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Ab initio lattice dynamics of MgSiO; perovskite at high pressure
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Phonon dispersions of MgSiCperovskite are calculated as a function of pressure up to 150 GPa using
density-functional perturbation theory. Predicted zone-center frequencies and their pressure shifts are in close
correspondence with existing Raman and infrared data, even though identification of the measured modes may
be ambiguous. It is shown that the frequencies increase monotonically with pressure and no soft modes exist
over the pressure regime studied. Low-frequency modes appear to be primarily associated withgthe SiO
octahedral libration and large Mg displacement whereas high-frequency modes are dominated by octahedral
deformation. The calculated frequencies are then used to determine the thermal contribution to the Helmholtz
free energy within the quasiharmonic approximation and derive the equation of state, heat capacity, and
entropy.

[. INTRODUCTION Pseudopotentials are generated for Mg by the method of von
Barth and Ca’ whereas those for O and Si by the method of
MgSiO; perovskite has long been a subject of numerousTroullier and Martins® Plane-wave cutoff is set at 70 Ry
theoretical and experimental studies since it is generalland the Brillouin zongBz) is sampled using two specil
thought to be the primary constituent of Earth’s lower points. The effects of using the larger cutoff of 80 Ry and
mantle. There has been considerable interest in the vibrdeur k points on the calculated properties are found to be
tional spectroscopy of perovskite as the lattice vibrationgnsignificant.
control its thermodynamical properties such as thermal ex- The central quantity in the lattice-dynamical calculation is
pansion, specific heat and entropy. It is also interesting téhe dynamical matrix
understand the vibrational spectrum of a low symmetry
structure like orthorhombic perovskite in which the phonon B 1 aB _
dispersions are discontinuous at the Brillouin-zone center. D, ./(d)= N > @ (0hexd —ig- (xo—x))].
Over last few years, nearly all optically active zone-center MM, | )
(') modes of MgSiQ perovskite have been experimentally
determined at ambient conditiohs’ Some Raman-active Here the interatomic force constarbs”,(01) include ionic
modes have been measured to pressure as high as 65 GPg@&§ electronic contributions, the former being calculated
room temperatur&® whereas some infrared modes havefom Ewald sums and the latter being expressed as
been measured up to 25 GPaTemperature dependence of

Raman spectra has also been investigated at ambient ap(r) Vion(r)

pressur%7 and, more recently, at high pressﬁr@he lattice @if,(Ol)m:J’ T TR

dynamical properties of perovski{én stable orthorhombic U (0) au (1)

and hypothetical cubic phageksave been studied theoreti- 92V (1)

cally wusing semiempirical and nonempirical model +p(r)— on B dqr, 2
calculations"®1 Although first-principles studies of the U (0)au, (1)

structural and elastic properties of perovskites have been per- . . . o
formed at high pressurés 2its lattice-dynamical studies are Wnerep(r) is the eISctron densityion(r) is the ionic po-
limited to zero pressure and zone-center mddedere we  tential, anddp(r)/du,(0) represents the density response of
apply a first-principles approach based on density-functiond® System to a displacement of tkeatom in the reference
perturbation theoryDFPT), to determine the pressure de- C€ll (I=0) along thea direction. This linear electron-density -
pendence of phonon dispersion for MgSiPerovskite to  FéSponse can be calcu_lated_ self-con5|stentl_y using DFPT._ Itis
150 GPa and to derive several thermodynamic quantities dionvenient toireat lattice displacements with a given period-
interest, as in our recent study of Md®. icity q,us(l)=u%(q)exdiqg-x ], since the corresponding lin-
ear density response has the same periodicity and the dy-
namical matrix,Djf,(q), and the corresponding phonons
can be determined directly at any wave vedoin the BZ
Computations are performed using density-functional perwithout the need for supercells. At a given pressiarevol-
turbation theory® within the local-density approximatioi.  ume, first the orthorhombic structure is fully optimized.

