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We investigate structural, electronic, dynamical, and dielectric properties of zircon (JnBithin density-
functional theory. The atomic structure is fully relaxed and the structural parameters are found to differ by less
than 1.5% from the experimental data. The associated electronic band structure and density of states are also
presented. Using density-functional perturbation theory, we obtain the phonon frequencies at the center of the
Brillouin zone, the Born effective charge tensors, and the dielectric permittivity tensors. The calculated phonon
frequencies agree with the infrared and Raman experimental vaiwssrelative deviations of 2.5p4vhen
available, while the silent modes are predicted to range between 119.6 and 943.3/¢encompute the Born
effective charge tensors, that are found to be quite anisotropic. The electronic and static dielectric permittivity
are analyzed in detail. Their difference is mostly due to the lowest infrared-active mode, whose eigenvector
corresponds to a distortion of the Si@trahedra with a displacement of Zr and O atoms in opposite directions.
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[. INTRODUCTION accuracy of first-principles approaches for describing the
structural, electronic, vibrational, and dielectric properties of
Zircon (ZrSiQy) is a mineral of widespread geological such materials. To this end, we here consider zirGys-
occurrence found in igneous rocks and sediments. It is useglline ZrSiQ,), which presents all the principal bonding fea-
as a gemstone, because of its good optical quality, and resigires occurring in Zr§0, silicate films. Using density-
tance to chemical attack. In the Earth’s crust, zircon is a hosfunctional theory, we first study the ground-state properties
mineral for the radioactive elements uranium and thoriumpf this material. The relaxed atomic structure is found in
and therefore a natural candidate for usage as a nuclear wasgigcellent agreement with the experimental one. The elec-
storage material. tronic band structure and density of states are also given. We
More recently, the Zr-Si-O system has drawn consideruse density-functional perturbation theory to compute the
able attention in the quest for an alternative high-permittivityphonon frequencies at tHe point of the Brillouin zone, the
(high-e) material to conventional SiOas the gate dielectric Born effective charge tensors, and the dielectric permittivity
in metal-oxide-semiconductdiMOS) devices: Indeed, the  tensors of ZrSiQ. We find very good agreement between
metal oxide ZrQ as well as ZrSiQ in the form of amor-  calculated and measured phonon frequencies, and predict the
phous films are stable in direct contact with Si up to highfrequencies of seven modésve silent modes—inactive for
temperature, which is highly desirable to avoid the degradaboth infrared(IR) and Raman techniques—and two Raman-
tion of the interface properties by formation of a lawin- active modes that were not observed in experimente
terfacial layer. The pure oxide Zg(presents some potential Born effective charge tensors are quite anisotropic and, for
concerns: it tends to crystallize at low temperature, it is an some directions, larger than the nominal ionic charges. This
ionic conductor, and the heterointerface formed between thphenomenon, which has already been observed in various
Si channel and Zromay degrade the electron channel mo-oxides(see Ref. 5 and references thejdmcalled “anoma-
bility in transistors. On the contrary, amorphous silicates oflous effective charge.” It indicates a mixed covalent-ionic
the type ZrSiO, appear as very promising candidates forcharacter of the Zr-O bonding. The agreement with experi-
replacing SiQ. In fact, the Zr-Si-O phase diagram presents aments is also rather good for the electronic and static dielec-
large phase field of stable Zx&), and the static permittivity tric permittivity constants. The latter is decomposed into its
€o increases continuously with the amount of Zr incorporatecelectronic component and the individual contributions of the
into the silicate film? For crystalline ZrSiQ (zircon), values  IR-active modes. Four IR-actiie, modes contribute to the
of €5 ranging from 10.69Ref. 3 to 12.6 (Ref. 4 are re- static dielectric constant in the plane perpendicular to the
ported, which is consistent with the fact that its structure istetragonal axis, while three IR-activ&,, modes contribute
comprised of Si@ (e,=3.9) and ZrQ (e,=25) compo- to it along the tetragonal axis. In both cases, the lowest of
nents. these modes account for more than 60% of the difference
In order to be able to control this process, it is highly between the electronic and static dielectric constant. We ex-
desirable to develop an understanding of how the permittivamine these lowest frequenéy, and E, modes, and show
ity of ZrSi,O, is affected by its microstructure. In this work, that, unlike assumed in an early analystae SiQ, group is
we take the first step towards this goal by establishing theubstantially deformed. This supports the above-mentioned
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mixed ionic-covalent Zr-O bonding. TABLE |. Calculated structural parameters of Zrgi€@mpared
This paper is organized as follows. In Sec. I, we discusgo experimental valuegRef. 15. The length unit is the A.
the ground-state properties of zircon. We compare our calcu

