andRuf.
quence of the incomplete screening in semiconductors andd), and an ultrasoft pseudopotential was used f3f & The
insulators, and is reflected by the Born effective charges cakinetic-energy cutoff on the wave functions was 495 (86
ried by the ions. We account for this nonanalytical part fol-RY)- For the(augmentationcharge a cutoff of 928 e\68
lowing the method outlined in Ref. 30: Due to the neglect ofRY) Was used. Convergence tests were carried out in a 1
the nonanalytical contribution, the interplanar force constantg< 1< 1 cell with cutoffs up to 900 and 1600 eV respectively.
do not tend to zero for large interplanar separation, but they "€ frequencies of the modes tare accurate within two
converge to finite, nonzero valu&sErom these, the effect of Wave numbers on average. The nonlocal projection of the
the nonanalytical part can be calculated. For more details wBSeudopotentials were carried out in real spgﬁo@alc_ula-_
refer to Refs. 30 and 32. tions were carried out in the local-density approximation
The supercell contains eight conventional unit cells in a('-DA)-37
2X2X2 arrangement. Thus it contains 448 atoms. For each TABLE I. Frequencies of the optical modes of the spinel at the
atomic species only one displaceméfto4 A) was neces- I point of the primitive unit cell. For the infrared active species, the

sary. frequencies of the LO phonon are between brackets.
After optimization of the oxygen parametervery small
residual forces remained~(0.001 eV/A). For a phonon Species f (cm™1)
calculation using a conventional unit cell, these have a neg-
ligible effect on the accuracy of the phonon frequencies. Tay 265
However, in the X 2x 2 cell all eight residual force@f the T1(IR) 311(319
eight conventional celjsare folded back, and the error is  T29(R) 319
amplified eight times, having a detrimental effect on the Tig 360
highest Raman-active modelat By subtracting the spurious ~ Eu 412
forces in the equilibrium configuration from those obtained Eg(R) 426
with the atoms displaced we correct for this effect in leading  Tau 483
order. This restores the accuracy of the calculation. T1,(IR) 512 (580
The longitudinal interplanar force constants are also ob- T,4(R) 570
tained from the X2X 2 cell. It is already quite long16.06 T1u(IR) 588 (638
A). We checked the resulting LO-TO splitting with a longer  E, 608
3X1X1 cell, and found only minor deviations. Moreover, A,, 668
with this longer cell we could checffor the I'-X direction T24(R) 682
that the phonon spectrum is well converged with &2 T (IR) 698 (866)
X 2 supercell, i.e., that the analytical part is sufficiently short  a,, 763
range. As4(R) 776

The electronic wave functions were sampled only atlthe
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TABLE II. Frequencies of the optical modes of the spinel at theoint of the primitive unit cell.
Experimental Raman frequencies are from O’Hetal. (Ref. 12, Malezieux and PirioRef. 14, Chopelas
and Hofmeise(Ref. 19, and Cynnet al. (Ref. 16. All frequencies are in cm'.

Species  Calculated O’Horet al. Malézieux and Piriou  Chopelas and Hofmeiser  Cyiral.

Tog 319 311 311 312 311
Eq 426 410 408 407 409
Tag 492
Tag 570
Tog 682 671 669 666 670
Asg 727 (727)
Aqg 776 772 770 767 770
. RESULTS rather weak. However, the discrepancy with 570 ¢ris too