IIl. METHOD
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TABLE |. Calculated frequencieén cm ') and mode G- TABLE Il. Calculated frequencieén cm—1) and mode Gmr
eisen parameters of Raman modes compared with experiments eisen parameters of infrared modes, compared with experiments at
zero pressure. See text for comments on experimental mode assigrero pressure. See text for comments on experimental mode assign-

ment ment.
Calc. Expt. Calc. Expt2

Symmetry  y; Vi Vi Vi Symmetry v;(TO) »;(LO) i(TO)  »(LO)

Aq 234  2.66 249, 245° 214, 3.0°¢ By 182 241 305 180 238

Bug 258  2.39 254 251° 2.062 222 194  1.46

Bag 277 215 B.y 251 260 1.92 247 252 1.76

A, 281 154 282 279° 1.39° 1.6¢ Bay 272 272 181 262 263

Big 286 1.23 By 309 331 164 286 286 1.29

Big 331 1.80 338, 327° 1.41° Bs, 326 361 190 317 364 1.49

Bag 338 1.15 343, 334 1.63° B,y 348 358 198 344 332 1.17

Big 376 181 36%, 370° 1.06°, 1.7°¢ B,y 391 396 206 388 389 1.78

Aq 380 1.50 38F, 379° 1.21° 1.9¢ By 422 436 1.22 415

A 400 1.54 397 387° 1.34° Bay 435 442 108 430 452

Bug 438  1.21 By 446 479 197 444 440

Bag 445  2.00 Bay 475 479 187 484 477

Big 512 1.26 By 486 568 1.72 466 578

Bug 518 2.46 By 504 545 1.81 496 496

A 518 2.06 50F, 499° 1.8 3.5°¢ Bs, 511 570 1.67 522

Bag 541 2.33 B,y 549 648 1.72 534544 534 119

A 549  1.86 542 1.6¢ Bay 574 574 154

Big 616 1.29 Bay 597 710 1.38 597 727

Bag 623 1.21 By 598 684 1.37  614,61% 614 1.06°

A, 658  1.29 666 Bou 675 718 1.39 679,683 672 0.97

Big 660 1.28 By 710 712 1.80

Bag 783  1.35 Bay 711 739 093 705 702

Big 827 1.25 By 723 914 167 721 721

Bug 848 1.32 ~900°¢ 0.7¢ By 761 774 0.98

By 776 952 126 771 943

“Reference 2. Ba, 781 943 152 780,797 780 0.99°

bReference 5.

c 877
Reference 4.

*Reference 3.
Then the dynamical matrices are computed on2ZX2 q PReference 1.

grid and are used for interpolation to obtain bulk phonon“Reference 6.

dispersions.
24 Raman-activeR), 25 infrared-active IR) modes, and 8
IIl. RESULTS AND DISCUSSION A, optically silent modes. The calculated eigenvectors are
used to deduce the symmetry labels of the modes. Inspection
A. Vibrational properties of the eigenvectors allows us to visualize the vibrations in

The orthorhombic MgSiQ perovskite consists of a f€rms of internal and external motions of the giaztahedra
corner-linked network of SiQ octahedra, with Mg atoms @nd motion of Mg ions. The predicted zone-center phonon
surrounded by cages of eight octahedra. The unit cell confrequencies are given in Tables I, I, IlI.
sists of four formulas so there are 60 vibrations at any point Symmetry assignments are, however, difficult in the ex-
in the Brillouin zone. At the zone centeF}, three acoustic Periments. Therefore, precise comparisons between the

modes with symmetry theory and exper_iment are not possible, but we find a close
correspondence in frequency. Our results show that Raman
I';c=B1y+ By, +Bay, (3)  modes range from 234 to 848 crhin frequency. The ob-

served data of-249 to 666 cm? of intense Raman bands

have zero frequencies. The irreducible representations of ﬂ}?an be associated with the calculated range of 234 to

optic modes are

TABLE lIl. Calculated frequencieén cm—1) and mode G-

Lop=7Ag(R)+7B14(R)+5B4(R) +5B34(R) +8A, eisen parameters @, inactive modes at zero pressure.