lated structural parameters with the experimental ones and _ Theory Experiment
those from other theoretical calculations. In this section, we This work From Ref. 17
also give the electronic band structure and density of states Latti
. . attice constants
of ZrSiQ,. In Sec. lll, we present the calculated linear- a 6.54 6.61
response functions: the Born effective charge tensors, the ' '
. . . . c 5.92 6.00
phonon frequencies at tHé point of the Brillouin zone, and Volum
the dielectric permittivity tensors. This section also contains o Ve 107 129 131
the above-mentioned analysis of the difference between elec-
tronic and static dielectric constants. Finally, our results are 'Nternal parameters
summarized in Sec. IV. u 0.0645 0.0646
v 0.1945 0.1967
Il. GROUND-STATE PROPERTIES OF ZIRCON Interatomic distances
Si-O 1.61 1.63 1.62
A. Technical details Zr-0 2.10 2.11 2.13
Our calculations are performed within the local density 2.24 226 2.21
approximation (LDA) to density-functional theory® as Bond angles
implemented in theaBINIT package, developed by the au- 0-Si-O 97° 96° 97°
thors and collaboratorsThe exchange-correlation energy is 116° 117° 116°

evaluated using Perdew-Wang's parametrizdfiorof
Ceperley-Alder electron-gas ddfaThe all-electron poten-
tials are replaced by extended norm-conserving, highly trandn excellent agreement with their corresponding experimen-
ferable  pseudopotentiald, with  Zr(4s,4p,4d,5s), tal values'® Interatomic distances and angles are within one
Si(3s,3p), and O(3,2p) levels treated as valence states.Or tWo percent of the experimental values, an_d also_ agree at
The wave functions are expanded in plane waves up to §at level with the results from a previous first-principles
kinetic energy cutoff of 30 Ha. The Brillouin zone is Study:’ Thisis largely sufficient to allow the further study of
sampled by a % 4x 4 Monkhorst-Pack mesh ofk points. ~ dynamical and dielectric properties.

Both kinetic energy cutoff andk-point sampling prove

largely sufficient for the accuracy required in the present C. Electronic structure of zircon

study* . . .
In Fig. 1, we present the calculated electronic density of

states(DOS) and the electronic band structure for several
directions in the Brillouin zone. For the nomenclature of
We first determine the ground-state structural parametergoints and lines in the Brillouin zone, see Ref. 18. We
of ZrSiQ,. Zircon has a conventional unit cell which is body- clearly distinguish four group of valence bands, the three
centered tetragonalspace group4,/amd, No. 14) and lowest of which have a rather small dispersion, indicative of
contains four formula units of ZrSiDThe experimental val- a weak hybridization: the DOS exhibits a very sharp peak at
ues of the lattice constantsand ¢ taken from Ref. 15 are
reported in Table I. A primitive cell containing only two === == ]
formula units can be defined. The structure of zircon may be
viewed as consisting of (Si¥~ anions and Z¥" cations,
as illustrated in Fig. 1 of Ref. 6. This is consistent with the
larger bond lengtiabout 25% of Zr-O compared to Si-O - 1

B. Atomic structure of zircon

bond (see Table )l Alternatively, as presented in Fig. 1 of s L |
Ref. 16, a different view may be adopted in which ZrgiO 3_20_ = M &= |
consists of alternatingdiscrete SiO, tetrahedra and Zr© §

units, sharing edges to form chains parallel tocluérection. S | i

Note that in these Zr@units four O atoms are closer to the I ]
Zr atom than the four other on€6% difference in the Zr-O - E
bond length. The positions of the Zr and Si atoms are im- .40 -

posed by symmetry: they are located at(@) and (03,3 i ]
on the 4 and 4 Wyckoff sites, respectively. The O atoms ]
occupy the 16 Wyckoff sites (Ou,v), whereu andv are r M X I HMX P DOS
. T Y A AV W
internal parameters.