large. So we expect that the 492-chband is another mode,
characteristic of a synthetic spinel. Its occurrence is probably
. . : . . . related to cation disorder, which is known to be much more
spinel, which has less Cat'%g' dlsqrder than syr_wthe'glc SPIN€Ybundant in synthetic spinel compared to natural spinel. The
a:8.0989 A andx50.387. A Sl'.ght underestlm_anon of fifth mode (of natural spinel should be close to the calcu-
the lattice constgnt is not unusual in LDA calculations. In all 3taq value of 570 cmt. Its oscillator strength is presum-
phonon calculations the calculated valuesaond x were a1y 5o small that it has not yet been observed. We note that
used. _ Fraaset al,™® who studied many different spinel samples
The calculated phonon spectrum along a few high-(synthetic and naturplid observe weak modes at 555 and
symmetry directions in the BZ and the phonon density ofgoo cnil.
states(PDOS are shown in Fig. 1. The latter was calculated \We do not observe a mode near 727 ¢mwhich Cynn
by linear tetrahedron integration of the phonon frequenciegt al® observed in natural spinel, but only after annealing.
calculated on a 2020X 20 g-point mesh. The PDOS and They conclude that it results from AljQetrahedra, i.e., from
the spectrum have a very complicated structure, as there acation disorder. Consistently, Maieux and Piriod* Cho-
42 branches. Near the upper end of the frequency scale thelas and HofmeistEtand we do not observe this mode. To
PDOS develops a few prominent, almost isolated, peaks. further test this assignment, calculations with an At€tra-
Most experimental data on the frequencies comes fronmedron were carried out. These are described in the Appen-
infrared and Raman experiments. These experiments onlfix. The AIQ, impurity is found to have two breathing
provide information on the long-wavelength limit. In Table | modes, one of which is at 723 crh i.e., close to
we list all the calculated frequencies at thepoint. They 727 cm L.
have been classified following the factor group analysis by The experimental IR data are more controversial than the
White and DeAngelié® Raman data. Symmetry allows for follj,, modes. The in-
The crystal symmetry allows for five Raman-active duced macroscopic electrical field lifts the threefold degen-
modes. In Table Il results, of the Raman experiments byeracy, so that each IR activig,, mode splits into a twofold
O’Horo et al,'> Malezieux and Piriod? Chopelas and degenerate TO level and a single LO mode.
Hofmeister'® and Cynnret al® are listed. O’Horcet al. used Table 11l lists data from several IR experiments. The cal-
a synthetic spinel whereas the others used natural spinel. Thelated frequencies are in very good agreement with those by
calculated frequencies at 319, 426, 682, and 776 ‘cagree  Preudhomme and Taffeon natural spinel.
with the experimental values within 1-5%. We obtain the Agreement with the data of O’Horet al'? on a synthetic
fifth mode at 570 cm'. None of the experiments listed in spinel is worse; in particular the 428-crh mode differs
Table Il reported a mode near this frequency. O’'Hetal.  strongly from the calculated 512 crh. Grimeset al?? have
(synthetic spineldid find a fifth band at 492 cimt, whichis  reanalyzed the reflectivity data of O’Horet al. and con-

First the crystal structure was optimized. After minimiza-
tion, we obtaineda=8.030 A andx=0.3891% In natural

TABLE IIl. Frequencies of the optical modes of the spinel atlthpoint of the primitive unit cell, listed
as TO(LO). Experimental frequencies are from Preudhomme and Teeé 19, O’Horo et al. (Ref. 12,
and Chopelas and Hofmeis@Ref. 15. Frequencies by Grimest al. are also listed? All frequencies are in

cm 1,

Calculated Preudhomme and Tarte O'Hettoal.  Grimeset al. Chopelas and Hofmeister
311(319 309 305 305305 304 (312

512 (580 522 428 485 476610

588 (639 580 485 (630 578 (575

698 (866) 688 670 670855 676 (869
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cluded that there are two transverse modes, at 485 antbunted for by the substantial cation inversion in the syn-
670 cm !, with the corresponding longitudinal modes at thetic spinel used by Thompson and Grimes in their
630 and 855 cm'. Moreover, they suggested that a third measurements.

mode with very small splitting may be present near

305 cm ! Thus they lacked onésplit) T;, mode. They

found support for their interpretatiaine., only three modes IV. CONCLUSIONS

from a good agreement with the Lyddane-Sachs-T¢l&m) In summary, the phonon spectrum of Mg, spinel has
rule, been calculated from first principles. Good agreement with
experiment is obtained for the four experimentally clearly
€(0) wi2(|_o) observed Raman-active modes. In general, the calculated fre-
(=) =H > ; quencies are slightly larger than the experimental frequen-
" o (TO) cies. The fifth calculated mode at 570 thcannot be as-

) ) ] signed to the 492-cit band observed for synthetic spinel.
where e denotes the dielectric function. For the left-hand The oscillator strength for the 570-crhband is presumably
side they obtain 2.84, and for the right hand side 2.75. We tr,ary small. We speculate that the 492-chband arises from
to make contact with their interpretation: The TO modes ajsorder. The calculations are in reasonable agreement with

485 and 670 cm' can be assigned to the calculated modessxperiments concerning the observed infrared active modes.
at 512 and 698 cm'. The LO modes at 630 and 855 ¢ The phonons were calculated for the optimized LDA vol-

can be identified with the modes at 638 and 866 trThus  yme, which is approximately 1% smaller than the experi-
the maximum discrepancy with experiment is 5.5%, onlymental volume. This could have a small effect on the fre-

slightly larger than usual for density-functional calculations.quencies calculated, i.e., could possibly account for the small
The calculated mode at 311 (319) chconfirms the pos-  gyerestimation.

sibility of a mode near 305 cnt. Thus we have not as-
signed the calculated TO mode at 588 ¢nand the calcu-
lated LO mode at 580 cnt. Note that these frequencies ACKNOWLEDGMENTS
almost coincide, so that inclusion of these two modes in the
LST rule hardly affects the right-hand side. Indeed, the rea*
part of the dielectric function, as plotted by Grimesal,
exhibits a wiggle just near 600 cr. We speculate that this
wiggle is caused by the close proximity of the 580- and
588-cm ! bands.

