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Local vibrational modes induced by defect complexes involving nitrogen and silicon impurities in
different configurations are calculated using Keating potentials in a supercell model. Both the frequency
and the vibrational amplitudes of atoms in the complexes are determined for each mode. It is found that
defect complexes involving interstitial impurities produce high-frequency localized modes and substitu-
tional impurities produce low-frequency quasilocalized modes. The bond-center Si interstitial is found
to have higher lattice energy than the substitutional Si-vacancy pair complex, and hence is less stable.
Suggestive atomic models are given based on the present calculations.

I. INTRODUCTION

Experimental research concerning the vibrational
modes localized about lattice imperfections has a long
history. Theoretical understanding and the controlled
preparation of materials with defects, however, has been
relatively slow in developing. Local vibrational modes in-
duced by defects in crystals have been observed most fre-
quently using Raman scattering and infrared absorption
techniques. Neutron scattering and electron tunneling
also shed some light on the defect vibrations. The interac-
tion of the defect center with localized or quasilocalized
vibrations further produces changes in the optical-
absorption and luminescence spectra.! In this work we
present a theoretical study of the local vibrational modes
of impurities in diamond.

Diamond is an interesting material because it has an
extreme covalent form of crystal bonding. Unlike the
case of Si, optical measurements in diamond probe
ground and excited electronic states equally well. Thus
the vibronic processes involving both the electrons and
vibrational modes can be detected. The high Debye tem-
perature of diamond also enables optical measurements
to be made at higher temperatures. Therefore there exist
many optical measurements revealing rich structures for
different impurity complexes in diamond. We study the
local (LM) and quasilocal (QLM) vibrational modes be-
cause they affect the spectra of luminescence and absorp-
tion and may serve as probes of the defects and their sur-
rounding.

We use a realistic supercell model to find both the fre-
quencies and eigenvectors of the local and quasilocal vi-
brational modes induced by defects. Knowledge of the
eigenvectors is necessary to analyze the atomic vibrations
associated with each mode and to determine the symme-
try of that mode. The symmetry of a vibrational mode
dictates its coupling with certain electronic states and is
important information in analyzing the optical data. In
this paper we investigate in detail several possible nitro-
gen complexes and Si complexes in diamond.
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II. METHOD

In the present method we construct a supercell which
consists of approximately 64 basis atoms.? When the de-
fect complex is placed near the center of such a large su-
percell the interaction between complexes in different
cells becomes negligible. A two-parameter Keating mod-
el is used. In such a model the potential at an atom o is
expressed in the following form:
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where a,; and B,; are the “bond-stretching’ force con-
stant between atoms o and i, and the “bond-bending”
force constants between the bonds to atoms i and j, cen-
tered at atom o, respectively. d; is the equilibrium bond
length between the atoms o and i, and d,% is the product
ofd; and d;.

The bond-stretching force constant a, and bond-
bending force constant 3,; for bulk diamond, as listed in
Table I, are determined by fitting the bulk diamond pho-
non dispersion relation. Since a two-parameter fit cannot
reproduce the phonon spectrum exactly, the present
work is intended to predict the trends of the impurity vi-
brational modes rather than their exact frequencies. The
important zone center and zone boundary phonons calcu-
lated for bulk diamond using the present set of force con-

TABLE 1. Force-constant° parameters (in 10° dyn/cm) and
equilibrium bond lengths (in A) used in this calculation.

4 i J Qo; B.ij d;;
Si Si Si 43.7 11.54 2.351
C C C 95.7 63 1.545
C N N 97.5 63 1.545
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TABLE II. Calculated phonon frequencies at high-symmetry points of the reduced Brillouin zone
for pure diamond crystal. (The numbers in the parentheses represent the measured values reported by

Warren et al.?)