Table | summarizes the results obtained after structural FIG. 1. Electronic band structure and density of states for
and atomic relaxation. The calculated lattice constardad  ZrSiQ,. The Fermi level has been aligned to the top of the valence
¢, as well as the internal parameterandv are found to be band.
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TABLE II. Calculated Born effective charge tensors for Zr, Si, gkite ferroelectrics(like PbZrQ;) ascribed this effect to a
and O atoms in zircon. For Zr and Si atoms, the tensors are diagonghixed covalent-ionic bondin@.ln the section dealing with
and only the principal elements are given. For O atoms, the fulkhe glectronic structure, we have seen the presence of Zr-O
tensor.is reported as well as the principal elements of its symmetritzp hybridization. Thus the physical interpretation of this
part, given between brackets. phenomenon is likely similar to the case of perovskite ferro-
electrics. The other component of the zirconium Born effec-

z3, (+5.41 +5.41 +4.63) ; ) ST
< tive charge tensorZ’) is also larger than the nominal ionic
Z%, (+3.25 +3.25 +4.42) .
7% charge, although the effect is not as pronounced. For the
0 -115 0 0 -115 silicon atom, there are also sonm@eakej deviations with
0 -3.17 -0.16 —3.24 respect to the nominal valu& & +4), one component being
0 ~034 —-2.25 —2.16 slightly larger, and one being definitely lower. These are not

very different to those observed in tetrahedrally bonded
silica polymorphs, like quart? in which each O atom is
strongly bonded to two Si atoms, or in the more compact
—47.1 eV attributed to the Zr #tstates, corresponding to polymorph of silica, stishovit&} in which each O atom has
two flat bands; the peak at25.5 eV is related to the Zrpt  three close Si neighbors.

states(six band3; the O 2 peak is located between 18.0 The local site symmetry of the O atoms has only a mirror
and —16.2 eV (eight bands By contrast, the fourth group plane. As a consequence, the Born effective charge tensor of
(24 bandy, has a much wider spread of 8 eV : these state® atoms is not diagonal, and depends on five independent
have mainly an O @ character with some mixing of Si and quantities. We will examine the one for the O atom located
Zr orbitals. This mixed covalent-ionic bonding of zrSjO at (Ou,v), which has been reported in Table Il. The Born
appearing in this group of valence bands, is to be kept ireffective charge tensors of the other oxygen atoms can be
mind for the interpretation of Born effective charge tensorsObtained using the symmetry operations. For this particular
atom, the mirror plane is perpendicular xoNote thatz;‘Z
andZj, are different, but rather small, making the Born ef-
fective charge tensor almost diagonal. They appear in the
A. Technical details mirror plane, where one O-Si bond and two O-Zr bofaise

. . . long and one shortare present. One can compute the pro-
Linear response properties such as the Born effective. >~ . S
ction of the Born effective charge on these directions: for

. : e
charge tensors or the phonon frequencies are obtained gs . S AN
second-order derivatives of the total energy with respect tge O-Si bond, the projection is 2.29, while it is—3.23 for

IIl. LINEAR RESPONSE FUNCTIONS

an external electric field or to atomic displacements. Thes Eetr?izor':g;gtzr:ebomn;,n?trlfjg.%% gogr:]hif:c(;g%s; Zcrr;gr bgrl%'m_
second-order derivatives are calculated within a variationa plane, 9 . o 9

approach to density-functional perturbation thedty;2The ~ PONENts s larger than the nominal ionic charge of oxygen
calculation of these quantities is a specific feature of the(zz_z)' In another approach to the characterization of the