+7B1y(IR) + 9B, (IR) +9B3,(IR). (4

Vi 182 277 365 384 497 610 662 751
Here, subscriptg and u represent symmetric and antisym- ,. 086 1.94 120 0.99 2.02 125 212 1.67
metric modes with respect to center of inversion. There are
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658 cmt for A, modes(Table ). Raman modes do not 200
involve displacements of Si ions as they occupy the cen- 0
trosymmetric  positions. The  lowest frequency ®) $ Y rz 1T R U Dos
Ay(234 cm') and B3g(277 cm 1) modes can be viewed
FIG. 2. Phonon dispersion and density of states for

as mostly Si@ octahedral rocking motion whereas the low-
est frequencyB;4(286 cmi ') and B,y(258 cn') modes

are mainly associated with Mg motion. The octahedral defrom (Refs. 1-3, 5, and)6
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and along 300, 1000, 2000, and 3000 K isotherms. Experimental

data at corresponding temperatures are denoted by circles, crosses, /G- 5- Coefficient of thermal expansion along 300, 1000, 2000,
diamonds, and triangle®efs. 19-21, 23, and 22 and 3000 K isotherms. Symbols are the experimental data for

AT, -T,) averaged between temperaturés and T,. Diamonds

formation increasingly dominates at higher frequencies. Th (Ref. 2-5 area 77299 aNda o5 33 ; CrOSSRER. 2011S a1so-a73
gly g q . %nd circles (Ref 24 are Q205404 »  X(300-1076 1 (X(306-880)

highest fr??uency Aq(658 Cm_ll)' B14(827 cm b, (6251174 Q(207-1276 » A(625-1074 » aNd a(e77-1024 With increas-
B,g(848 cm )a_and839(783_ cm ) are nearly pure octa- ing pressure; plusesRef. 29 are azpo 1209 at 20 GPa and
hedral deformational modes mvolvmg tl|t|ng or Stretchlng of @(300-800) at lower pressures; up triang(Ref. 28 is a3y, down
the SiQ octahedra. triangle (Ref. 27 is agqo; stars(Ref. 21 are ajgo0 and aygoo;

The predicted frequencies of tH&® modes atl’ range finally squaresRef. 22 are a(300-1918 » @(300- 1889+ ¥(300-2372 »
from 182 to 952 cm!, in agreement with lower @(300-289% » ¥(300-1681 » ¥(300-1995 s ¥(300-1380 » ANd A(300-1179
(~180 cmi'l) and upper €950 cm'!) limits set by mea-  with increasing pressure.
surements of the LO and TO frequencies of 23 IR mddes.

All the measured TO frequencies except tW222 and There are 25 of these modes and 50 different frequencies at
870 cm'!) can be reconciled with the calculated values; ourzone center(Table 1)). These correspond to variow,,,
result for the highest TO frequency is 781 ¢t compared B,,, andBj, modes, which are related through cyclic per-
to the reported value of 870 cm (Table I)). Unlike R  mutations ofx, y, andz the Cartesian coordinates, in real
modes, allR modes involve significant octahedral deforma- space(Fig. 1). TheB,,, B,,, andB3, modes are LQTO)

tions such as asymmetric stretching and bending ofs SiOwhenq approache$’ along theq, (g, or qy), gy (d, or gy),
octahedra although lower frequency modes also involvendg, (g, or g,) directions, respectively, thus the phonon-
large Mg motion. dispersion curves showing discontinuitied atFig. 2). Such

The frequency of an infrared active mode splits into twobehavior at the zone center is characteristic of a low symme-
values according to whether the mode is longitudib&®) or  try structure such as orthorhombic perovskite.
transversgTO). This is due to the contribution of the mac-  The nonanalytical contribution of the macroscopic electric
roscopic electric field to the LO mode in a polar crystal.field to the force-constant tensor is given by

TABLE IV. Calculated equation of state parameters at zero pressure compared with expefiReénts,