(a/2)(ky,k,,k,;) o (cm™)
r Ts Tys
(0,0,0) 0 1334.8
V) (1334)
X X, X, X,
(1,0,0) 841 1036.5 1115.5
(804+£34) (1072£27) (1183£21)
L L, L, L L}
(0.5,0.5,0.5) 594.7 945.6 1190.1 1194.9
(552+17) (1035+31) (1241+37) (1210+36)
w W, W, W,
(1,0.5,0) 901.5 943.8 1192.2
(918+11) (992+53) (1167+53)
A As Ay As A
(0.5,0,0) 497.7 661.6 1195 1303
(543.8+16) (737+22) (1215+36)

2J. L. Warren, J. L. Yarnell, G. Dolling, and R. A. Cowley, Phys. Rev. 158, 805 (1967).

stants are listed in Table II. The phonon spectrum we
obtain for diamond is given in Fig. 1. The presence of
an impurity complex modifies this spectrum considerably.
The modifications which occur below 1334 cm™! are re-
lated to quasilocal modes and those above 1334 cm ™! are
called local modes.

The force constants for Si are obtained from the work
of Alonso, Cardona, and Kanellis.?> The relevant param-
eters used in the present calculations are also summarized
in Table I. We follow the procedure given in Ref. 2 to in-
terpolate the force-constant parameters and the equilibri-
um bond lengths between a given pair of atoms which in-
volve the defect atom. Relaxation of the atoms to new
equilibrium positions is calculated by minimizing the to-
tal strain energy in the supercell. For defect complexes
considered here, the relaxation of atoms beyond the
second shell of neighbors is found to be less than 1% of
the bond length. The atoms at the supercell boundary are
virtually unaffected by the relaxation around the defect
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FIG. 1. The calculated phonon spectrum of diamond crystal.

atoms. Thus the periodic boundary condition continues
to hold in the supercell calculation.

III. RESULTS

In the present study we have considered several impur-
ity complexes involving nitrogen or silicon impurities.
Some of the complexes are displayed in Figs. 2 and 3. The
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FIG. 2. The atomic configurations of defect complexes in di-
amond: (a) Ng-V, Sig-V, or V (with impurity atom replaced by
carbon atom), (b) 3Ng-V, and (c) V-Ng-Ng-V. The circle, the
square, and the dot represent carbon atom, carbon vacancy, and
impurity, respectively.
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FIG. 3. The atomic configurations of defect complexes in di-
amond: (a) N;-V, (b) split interstitials, and (c) V-Si;-V. The cir-
cle, the square, and the dot represent carbon atom, carbon va-
cancy, and impurity, respectively.

vacancy defects are represented by squares. Circles and
solid dots represent carbon atoms and impurity atoms,
respectively. We shall discuss the interstitial complexes
and substitutional complexes in turn.

A. Substitutional complexes

Since the stable complexes always involve a vacancy we
first examine the change of the vibrational spectrum due
to a single vacancy. For a single isolated vacancy we find
several quasilocalized modes at 440.4 cm ! (threefold de-
generate), 515.3 cm™! (doubly degenerate), 558 cm™ !,
and 583.8 cm~! (both nondegenerate). The 558-cm !
mode corresponds to a local vibration involving the
breathing mode of the first neighbors of the vacancy. The
other modes involve motions of second neighbors as well
as first neighbors of the vacancy. The labels of the atom-
ic site listed in all the tables follow the labels in Figs. 2
and 3, respectively, and the relative amplitude of vibra-
tion in the (x,y,z) directions are in arbitrary units. The
subscripts s and I under the atom labels N and Si in all
the tables represent the substitutional and interstitial
sites, respectively. For an isolated vacancy, the labels in
Table III follow Fig. 2(a), except that the impurity is re-
placed by a carbon atom C.

Table III lists the displacements of the first neighbors
(numbers 4, 5, 6, and C) of the vacancy, and the first
neighbors (labeled by 1,2,3) of the C (or Ng, Sig atom in
the cases of V-Ng and V-Sig, respectively). When we de-
crease the force constants between atoms sitting at the
nearest neighbor sites of the vacancy, the corresponding
mode frequencies decrease. An outward relaxation of the
nearest neighbors decreases the frequencies even further.
With a 30% change in the force constants and a relaxa-

16 907

tion of the lattice, the breathing mode decreases to 525
-1
cm™ .
When the carbon atom C is substituted by nitrogen and
silicon impurities to form V-Ng and V-Sig complexes, the
changes of the mode frequencies are as follows:

558 cm!—539.2 cm ™! —>469.9 cm ™!,

515.3 cm~'—511.1 cm™'—>455.7 cm ™!,

404.4 cm~'—{431.8 cm™1,436.8 cm ™!}
—{340 cm 1,396 cm ™'} .

