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We have developed a formulation of density-functional perturbation theory for the calculation of vibrational
frequencies in molecules and solids, which uses numerical atomic orbitals as a basis set for the electronic
states. Théharmonig¢ dynamical matrix is extracted directly from the first-order change in the density matrix
with respect to infinitesimal atomic displacements from the equilibrium configuration. We have applied this
method to study the vibrational properties of a number of hydrogen-related complexes and light impurities in
silicon. The diagonalization of the dynamical matrix provides the vibrational modes and frequencies, including
the local vibrational modeflVM’s ) associated with the defects. In addition to tests on simple molecules,
results for interstitial hydrogen, hydrogen dimers, vacancy-hydrogen and self-interstitial-hydrogen complexes,
the boron-hydrogen pair, substitutional C, and several O-related defectSinare presented. The average
error relative to experiment for the60 predicted LVM’s is about 2% with most highly harmonic modes being
extremely close and the more anharmonic ones within 5—-6 % of the measured values.
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[. INTRODUCTION In most cases, frequencies are calculated in the spirit of
the frozen phononapproximation. One computes the total

The knowledge of the structures of impurities and defectenergy of the system in the equilibrium configuratitmat in
is an essential prerequisite for understanding the electricalhich the forces acting on the atoms are zeamd then for
and optical changes that these complexes induce in semicoamall displacements of selected atofegher individually or
ductors such as crystalline silicdR.The presence of light in the direction of a normal mode, if this is knowrThe
impurities such as H, B, C, or O results in the appearance ddictual value of the atomic displacemertgpically a few
infrared (IR) or Raman-active local vibrational modes hundredths of an Rare parameters chosen by the user. One
(LVM’s), usually well isolated from the frequency range of can either fit the energy vs displacement to a polynomial, and
the phonons of the host material. The observation of LVM's,extract a specific vibrational modé&, or compute the dy-
coupled with isotope substitutions and uniaxial stress measamical matrix by finite differencesWhen a few specific
surements, provide precious information about the type anchodes are all that is needed, only the movement of the atoms
number of impurity atoms involved and the symmetry of theinvolved in those modes is considered. In these methods, it is
defect. However, these data are rarely sufficient to identifynot possible to isolate the harmonic contributions completely
the defect unambiguously. from the anharmonic ones, since finite displacements always

Since the early days of Stefna large number of vibra- involve some anharmonic effects. For this reason, the fre-
tional modes have been identified through the interplay otjuencies obtained in this approach are sometimes referred to
experiment and theory. The calculation of LVM’s at taB  asquasiharmonic®
initio level provides a critical link between theory and ex- One can also calculate vibrational properties from
periment. This is particularly true in the case of hydrogenconstant-temperature molecular-dynamics simulations, for
since it binds covalently in the immediate vicinity of many instance by extracting selected frequencies from the velocity-
impurities and defects, thus giving rise to a number ofvelocity autocorrelation functidh or by using more sophis-
LVM’s in the range~800 to ~2200 cnmi 1. Other common ticated spectral estimators, like the multiple signal classifica-
impurities in Si which produce LVM's are B, C, and O, but tion (MUSIC) algorithm!?!® This is computationally
any element lighter than Si can in principle be observed byexhausting, since long molecular dynamics runs are required,
LVM spectroscopy. but potentially very accurat€. This also allows the calcula-