20, 24, and 2b

300 K 300 K 1000 K 2000 K

Calc. Expt. Calc. Calc.
V(A3) 164.1 162.5 167.6 174.4
K(GPa) 247 246-272 222 181
K1 /aP 3.97 3.9-4.0 4.19 4.67
PKy/oP? (GPa 't —0.016 —0.030 —0.062
K1 /9T (GPaK'1) —-0.031 —0.023 to—0.072 —0.038 —0.044

a(X10° 5K~ 2.15 1.7-2.2 3.48 452
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where the tensorg ande, are, respectively, the Born effec-
tive charges and macroscopic high-frequency static dielectric
constant which are calculated self-consistently. The diagonal
components of the dielectric tensor are 3.33, 3.34, and 3.32
at zero pressure, and they are shown to decrease slightly with
increasing pressures.11, 3.13, and 3.17 at 100 GP&he | . .
Born effective charges for Mg and Si are close to the formal O T T 0 200 3000

ionic charges of magnitudes equal to 2 and 4, and are weakly (b) Temperature (K)

anisotropic: Z*(Mg)=(2.07,2.07,2.16) and Z*(Si) )
=(3.92,3.93,3.94) at zero pressure, and@*(Mg) FIG. 7. Tempe_rature dependence (af heat capacity an(ﬂt_))
:(195,189,206) andZ*(S|)=(373,378,376) at 100 gntropy along the isobars at 0,-10, 30, 60, 100,. and 150 (&étal )
GPa. However, those for(@) and Q2) are significantly dif- lines from top to bottorn Previous results derived from experi-

ferent from the ideal value of 2 and are highly anisotropic:Me"s are denoted by dotted lif@ef. 5 and by dashed linéRef.

Z*[0(1)]= (- 1.72~ 1.612.76) and Z*[0(2)] gi)r.lolt);:je(t:)tyeséﬁtr)lcrxental value at ambient conditiRef. 32 is
=(—2.21-2.30~1.72) at zero pressure, ard¥[O(1)] '
=(—1.71-1.58~2.54) and Z*[0O(2)]=(—2.05,-2.14, All mode frequencies are shown to be positive and also to
—1.74) at 100 GPa. increase with increasing pressure indicating the dynamical
The splitting of the softesB,, (182 cm'!) mode is  stability of an orthorhombic perovskii@igs. 2 and ® The
59 cm !, compared to the observed value of 58 ¢n?  calculated pressure derivativedd;/dP) and mode Gro-
however, the softesB,, and B3, modes do not show any eisen parametersy(=—dInw;/dInV) span the ranges of
significant splitting(Table Il). The three harde®,,, B,,, 0.6-4.8 cmGPal, and 0.3-3.1, respectively, at zero
and B3, modes(at 723, 776, and 781 cnt), respectively, pressure. These compare favorably with observed ranges of
show the largest splittings of 191, 176, and 162 émre-  1.2to 4.2 cm'GPa !, and~1 to 3.5 for 20 mode frequen-
spectively. This is comparable to the observed value oties, and theory reproduces the experimental pressure depen-
172 cm! of an IR mode at 771 cm'.® The large split- dences very well(Fig. 3.1*® In contrast, the potential-
tings are also shown by the modes near 500 and 600'cm induced breathing modepredictedy;’s as high as 6.8. Two
The calculated LO frequency is always greater than the coref the acoustic branches show the smallest value8.8) in
responding TO frequency as expected since the macroscoptice I'-Z direction nearl” whereas the lowest frequenéy,
electric field stiffens the force constants. Experimental datand B,, modes show the largest values gf. All vy;'s are
show this trend clearly for intense bands but an oppositehown to decrease with increasing pressure; their values vary
trend for several other modés. from 0.2 to 1.91 at 100 GPa. No abrupt changes in pressure-