Note that the calculated frequencies give 2.45 for the APPENDIX: AN AIO , TETRAHEDRON
right-hand side of the LST. The agreement is reasonable, as
errors in the frequences are amplified by the power. Several An AlO, tetrahedron was modeled in &1L X 1 supercell
explanations for this discrepancy are conceivable, such as tHg6 atoms. In a first attempt, the AlQwas obtained by the
approximation made by density-functional theory and theexchange of an Al atom and a Mg atom. Care was taken to
LST rule itself being only an approximation. have the interchanged atoms as far apart as possible. How-

Comparison with the data by Chopelas and Hofmei3ter ever, the modes of the AlOtetrahedron were still strongly
gives yet another picture. These authors carried out reflectiyerturbed by the presence of the Mg atom at the Al site, and
ity measurements on a single-crystal, highly ordered, naturdhis attempt was abandoned. Instead, we only changed the
spinel. Therefore, their results should be most accurate. Thagentity of one Mg ion into an Al. Thus the composition of
resolved the complete number of symmetry-allowed modeghe cell deviates from stoichiometry. In order to preserve the
Indeed the modes not observed by Grineesl. are present gap, we fixed the number of electrons, such as to exactly fill
in their data, but they are very weak. Their frequencies givehe oxygen d band (Mg Al3; O3, ). To keep the cell neu-
2.82 for the right-hand side of the LST, in very close agree+ral a uniform, negative background charge was added. The
ment with the left-hand sid€.84). For six of the eight fre- lattice constant was fixed at the bulk value and the structure
guencies, our data and that of Chopelas and Hofmeister agreeas relaxed until no nonzero forces remained. The Al-O dis-
within 3%. Larger discrepancies exists for the pairs 512 andance in the tetrahedron is 1.79 A. For this structure the
476 (7%) and 638 and 6105%).* phonons afl” were calculated. The results should be inter-

Away from thel” point of the BZ, the experimental data preted with care, as the Al atom in the tetrahedron is sepa-
are much less abundant. Thompson and Griffiesf. 23  rated from its nearest periodic images by a distance of only
carried out inelastic neutron-scattering experiments on a syr8.03 A. It is not unlikely that in reality the relaxations of
thetic spinel, and obtained part of the dispersion curvesatomic shells around the Al ion extent to a larger distance
Comparison is made in Fig. 1. Agreement is fairly good forthan the distancét A) that can be properly described in the
I'-(K)-X-I" and the lower part of the acoustic branches for1x1x 1 cell. Calculations on a larger cell are therefore de-
I'-L. A small disagreement is apparent for the higher parsirable. However, due to the low symmetry they require a
(200 cm! and abovg along I'-L. Moreover, the experi- prohibitively large computational effort as many more dis-
mental point neal at 330 cm ! is not on a calculated placements than the three required for the ideal crystal are
branch. We think that these small differences can be acecessary.

This work is part of the research program of the Stichting
or Fundamenteel Onderzoek der Matgif®©M) with finan-
cial support from the Nederlandse Organisatie voor Weten-
schappelijk OnderzoelNWO).
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We find two modes, at 723 and 757 chywith the char-  gens in the tetrahedron. For this mode the Al atoms from the
acter of an AlQ breathing motionwith a large amplitude  second shell do hardly move.
They differ in how the oscillating AlQ couples with the The mode at 723 cit comes very close to the mode at
vibrational motion of the surrounding lattice. The second co-727 cm'* observed by Cynmt all® and assigned by them
ordination shell of the central Al atom consists of Mg, Al, to an AlQ, breathing motion. The close correspondence sup-
and O atoms. For the 723-crh mode the Al atoms in this ports this assignment. The 757-ctnmode, however, is not
shell move outward when the oxygens of the tetrahedrombserved in experiment. Supposing its intensity is very weak,
move inward, whereas the oxygens from the second sheit might not be difficult to discern so close to the 770-cm
oscillate in phase with the oxygens of the tetrahedron. Irpeak of natural spinel. A calculation of the oscillator
contrast, for the 757-cm' mode the oxygens from the sec- strengths of both modes would be desirable, but is beyond
ond shell move opposite to the breathing motion of the oxythe scope of the present study.
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