The computation of systematically accurate vibrationaltion of frequencies as a function of temperature.
frequencies is a challenge for first-principles theory, given However, a calculation of vibrational frequencies does not
their sensitivity on the details of bonding geometry and elecnecessarily require the actual displacement of the atoms, as
tronic structure. Various approaches have been used to cah the methods described above. Linear-response th@ory
culate LVM's, from semiempirical modefsto ab initio  particular through the application of perturbation theory in
Hartree-Fock and density-functional theofy® Typical ac-  density-functional theojywas thoroughly used in the p&st
curacies in the calculated vibrational modes for light impu-to compute the response of the system to infinitesimal atomic
rities in silicon in former works are within 3% and 10% of displacements, and from that, the vibrational frequencies in
the experimental data, which means in some cases a devitike harmonic approximation. This can be done with only a
tion of over 100 cm?. knowledge of the electronic solution in the equilibrium con-
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figuration. The advantage of this approach is that anharmonisented by a periodic supercell of 64 host atoms, and the
effects are eliminated, and that no reference is needed to-point sampling is reduced to thHe point. This restriction
explicit finite atomic displacements. In addition, this ap-appears to be quite sufficient for a calculation of vibrational
proach allows one to compute phonons with an arbitary spectra. Tests have been performed for selected defects in a
vector in crystalline systems, without having to consider al28-host-atom cell, and the results are within a few wave
supercell commensurate with the periodicity of the phononpumbers of those obtained in the 64 host atoms cell.
as is required in the frozen-phonon and molecular-dynamics In order to determine the equilibrium structure of the de-
approaches. fects studied, we have relaxed all the atomic coordinates
We prosent a method, based on density-functional pertumwith a conjugate gradient algorithm, reaching a tolerance in
bation theory(DFPT), to compute vibrational frequencies in the forces ofF,,,<0.01 eV/A . The dynamical matrix for
the harmonic approximation. We use a basis set of numericdhe whole cell is computedsee below from this ground
atomic orbitals to expand the electronic wave functionsstate, and its eigenfrequencies and eigenmodes are obtained.
which makes the method computationally very efficient, and
allows us to calculate systems with a large number of atoms.
We then apply it to make a systematic study of a number of ) .
defect centers in silicon, involving light impurities and their  An implementation of DFPT was developed to compute
complexes with intrinsic defectsvacancies and self- the glectronlc response iafinitesimalatomic d|s.placements.
interstitialg. In most cases, a comparison of the calculatecd®s iS Well known from the "1 +1" theorem in quantum
and measured vibrational frequencies is very favorable, imechanicS? the first-order change of the electronic wave
proving on the results obtained by other approaches. function in a perturbative expansion alloyvs the_co_mpgtaﬂon
The outline of this paper is as follows. We first discuss theof the second-order change in the energies. This implies that
theoretical method and the model used to describe the d@nly the properties of the unperturbed ground state are
fects. Then we compare the vibrational properties obtaine@#€eded to obtain the linear response of the system. The ex-
for a variety of complexes with experimental data as well agension of this theorem to DFT is that a knowledge of the

other first-principles calculations in the literature. Finally, we first-order change in the electronic density variationally de-
discuss the results. termines the second-order change in the energy. In this way,

we analytically obtain the dynamical matrix from the gradi-

ent of the density relative to atomic displacement and, from

this, the vibrational properties, without physically displacing

A. Ground-state description any atom.

In this work, we use the fully self-consisteab initio . Here we briefly _describe the key poin_t_s of our formula-
¢ tion. In the Appendix, additional technicalities are presented.

15,16 H H H
o emetona eSS = il 1M & compietersport vl b pubshed seuhéHah change
y Y " in the electronic wave function is obtained by solving the

approximation. The exchange-correlation potential is that Otirst—order erturbation expansion of the Safirmer equa-

Ceperley and Aldéf as parametrized by Perdew and tion (th Stp hei pt'67r) g q

Zunge® Norm-conserving pseudopotent@is in the o0 (€ Sterneimer-equat

Kleinman-Bylander forrff are used to remove the core elec- - .

trons from the calculations. OH o +Hodyi= d€iho;+ €009, (1)
The valence-electron wave functions are described with

numerical linear combinations of atomic orbitals of the San-Where"bovi. are the ground-sta_te electronic wave func’_ﬂons and
6y the first order perturbation of; when an atom is dis-

key type;” but generalized to be arbitrarily complete with placedi(if we consider atom, this would bed, ;). As we

the inclusion of multiple-zeta orbitals and polarization d th functi Nt £ atomic orbi
state* These orbitals are numerical solutions of a free atonf<Pa" ese wave functions in terms of atomic orbitg|s

with the appropriate pseudopotential, and are strictly zer&enterEd aR,,,
beyond some cutoff radius. This makes the calculation of the
ground-state Kohn-Sham Hamiltonian scale linearly with the () — ) _
number of atom&>*®allowing calculations in very large sys- Yoi(") % Ciudulr Ry, @
tems with a modest computational cost.