ABINIT package. We used the same parameters as for thaenlsot_ropy of_th|s_ tensor, one might select its symmetric part,
and diagonalize it. The principal values are given in Table I

calculation of the ground-state properties. We also per- o S . L
formed tests which proved the associated numerical accura d the principal direction asosoqlated to th_e largest principal
to be excellent. glug forms an angle of 14.2_ with to tlyeaxis. Both analy-
sis give the same type of anisotropy.
Such a strong anisotropy of the Born effective charge ten-
B. Born effective charge tensors sor for O atoms, with one component with magnitude much
We first compute the Born effective charge tensorsSmaller than 2 and mL_Jch_smaI_IerAthan the two otzr;ers, was
(Z} ). They are defined as the force in the directiam the already observed in Si@stishovité” and TiO,-rutile** By
i contrast, in tetrahedrally bonded silicas, there tare com-

atom 7 due to an homogeneous unitary electric field along ts with itud h ler than 2. Th tth
the directionj, or equivalently, as the induced polarization of ponents with magnitudes much smailer than 2. Thus, at tne
level of the Born effective charges, the ionic-covalent bond-

the solid along the directionby a unit displacement in the . : . ;
d y P ing of O atoms to Zr and Si atoms in ZrSjGs closer to

directionj of the atomic sublattice. > ) . : ;
In the zircon structure, the local site symmetry of Zr andSt'ShOVIte than to quartz, in agreement with a naive bond-
Si at . ther hiah ¢42). The B frecti h counting argument. Models of Zr&, should take into ac-
| atoms is rather high (42). The Born effective charge count this difference, and might be classified according to

tensors of Zr and Si atoms are diagonal and have only tw e anisotropy of the O Born effective charges. With a small

independent camponerts: along and perpendicular to the &g ient of 7r. one could expect that the quartzlike behavior
tragonal axisZ[" andZ} , respectively. The Born effective iy gominate, while for Zr atomic fractions closer to that of

charge tensors Oj Zr and Si atoms are reported in Table Il. ircon the stishovitelike behavior will become stronger.
We note tha®Z7 for Zr is anomalously large compared to

the nominal ionic charge of the zirconium iab=+4. A
similar behavior was also observed in the case of PRZrO
(Ref. 22 and of cubic-ZrQ (Ref. 23. A detailed analysis of We also compute the phonon frequencies afithmint of
the physics of Born effective charges in the case of perovthe Brillouin zone. Because of the nonvanishing components

C. Phonon frequencies at thd™ point
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TABLE lIl. Fundamental frequencies of zircain cm™1) with TABLE IV. Electronic and static dielectric tensors of zircon.
their symmetry assignments. The experimental values are takefhe contributions of the different phonon modes to the static dielec-
from Ref. 6 (first column, Ref. 3 (for A,, mode in the second tric tensor are also indicated. The tensors are diagonal and have

column, and Ref. 28for E,, mode in the second column different components parallel| and perpendicularl() to the c

axis. The phonon mode contributions t% come from the three
Mode This work Experiment IR-active A,, modes, while the contributions g come from the

four IR-activeE, modes. The experimental values, in parentheses,
Raman are taken from Ref. 3 for the parallel componealues at 295 K
Asg(1) 442.0 439 and from Ref. 28 for the perpendicular components.
As4(2) 971.4 974
Big(1) 225.4 214 [ 1
B1y(2) 396.9 393

€ 4.263.9 4.063.5

B1gl3) 03L7 A 5.905.75 5.165.70
Bag(4) 1016.7 1008 Afl 0'510'36) 1'31(0'60)
Bag 2518 260 AEZ 0.85(0.7& 0'05(0'15)
Eq(1) 194.3 201 A€3 O3 13912
Eq(2) 224.7 225 €4 -381.20
E4(3) 375.4 357 €o 11.5310.69 11.9611.29
Eq(4) 536.0 547
E4(5) 922.6
Infrared a first approximation, to vibration modes of zircon in which
Ay, (TOD) 347.8 338 339 the SiQ, tetrahedra rotate as a uhiin theu andg modes the
Ay, (LOD) 475.9 480 478 tetrahedra move with opposite phases
A,, (TO2) 601.2 608 605.7 On the basis of the close correspondence between our
Ay, (LO2) 646.0 647 641.5 results and experimental data for IR-active and Raman-active
Ay, (TOJ) 979.9 989 977 modes, we are able to shed light on some delicate issues
A, (LO3) 1096.2 1108 1100 related to the interpretation of experimental results and the
E, (TO) 285.2 287 281 corresponding symmetry assignment.
E, (LO1) 340.6 352 354 Indeed, our calculations do not give any frequencygf
E, (TO2 383.0 389 381 symmetry close to the frequency of 1008 threxperimen-
E, (LO2) 420.2 419 417 tally observed by Dawsoat al® This lends support to their
E, (TO3 4222 430 429 interpretation, which suggested that this line does not .I’ESl.J|t
E, (LO3) 466.4 471 468 from the perfect crystal, but rather from some crystal misori-