100+
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frequency shifts of Raman modes around 40 GPa as showemperature, and also the effects of temperature are increas-

by spectroscopic data are predicfed. ingly suppressed, thus converging to a nearly constant value
Present results agree with experiments better than earlién the limit of high pressure and high temperature. Our re-

predictions do. Our calculated overall variation in the fre-sults are consistent with the experimental data within the

quency afl” is 182-952 cm?, consistent with the variation existing large uncertainti€s:2224-2°
of ~180-950 cm* reported by experiments’ The corre- The thermal Groeisen parameter is defined ag
sponding results are 130-1300 cm? from modified elec- =aVK+;/C,, whereCy is the heat capacity at constant vol-

tron gas model,95-1363 cm* from the potential-induced ume. The predicted value of is 1.61 at ambient condition,
breathing modet,and~170-850 cm? from semiempirical compared to the relatively wide variation of 1.3-1.96 re-
molecular dynamic&® The previous pseudopotential result ported previously:”*°3! As pressure risesy rapidly de-

of ~150-864 cm* corresponds only to TO modés. creases with the temperature-induced variations in it strongly
suppressed at high pressufegy. 6). Accordingly, the value
B. Thermodynamical properties of q=(dIny/dInV); decreases from-2 to 0.1 from O to

150 GPa, remaining nearly independent of temperature.

When the volume dependence of the thermal energy is o
. . X . The specific heat at constant pressu@g) calculated b
represented within the quasiharmonic approximat@HhA), using CPp: Cy(1+ayT) and the zntropy(sg( are shown iz

the Helmholtz free energy takes the following form: Fig. 7. The ambient value a2, is 81.85 J mol® K~ * and

1 for Cp is 82.70 Jmol! K™ ! in an excellent agreement
F(V,T)=Uy(V)+ > > hw;(q,V) with the value ofCp=78 Jmol'! K~ from the calorimet-
a ric measurement€. Similarly the calculated value of
58.72 Jmol! K™ for Scompares favorably with the mea-
+kgT>, IN[1—exg —hw;(q,V)/ksT)], (6)  sured value of 57.2 J mot K~1.32 The calculatecC and
o) Sat highT (zero pressupecompare well with the previously
where the first, second, and third terms are, respectively, theeported valuesFig. 7).
internal, zero-point, and thermal contributions. The summa-
tion includes 1728 points in the Brillouin zone to get the full IV. SUMMARY
convergence. The QHA is expected to work well over a wide
temperature range at elevated pressures although it tends to We have reportedb initio phonon dispersion and density
overestimate the thermal effects at high temperatures amef states for MgSi@-perovskite, the main Earth-forming
zero pressure. This has been justified by extensive and sugiineral phase, throughout the relevant pressure range in the
cessful comparisons between theory and experiments in oganet’'s interior. These were obtained using density-
recent study of MgG? functional perturbation theory. Experimentally only some of

A series of the calculated equation of st#fn9 iso- the phonon frequencies are known at the Brillouin-zone cen-
therms obtained by fitting the fourth-order finite strain equa-ter in a much more limited pressure range. Thermodynamical
tion to the calculated free energy versus volume result aproperties were then derived using the quasiharmonic ap-
each temperature are shown in Fig. 4. Our results are slightlproximation. All these quantities, which are fundamental to
shifted upwards relative to the experimental ddt&> The  understanding geophysical processes, are only approximately
corrections for the zero-point motion and room temperatur&known, usually by uncertain extrapolations, in #€l range
are a 2% increase in volume and a 5% decrease in bulteported here. Therefore, our predictive results represent a
modulus from their athermal values given by the static calsignificant step towards the understanding of this mineral.
culations. Our theoretical results for the equation-of-state pa-
rameters of perovskites at ambient conditions fall within the
ranges of the experimental variatiéhable 1V).

The coefficient of thermal expansian= (1/V)(dV/dT)p This work was supported by NSF Grant No. EAR-
is determined from the temperature variation of volume a©9973130. Computing facilities were provided by the Super-
each pressuréFig. 5. At zero pressure, the predicted tem- computing Institute for Digital Technolog{SIDT). B.B.K.
perature dependence af appears to be significantly biased acknowledges financial support from SIDT. S.d.G. and S.B.
by the QHA leading to unusually large values at very highacknowledge support from MURST under the initiatReo-
temperatures. As pressure risasrapidly decreases at each getti di ricerca di rilevante interesse nazionale
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