In the present work, the basis sets include Sing]e_zetwe derivatives can be directly written in terms of the deriva-
(S2), double-zetdDZ), double-zeta plus polarizatigpzP),  tives of the atomic orbitals:
and triple-zeta plus polarizatigifZP). A DZP basis includes
two sets ofsandp’s plus one set ofl's on Si, O, C or B, and
two s’s and one set op’s on H. The radial cutoff of the aa’ﬁi(r):% [9aCin®u(r =R T Cipdadu(r =R,
atomic orbitals was determined as described in Ref. 24, with 3
an energy shift of 0.5 eV, and a split norm of 0.15 for all the
species except H, for which the split norm was 0.5. TheOnly the orbitals¢, centered on atona appear in the last
charge density is projected on a real space grid with aterm which is equal to-¢;,-V¢,(r—R,). The change in
equivalent cutoff of 90-150 Ry to calculate the exchangethe coefficientsg,c;,, , is obtained from Eq(l). d¢; is then
correlation and Hartree potentials. The host crystal is repredsed to compute the perturbation in the electronic density

B. Linear-response theory

Il. METHODOLOGY
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TABLE I. Calculated and measure®Ref. 2§ frequencies for  |argest improvements in the frequencies correspond to going
free SiH,, CO, CQ, and H, molecules with various basis sets.  from SZ to DZ, then DZ to DZP, but the TZ basis produce
only marginal improvements.

Sz szp Dz DZP TZ TZP  Expt A number of defects containing light impuritiesdrSi are
SiH, now considered. These are H at a bond-ce(®&) site, H

T, 2045 2064 2160 2153 2173 2159 2191 dimers (H and H), the hydrogenated vacancyki,
A, 1970 1974 2110 2116 2131 2125 2187 N-1234) and the saturated divacantyH,, the self-
E 800 862 921 929 926 929 975 mterstltla!-hydr(_)geri H, complex, the{B,H} pair, substitu-
T, 701 272 806 818 817 821 914 tional C, interstitial O, and two charge states of meenter
(oxygen-vacancy compléxThese embrace a range of %i-
H, bonding configurations, wittK=H, C, O and B. In most
A 3619 3670 4194 4185 4193 4191 4161 cases, we have tried different basis sets in order to check or
improve the accuracy of our calculations when the chemical
co properties are particularly complex. We show frequencies for
A 1681 1823 1885 2088 1945 2183 2170 the DZ and DZP basis sets. Typically, the calculations of the
co, whole dynamical matrix for each of the systems considered
A 2118 2355 2235 2277 2224 2394 2349 here take around one week .of CPU. in a 733-MHz Penti_um-
A, 1107 1216 1200 1241 1209 1331 1333 1] processor. Although the d|agonal|_zat|on of the dynamical
E 478 558 547 583 560 635 667 matrix gives all the I‘_ point) modes in the_ cell, we present
here only the stretching and some bending LVM’s. We also
obtain the eigenvectors which we use to determine the sym-

oce metry of the corresponding vibrational modes. Our results
a,p(r)= 2 [0 i+ 4% 9,0 ]. (4) are g:ompared Wlth avallaple experimental data, and _Wlth _the—
i=1 oretical frequencies obtained by other authors using first-

. . . . rinciples DFT.
This allows a computation of the dynamical matrix, by anp P

explicit derivation of the forces on all the atongsin the
system(the expressions of which can be found in the Appen- A. Hgc, Hy, and H3
dix, for our approachwith respect to the infinitesimal dis- At the BC site?® hydrogen exists in the-1 and 0 charge

placement of one of themx): states. In the latter case, the odd electron does not participate
2 in the bonding but resides in a nonbonding orbital primarily
«8= 55~ =9aF s (5) localized on the two Si atoms adjacent to the proton. Chemi-
IRIRg cally, this is a three-center, two-electron bond, very much