entation or imperfection. By contrast, as mentioned previ-

E“ EIS:'; 132;2 1%i2 1%214 ously, we identify arEy mode at 922.6 cmt.
Sﬁem Furthermore, we propose that the weak band founq in
B 119.6 experiments at 547 cnt should not be interpreted as a dif-
Alu a1 ference band between lines at 989 ¢m(A,, symmetry
A29 392'3 and at 439 cm? (Agq symmetry,® but rather as the fre-

1u ' quency of a real eigenmode. In fact, we do find a phonon
Bau(1) 566.4 frequency at 536 cm'® of E4 symmetry, quite close to this
B2u(2) 943.3 weak band (547 cm'). We have taken this reassignment

into account in Table 111
of the Born effective charge tensors, the dipole-dipole inter-
action has been properly included in the calculation of the
interatomic force constant2®?” In particular, the dipole-
dipole contribution is found to be responsible for the splitting  In this section, we present the electronic,) and static
between the longitudinal and transverse opki©® and TO, (e,) permittivity tensors. Due to the symmetry of the zircon
respectively modesE, (perpendicular t@) andA,, (paral-  crystal, these have two independent componentand e,

lel to c) at thel” point. along and perpendicular to tleaxis, respectively. The val-

In Table Ill, the calculated phonon frequencies are comues of €,, and €, are compared with experimental data in
pared with experimental valué$:?® Overall, the agreement Table 1V: the theoretical values are larger than the experi-
is excellent, with a rms absolute deviation of 9.4 Tmand  mental ones by about 10%, as often found in the LDA to the
a rms relative deviation of 2.5%. We obtain two Raman ac-density-functional theory.
tive modes at 631.7 cit [B;4(3)] and at 922.6 cm' This problem has been widely discussed in the literature.
[E4(5)], that could not be detected experimentally. We alsoThe currently accepted viéw *is that a dependence on the
obtain silent modes, inactive for both IR and Raman experipolarization should be present in the exchange-correlation
ments. They are found to range from 119.6 to 943.3tm functional (leading to a density-polarization functional
Two of these B,, andA,,) are very soft, and correspond, in theory. However, no polarization dependence is present in

D. Dielectric permittivity tensors
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LDA, nor in other widely used approximations like the  TABLE V. Components of mode-effective charge vectai%
generalized-gradient approximatithin view of practical and oscillator strength tens&, for each of the IR-active modes.
calculations of the dielectric tensor, the LDA formalism canThe experimental values &, , in parentheses, are taken from Ref.
be modified somehow by adding a scissor operétathe 3 for theA,, modes and Ref. 28 for the, modes. The description
improvement is systematic for small-gap material, but not forof the vectors and th_e tensors structures corresponding to the two
large-gap materiaf® This scissor operator approach is not types.of modes are given in th_e text. The components _of the mode-
well justified theoretically, although it bears an imerestingeﬁectlve charge vectors are given in atomic unit, that is minus the

reIationshiﬁg with the well-known band-gap problem of electronic charge. The oscillator strengths are presented it 10
density-functional theori®% In the present case, we find atomic unit (1 a.u=0.342 036 M/s%). The first-order approxima-

. e (1) R i (1)
that the agreement with experiment is sufficiently good tog?: ;?s;hei\ll‘e?] u?t?]u;réc'fiﬁ’"ﬁo‘f‘?gf ItiTﬁn;O T((DinSE::EIT)QSwm
proceed further in the analysis of the dielectric tensor. At this g P “m '

stage, we have all the ingredients to make such an analysis: 7 s, o Ao®  Aw
we can rely not only on the frequencies of the IR-active m m m m
modes, but also on the corresponding eigendisplacementsy,, (1)  7.68 10.069.31) 546.1 198.3 128.1
and Born effective charges. Au(2) 276 2.651.86 636.7 355 448
The static dielectric tensor can be decomposed in the con-aA, (3)  6.70 11.5010.49 1073.1  93.2 116.3
tributions of different modes as followssee Ref. 37; we E,(1) 6.79 5.926.34) 431.7 1465 55.4
follow the notations of Ref. 21 Eu(2) 351 2.711.23 4405 575 37.2
Eu(3) 0.28 0.180.39 424.7 25 442