In addition to the breathing mode relative to the vacancy,
there are other modes which involve large vibrations of
atoms 1, 2, 3, and the impurities. The lowest QLM asso-
ciated with a single isolated vacancy, 404.4 cm™ 1 also in-
volved the motion of atoms 1, 2, and 3. This mode moves
to lower frequency, and the triple degeneracy is split,
when the carbon atom is replaced by either a nitrogen or
silicon impurity. The V-Ng complex produces several
QLM’s, as given in Table III, and is believed to give rise
to the 638-nm photoluminescence (PL) line.*

We also calculate the vibrational modes of an isolated
substitutional nitrogen impurity. No LM appears. How-
ever, if we allow a static trigonal distortion of the lattice
conforming to the Jahn-Teller effect in diamond, several
LM’s appear above 1334 cm~!. When the neighboring
atoms of N are displaced from their perfect crystal sites
by 0.03 nm, the LM’s appear at 1407 and 1485 cm ™.
The former is doubly degenerate and involves the
motions of two of the neighbors of Ng. The latter is non-
degenerate and involves the vibrations of Ng and three of
its neighbors.

Two other types of nitrogen impurity complexes, 3N-
V and V-Ng-Ng-V [shown in Figs. 2(b) and 2(c)] are be-
lieved to give rise to the 415- and 503-nm PL lines, re-
spectively. The calculated QLM’s for these two com-
plexes are given in Tables IV and V. In comparison with
the V-Ng complex, 3Ng-V has two more nitrogen atoms
replacing carbon atoms. The lowest doubly degenerate
QLM at 436.8 cm ™! for the V-Ng complex moves to
4284 cm™! for 3Ng-¥, whereas the nondegenerate
431.8-cm~! QLM remains almost the same. When the
three Ng atoms move inward toward V in the 3Ng-V
complex the two lowest modes move to higher frequen-
cies. For the 2Ng-2¥ complex the lowest QLM is at lower
energy compared to the previous two cases. As shown in
Fig. 2(c), atoms 1,2(3,4) are near neighbors of N(I)
[Ng(II)], and atoms 5,6,7(8,9,10) are near neighbors of
the vacancies, respectively. Atoms 5 and 10 are on the
same plane as the defect complex. The lowest modes,
369.5 and 424 cm ™!, involve motion of the two nitrogen
atoms in the same direction, whereas the 434-cm ™! mode
involves motion in opposite directions. These modes are
found to move to lower frequencies, 248.99, 353.4, and.
402.7 cm !, when the nitrogen impurities are replaced by
silicon impurities. Detailed analysis of the spectra may
serve as a probe of the defect complex type.
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TABLE III. The QLM and LM vibrational frequencies and relative vibrational amplitudes of each
atom surrounding a single carbon vacancy, and the defect complexes Ns-V and Sig-V. [The labels of
the atoms follow those given in Fig. 2(a).]