We remark that only terms up to first order in the electronic/i€ the type of H bonding occurring in boron hydrides. The
wave functions appear in the resulting formulas. Note tha ond is somewhat compressed because optimal relaxation
only linear effects in the wave function are obtained in this(N® Si second-nearest neighborsould likely result in a
method, which is consistent with the harmonic approximalonger Si-H-Si bond and a frequency lower than observed.
tion implicitly assumed in the diagonalization of the dynami- 1NiS suggests that as H moves along the trigonal axis, it
cal matrix. Thus one expects to obtain high-quality frequen{€nds to form something likeiS. . H-Si, then Si-H-Si, then
cies for the vibrational modes that are harmonic, but the>i-H - - - Si, aprocess which is highly anharmonic. The cal-
frequencies of modes involving large anharmonic contribufulated fr%quency i givenin Table II. ._
tions will be less accurate. Although phonons with an arbi- Ramaﬁ and IR measurements of Hn silicon reveal
trary q vector can be obtained in the present approach, herd considerable soften!ng of the stretching mode with respect
we only calculate vibrations which are periodic with the O the frequency of Hin the gas phase. A number of calcu-
simulation supercelii.e., g=T), since we are interested in lations(for a review, see Ref. 3dound the molecule to be
LVM's. stable at the tetrahedral interstitidl) site. The electron af-
finity of the Si atoms surrounding His at least partly re-
sponsible for a small charge transfer from td its Si neigh-
bors, which results in a weakening of the H-H bond. Even
Tests of the method for free SJHCO, CQ, and H, lead  though the H-H stretch mode is not expected to be fully
to very good agreement with experimésee Table)l Using ~ harmonic, our calculated frequency is close to the experi-
an appropriate basis set is essential to reproduce accuraiental ongTable I)). Note that the errors relative to experi-
frequencies. In most of the cases a DZ set gives good valuegjent in the B and HD frequencies are very different than
but in some configurations a more complete basis is requiredhe error in the H frequency. This is also a clear feature of
This is particularly true for bending modes. Oxygen “likes” these frequencies when they are calculated dynamically from
to have polarization orbitals, and thus the frequencies arthev-v autocorrelation functiof?
better when these are included. Note that the vibrational fre- The trigonal B defecf consists of one hydrogen atom
guencies are more sensitive to the basis set size than tliose to the antibondingAB) site, and the other near the BC
structural properties such as bond lengths. In general, thsite (see Fig. 1L The two H atoms are inequivalent. The

(M aMﬁ)l/ZD

Ill. RESULTS
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TABLE IlI. Calculated and measured frequencies fgjcHour calculation is spin polarized forgl-cl and
spin averaged for k%), H, in the (100) alignment, and Bl=HgcHg. A DZ basis was used for all these
complexes. The errors relative to experimental values are in parentheses. \\ereddsical dumbbell, its
wag modes would be at 731 and 860 chisee the discussion in Ref. 39

Expt. This work Other authors
Hsc
Hac 1998 1891(—5%) 220P(+10%) 2210(+11%)
HSc - 1813 1768 1945
H, in Si

H, 3618 3549 —2%) 3607(+0%) 3396(—6%) 3260(—9%)
DH 32685 3081(—6%) 312F(—4%)
D, 2643 2511(—5%) 255%(—3%)

2062 2135 +3%) 2164(+5%) 2100'(+2%) 1948(~5%)
H3 1838 1750 —5%) 1844(+0%) 1500'(+18%) 1677(—9%)

817 843/839+3%) 1002(+22%) 711(—13%

3Reference 30.
bReference 31.
‘Reference 32.
dReference 33.

Reference 35.
9Reference 36.
"Reference 37.
iReference 38.

®Reference 34.