4 S

0 w ) ap E (4 7.37 14.6812.8 1004.6 137.2 161.2
eaﬁ(w)=ea/3+% Aemya3=eaﬁ+—00§ wza ., D u(4) 81283

m

charges and the largest oscillator strengths. Despite their
es_imilar oscillator strengths, the modes of lowest frequency
contribute much more to the static dielectric constant than
the modes of highest frequency, the frequency factor in Eq.
(1) playing a crucial role. The second lowest frequency
Smap= > zr aa,U;(Ka’))( > z7, s Um(k'B') | modes are moderately strong, while the tHigdmode has a
ka' «'B’' ' negligible IR activity.
(2 Based on symmetry considerations and a crystal field
analysis of the vibrations of (Si*~ units, it was assumed
in Ref. 6 that these two lowest IR-active modes correspond
to opposite displacement of rigid SjQygroups against Zr
> M JUn(cB)T*Un(kB)= S, (3) atoms. The eigendisplacements that we obtain for these
®B modes deviate significantly from this picture. The analysis of
the A,, eigenvector is rather easy: the Zr atoms move by
—1.136(arbitrary unit3 in thezdirection, the Si atoms move
y 0.429 in thez direction, and for the O atom located in
lE‘)O,u,v), the displacement is (8,0.563,1.429). Other O dis-
placements can be found by symmettie z displacement
being the same for all atomClearly, the SiQ group does
not move as a rigid building block. Along ttedirection, the
center of gravity of the four O ions moves in an opposite
> Zy ,pUm(kpB) direction with respect to the motion of the Zr atom, with
B 4) displacements of similar magnitude, while the Si atom dis-
3 U U placement is more than twice smaller. The distortion of the O
e m(kB)Um(xp) tetrahedra is also significant. Thus we obtain a picture which
is rather different from the one of Fig(l3 in Ref. 6. This is
In Table V, we present for each IR-active mode, the magnialso to be linked to the mixed ionic-covalent bonding be-
tude of its mode-effective charge vectdtkis vector is par- tween Zr and O.
allel and perpendicular to the tetragonal axisAg(, andE, From the mode-oscillatds,, .z, it is also possible to gain
modes, respectively as well as the relevant component of insight on the mixing of the eigenvectors of the dynamical
the oscillator strength tens@he parallel-parallel component matrix when going from TO to LO modes. In general, the
for A,, modes, and the perpendicular-perpendicular compoeigenvectors of the dynamical matrix fqr—0 will not be
nent for E, modeg. In this table, we also compare the cal- identical to those fog=0. Sometimes, symmetry constraints
culated mode-oscillator strengths with the experimental valwill be sufficient to guarantee that some of the eigendisplace-
ues. The good agreement that is found validates our analysiaents are identical, even if the eigenfrequencies are differ-
of the various contribution to the static dielectric constant. ent. In this case, the following relationship holds that links
For each symmetry representatioh,( andE,), the low-  LO and TO modes along the wave vectpr[see Eq(62) of
est and highest frequency mode exhibit the largest effectivRef. 21]:

where() is the volume of the primitive unit cellS,, .4 is
the mode-oscillator strength, related to the eigendisplac
mentsU(k«) and Born effective charge tensors by

Displacements are normalized thanks to the condition

whereM . is the mass of the ioRr.

The contribution of the individual modese,, to the static
dielectric constant are presented in Table IV. The larges
contribution comes from the lowest frequency mode.