Si-Hag bond length is slightly longer than the SigHone in vacancies, while those lines below 2000 cmare pre-
(we obtain 1.580 and 1.510 A, respectivelyhich gives rise  dominant for H-self-interstitial systems or H at AB sites. A
to different stretch frequencies for the two atoms:large number of geometrical configurations may lead to very
2135 cm ! for Hgc and 1750 cm* for Hag. We also obtain — similar vibrational lines, making it difficult to identify these
two degenerate wagging modes, associated with thg H defects unambiguously. As noted by other grofifis;*’ the
atom, at 560 cm’', and two wagging modes with 839 and stretching frequencies MH, (n=1,2,3,4) systems increases
843 cm *, related to K. The latter should be degenerate, with n due to the repulsive H-H interaction. Thus, the highest
but s_maII inaccuracies in thg atomic relaxations render theng |ine is that ofVH,. Si-H bonds point toward the center of
at slightly different frequencies. the vacancy along the trigonal axes.

In our calculationgTable IIl), VH has monoclinic sym-
metry, and the H oscillates parallel to tfiEl1) direction. In

A considerable number of IR and Raman lines are relate@thorhombic VH,, two equivalent H's have stretching
to H-intrinsic defect complexes. It has been nétédthat ~modes along th€100 and(001) directions. The frequencies
vibrational modes above 2000 crhare mainly related to H for these modes are 2121 and 2144 ¢mespectivelyVH,
hasC;, symmetry. TheA singlet involves the movement of
three H atoms toward the vacancy, while in the twofold-
degeneratde mode one of the atoms moves in opposition.
VH, has Ty symmetry. In addition to the threefold-
degeneratd, mode at 2205, we obtain an IR-inactive singlet
A; mode at 2265 cm'.

The vibrational modes o¥/,Hg are almost identical to
those ofVHj: The fully saturated divacancy behaves very
much like two weakly couple®H; complexes. Thé\, sin-
glet at 2176 cm? induces a dipole along th@11) direction.

In addition to this mode and the IR-acti\e doublet, we
obtain two IR-inactive modes at 2186 and 2134 ¢m

The IH, complex® has two equivalent and weakly
coupled hydrogen atoms, which yields two very similar
stretching frequencies. Uniaxial stress measurements show

FIG. 1. Calculated structure of aiHcomplex in silicon. Dark ~ that the two hydrogen atoms are equivalent. Our relaxed
spheres are Si atoms, white spheres are H. The two perpendicul§iructure has an almosl,, symmetry, with theA mode
arrows represent the 4d wag eigenmodes at 842 cth The  higher than theB mode, confirming early resultS.The de-
twofold-degenerate wagging mode fogHis found at 560 cm?. viation from perfect symmetry is due to the finite tolerance

B. Hydrogen and native defects
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TABLE Ill. Calculated and measured frequencies for stretching mod&Hin(n=1,2,3,4) and YHe.
The error relative to experiment is in parentheses. Our frequencies were obtained with a DZP basis. The
measured values for théH,D, VHD, and VD, as published in Ref. 44, are now believed to belong to a
divacancy complexRef. 49 and are therefore not listed here.

Expt?®  This work Other authoPs Expt?®  This work Other authoPs
VH VH,
A’ 2038 1971¢3%)  2248(¢+10%) A, 2257° 2265(+0%)  2404( 6%)
VD T, 2222 2205¢1%)  2319(4%)
A’ 1507  141866%)  1613(+7%) VH,D
VH, A, 2250  22514-0%)  2384(+6%)
A, 2144  2163¢-1%)  2316(-7%) E 2224  2205¢1%)  2319(4%)
B, 2121  2132¢-1%)  2267¢-7%) A, 1620  1594¢2%)  1677(3%)
VHD VH,D,
A’ 2134 2135(0%)  2292(-7%) A, 2244  2235C0%)  2364(-5%)
A’ 1555  1551€0%)  1641(-5%) B, 2225  2204c1%)  2319(+4%)
VD, A, 1628  1603¢1%)  1690(+4%)
A, 1564  1552¢1%)  1658(+6%) B, 1615  1585¢2%)  1663(3%)
B, 1547  153260%)  1625(+5%) VHD,
VH, A, 2236 2221¢1%)  2342(+5%)
A, 2185  2158¢1%)  2318(-6%) A, 1636  1613¢1%)  1705(4%)
E 2155  2100¢2%)  2256(+5%) E 1616  1584(2%)  1664(-4%)
VH,D VD,
A’ 2140 2298 Aq no-IR 1623 1721
A 2101 2256 T, 1617  1584(-2%)  1664( 3%)
A’ 1520 1632
VHD, V,Hq
A’ 2121 2277 A 2190° 2186(—0%) -
A’ 1534 1646 A, 2191 2176 0%) -
A" 1509 1619 E 2166° 2143(—1%) -
VD, E 2165  2134¢1%) -
Aq 1547 1661
E 1510 1619

%Reference 44.
bReference 45.
‘Reference 48.

in the geometry optimization. This deviation is seen whensilicon atoms with no participation of the oxyg&nFinally,
comparing thelHD and IDH complexes: they should be Table VI shows the triply degenerate mode of substitutional
identical, but we find their frequencies to be off by 2 cm  carbon as well as the LVM's associated with {B,H}
Note that we reproduce the correct ordering for the bendingomplex?

modes oflH, at 737 and 732 cm' (Table IV).

IV. CONCLUSIONS

C. Oxygen, carbon, and boron in silicon We have presented a development of DFPT, using local-

Oxygen is a well-known impurity which is especially im- ized atomic wave functions as a basis set, and applied it to
portant in Czochralski-grown Si, and a considerable amounthe study of LVM'’s for light impurities in silicon. In contrast
of effort was focused in understanding its propertie8/e  to other methods, the dynamical matrix is computed analyti-
have computed the LVM frequencies for interstitial oxygencally without actually displacing any atom from its equilib-
(G) and two charge states of the vacancy-oxygen complexium position. The calculations are based on the ground-state
(A centej. The results are in Table V. Frequencies fgr O density matrix, as computed with tleSTA package.
were computed with the oxygen placed at the BC site, where Tests of the method for free molecules ($iHH,, CO,
the probability of finding this delocalized atom is at a maxi- and CQ) show that this approach is highly accurate in situ-
mum, and the classical harmonic potential can better deations where the anharmonic contributions are small. Note
scribe the local modes. The IR-acti®g, mode corresponds that the frequencies are obtainedTat 0 K, while experi-
to the asymmetric-stretching mode, while #hg, is the sym-  mental data are obtained at low, but nonzero, temperatures.
metric one. The&e, mode involves the movement of nearest We have used a variety of basis set sizes to describe the
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TABLE IV. Calculated frequencies with a DZ basis set compared with experimental and other theoretical redits fine error
relative to experiment is in parenthesis.

Expt.2 This work Other authors Expt.  This work Other authors
IH, ID,
A 1989 2007 (-1%) 2107° (+6%) 2145% (+8%) 1448 1440 {1%) 1510° (+4%) 1540 (+6%)
B 1986 2004 (-1%) 2106° (+6%) 2143 (+8%) 1446 1438 {1%) 1508° (+4%) 1539 (+6%)
B 748 737 (-1%) (A) 7752 (+3%) 609 590
A 743 733 (1%) (B) 7682 (+3%) 601 583
A 716 (B) 7362 566 5642
B 711 (A) 7172 562 5552
IHD/1DH

Expt.2 This work Other authors

1988 2005/2007 € 1%) 2106° (+6%) 21442 (+8%)

1447 1440/1438 € 1%) 1509° (+3%) 15407 (+6%)

746 733/736 2%) 7712 (+3%)
714/714 7P

aReference 50.
bReference 45.
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monic contributions are present, the accuracy of the methofl | " ~Esca ‘and CEPBA.

decreases somewhdb—69%). This occurs, for example,

when H is close to a BC position. However, in most cases the

calculated .frequencies are in rgmarkable_ agreerﬁbrﬁ % APPENDIX: TECHNICALITIES

with experimental data, implying that this perturbative ap-

proach is totally justified and that the ground-state density The unperturbed electronic densipf(r) is written in
matrix calculated wittBIESTA is very reliable. terms of the density matripﬁv,

guencies in situations that involve more complex chemica
bondings. The defects included here agg-HH,, H3 , VH,
(with n=1,2,3,4),V,Hg, IH,, the{B,H} pair, substitutional
C, interstitial O, and two charge states of theenter. These
defects involve a wide range of bonding configurations.