In parallel to this decomposition of the static dielectric
tensor, one can define a mode-effective charge vector:

* —
Zm,a_ 172+
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12 lent modes have been found between 119.6 and 943.3.cm
A aE,B QaSm, o The Born effective charge tensors are quite anisotropic. For
Aop=| o3(TO)+ ~— ——— —wy(TO). some directions, the Born effective charges are larger than

Q the nominal ionic charge indicating a mixed covalent-ionic

bonding between Zr and O. The anisotropy of the O Born
(5) effective charges has been proposed as a criterion to classify

More generally, this equation can be seen as the ﬁrst-ordé{Hture mqg@i of ertoyf Tt:‘e el?)ctromc and tStg“C d(ljelecc-j
approximation for the LO-TO splittingAw(>. The calcy- c PErMItVIy constants have been comptited, and a de-

lated values are presented in Table V. together with the ful}ailed analysis of the contribution of the different vibrational
o P : » 109 . modes has been performed, including computation of mode-
LO-TO splittings Aw,,, derived from Table Ill. The differ- fecti h " h s ob d i
between o and Aw-. indicate the occurrence of & ective charges and oscillator strengths. It is observed, for
ences mo-. m : both the direction parallel to the tetragonal axis and the di-
eigenvectors modifications. For thi,, modes, there is a

o . . rection perpendicular to it, that a single mode contributes to
qualitative agreement, showing only moderate mixing of th

. h ing f he TO he LO - th ore than 60% of the ionic contribution, in agreement with
eigenvectors when going from the to the case: t E‘experimental data. Previously, this mode was thought to

LO and TO modes of same index have a sizable overlap, . . L : .
. : . originate from an opposite displacement of Zr against,SiO
This is also the case for the highdSf mode, for which the rigid units. Our first-principle approach allows us to obtain

agreement is within 20%. This mode is_ r?‘th?‘r well separate e corresponding eigenvectors, showing clearly that the dis-
from the otheE, modes, and a weak mixing is expected. Bytortion of the SiQ tetrahedron is substantial, and that the

cohntrast,_ thef threeh othdf, modes arehstrfc_)ngly hybridized' displacement is better characterized as opposing Zr and O
when going from the TO to LO case: the first-order apPPIOXI-atoms, while the displacement of Si atoms is more than twice

mation to the LO frequencies’, which are also provided ¢ nalier than those of other species.
in Table V, are roughly the same for these three mdttess This work also demonstrates that first-principles ap-

than 16 cm* difference. This coincidence stems from the r5aches based on density-functional theory provide an ac-
fact that for these three modes the oscillator strength desyrate description of both the structure and the dielectric re-
creases with increasing TO frequency. Consequently, whilgponse functions of zircon. In previous investigations, a
the TO frequencies are well separated, the first-order apsimilar good description was obtained fer quartZ® and
proximation to LO frequencies are close to each other. cubic ZrO, (Ref. 23. This therefore suggests that density-
functional approaches are particularly suited for studying the
IV. CONCLUSION structure and the permittivity in amorphous silicate Z€%i

We have investigated the structural, electronic, dynami-ﬁlms with compositions intermediate between thoseaof

cal, and dielectric properties of zircdurystalline ZrSiQ) quartz and zircon. A better understanding of how the permit-

within density-functional theory. The parameters of the re tivity of ZrSi, O, films relates to their underlying microstruc-

laxed atomic structure are found to be in very good agreetu“? IS h|ghly_deS|re_1bIe_ n r_elatlon with the_search for alter-
native gate dielectrics in Si-based electronic devices.

ment with experimental one@t most 1.5% discrepangy
We have also calculated the electronic band structure and

density of states in which the contributions from Zs 4nd

4p, and O & and 2 are clearly distinguishable, although ~ The authors acknowledge interesting discussions with G.
the spread of the latter indicates hybridization with Zr and SiD. Wilk. G.-M.R. was supported by the Belgian Program on
atomic orbitals. The phonon frequencies at the center of thénteruniversity Attraction Poles initiated by Belgian Federal
Brillouin zone, the Born effective charge tensors, and theOffice for Scientific, Technical and Cultural Affairs, X.G. by
dielectric permittivity tensors have been obtained usinghe National Fund for Scientific Resear@AiNRS-Belgium).
density-functional perturbation theory. We have found an exA.P. acknowledges support from the Swiss National Science
cellent agreement between the calculated phonon frequenci€®undation under Grant No. 620-57850.99. This study has
and their corresponding experimental valuesis relative also received financial support from the FRFC Project No.
deviation of 2.5% when available. The frequencies of two 2.4556.99. The calculations were performed on the NEC-
Raman-active modes, which have remained undetected 8X4 and NEC-SX5 of the Swiss Center for Scientific Com-
experiments, were determingf31.7 and 922.6 cm'). Si-  puting (CSCS in Manno.
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