TABLE V. Calculated and measured LVM’s for interstitial O ;)Gand two charge states of tiecenter
(VO° and VO'). For VO“~) a DZP basis was used for O and its Si nearest-neighbors, and a DZ basis for
the other Si atoms. For;Qa DZP basis was used for all the atoms in the cell. The symmetry sfr@cture
is shown above the frequencies.

Expt? This work Other authofs Other author$
D3qg D3qg C, D3qg

A, 1136 1131 (0%) 1184 (+4%) 1108 (-2%) 1098 (-3%)

0, A, 618 607 (2%) 619 (+0%) 621 (+0%) 630  (+2%)
E, 518 538 (+4%) 519 (+0%) 518 (+0%)

vo® B, 836 861 (+3%) 839 (+0%) 843 (+1%)

A, 534 546  (+2%) 5482 (+3%) 540  (+1%)

VO B, 88 897 (+1%) 872% (— 1%) 850  (—4%)

A, 545 558  (+2%) 5322 (— 2%) 539 (—1%)

®Reference 53 for ORef. 54 for V3%,
bReference 55.
‘Reference 56.
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TABLE VI. Calculated and measured frequencies for substitu- a H — €3S,

tional C and the[B,H} pair in Si. A DZP basis was used for C and d,p,,= 2 E Ciy 2 C Sl 2__ 6'_ - Ciy'Cjy
its Si nearest-neighbors, and DZ for the other atoms. FofBkig} w'v! b
pair, a DZ basis was used for all the atoms. O H. o —edS
+2 X ¢, X o, T ——c 0,
Expt. This work Other authors i j PR €™ €
Cs Ty 6072 631 (+4%) 662° (+9%)

A 1903° 1958 (+3%) 18300 (—4%) +E N0 €i2C], C'v+2 daMi€2¢T, s (A3)
{B,H} 1880° (—1%)

E 652 695 (+6%) whereg,H,,, and 4,S,, denote the change in the Hamil-
aReference 57. tonian and overlap matrices | <¢M|H|¢ ) and Su
bReference 58. =(¢,l¢,). Once the change in ' the density matsixp,,, is
Reference 59. known, we derive the expression of the forcesilsTAwith
dReference 61. respect to atomic displacemeief. 16:

‘Reference 62.
f
Reference 60. JE oH SO
Fﬁ:__:_E p,uv +2 ,uV
JRg o T IR, IRy
0 0 2 * * NA( )
PAD=2 nlUDP=2 | 2 nicfei | 6L u(1) _J 5p(r>dr——2 aRB
O AT (A1) NA NA > o[ 2Pu\yo
- p,u,V M v ’ V (r_ k)VV (I’)dr+2 p,u. (?RB VH
wheren; is the occupation of state and u, v loop over the
orbitals in the basis set. +VNA & > 22 pw,< BV + V&, > (A4)
When we consider a perturbed system, we can express the

change in the electronic density in a similar way, defining a
density matrixd,p,,, : Here Hz stands for the non-self-consistent contribution of
the Hamiltonian (kinetic pIus nonlocal pseudopotential
termg; the matrixE,,=Z=€c], ..Ci, Is defined in a similar
way to p,,, VNA |s the screened neutral-atom potential;
Sp(r) is the differencep(r) — pam"‘(r) wherep?°Mis a sum

0 . * 0y * (). of localized atomic densitied/}, is the Hartree potential of
t2 Puv [0a®u (1) 1)+ $u(1)- 0adr(1)]- Sp; andV,. is the exchange-correlation potential.
(A2) _ Note that, i_naaFﬁz —ﬁzE/aaaB, just first-order deriva-

tives of p,,, will appear, and that the knowledge 6fp,,,

The matrix d,p,, involves derivatives of the coefficients would enable the computation of a whole row of the dynami-
Ci,» Which are obtained from the solution of the E#j). Its  cal matrix. More details of the computation of these matrix

aap(r):E ﬁapp,v' d);(r) ' d),,(l’)
nv

final expressioff is elements will be published elsewhéfe.
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