v
4404 cm™' (1) 5153 cm™! (d) 558 cm 583.8 cm ™!
C (18,4,22) (—19,21,~2) (—23,-23,-23) o, 13 9)
1 (14,3,15) (—17,5,—9) (—9,—4,-9) (— 2>
2 (3,0,13) (—8,10,0) —9,—9,—4) (15, 0
3 (11,3,6) (—5,17,7) —4,-9,-9) (— 2 15)
4 (—18,—4,14) (—19,-21,2) (—23,23,23) (*11 15,11)
5 (—18,—4,—14) (19,21,2) (23,-23,23) (—17,20,—17
6 (—18,4,—22) (19,—21,—2) (23,23,—-23) (14,18,—15)
Ns-V
431.8 cm™' 436.8 cm "' (d) 511.1 em ™! (d) 539.2 cm ™!
N (28,28,28) (—1,16,—14) (8, 13 —21) (28,28,28)
1 (11,12,11) (—9,8,—11) (—4,2,—12) (8,1,8)
2 (11,11,12) (8,11,—8) (12, 13 4) (8,8,1)
3 (12,11,11) (—1,4,—2) (0,0,0 (1,8,8)
4 (—19,0,0) (—26,—12,13) (—10,—16,—20) (22,-22,-22)
5 (0,—19,0) (26,—15,16) (—9,13,25) (—22,22,—22)
6 (0,0,—19) (1,10,—14) (7,—16,25) (—22,-22,22)
Sis-V
339.5 cm ™! 396.3 cm ™! (d) 455.7 cm™' (d) 469.9 cm ™!
Sis (—53,—53,—53) (—50,—4,50) <—1o 26,— (12,12,12)
1 (—9,—3,—9) (—4,—1,7) (— 6) (—2,—12,-2)
2 (=9,—9,-3) (—19,—14,14) (—1,7,—-2) (—2,-2,—12)
3 (—3,-9,—9) (—12,12,18) (=1,7,-3) (—12,-2,—2)
4 6,2,2) (7,—10,—9) (— 7 23) (25,—1,—1)
5 (2,6,2) (—2,1,0) (— 23 14,—19) (—1,25,—1)
6 (2,2,6) (10,11,—8) (26,0, —8) (—1,—-1,25)

B. Interstitial complexes

There have been absorption and luminescence spectra
of neutron-irradiated diamond crystals revealing possible
quasilocalized vibrational modes associated with either a
neutral interstitial carbon atom or to a neutral vacancy at
297, 730 (luminescence), and 333 cm ! (absorption). ¢

It is known that intrinsic interstitials sitting in hexago-
nal or tetrahedral interstitial sites are unstable. The
favorable stable interstitial sites are either the ( 100) split
interstitial, with one carbon atom removed and two
atoms centered on the substitution site, for neutral or
singly charged defects, or the bond-centered interstitial

local modes. The lowest quasilocal modes at 484.22,
489.24, and 577.97 cm ™! involve the motion of the N,
atom and the carbon atoms 1 and 2 in Fig. 3(a) in approx-
imately the same direction. (Two of the modes are actu-
ally resonant with the bulk modes.) By contrast the local
modes at 1340.5, 1354.14, and 1452.05 cm ™! involve the
motion of the N; atom against those two carbon atoms.

TABLE IV. The QLM and LM vibrational frequencies and
relative vibrational amplitudes of each atom surrounding the
defect complex 3Ng-V. [The labels of the atoms follow those
given in Fig. 2(b).]

for higher positive charges.” ~® Similarly, for impurity de- 3Ns-V

fects the stable sites may be the interstitial sites along the 428.4 cm™! (d) 432.8 cm™! 504.7 cm ! (d)

C. axis. wi . o

-2 axis, with one C atom removed, and the impurity sit- =, 11 10 (—20,-20,—20) (18,10, —28)

ting at the interstitial sites along the C, axis [as shown in N<(2) (3 —16) (—2.—2.25) (—9 —4 —27)

Figs. 3(a) and 3(b)]. The nitrogen interstitial (N;) com-  \°3) (Z “ 16) (25 -2 —2) (17 —8.17)

bmegl with a vacancy ("), §h0wn in Fig. 3(a), has been Ns@) (— 30’ —19) (—2,25,—2) (—13,9,17)

considered as being responsible for the 575-nm lumines-

cence line.” 525.5 cm™! 567 cm ™! (d) 577 cm ™!
We assume that the position of N; in the N,-V com-

plex given in Fig. 3(a) is a /4 above the V along the z C) — (=22,-22,-22) (=2,4,-2) (29,29,29)

direction, where a is the length of the cube edge (not the gs g; :2422: 24225;) :9’1133-15“1)1) 56,65—626) |

lattice constant . s A o

attice tant of the crystal). Our calculated results No@) (24, —25.24) (—24.25 —24) (6,—2.6)

without lattice relaxation produce quasilocal as well as
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TABLE V. The QLM and LM vibrational frequencies and relative vibrational amplitudes of each
atom surrounding the defect complex V-Ng-Ng-V. [The labels of the atoms follow those given in Fig.

2(c).]

V-Ng-Ng-V
369.5 cm™! 424 cm™! 433 cm™! 434 cm™! 468 cm™!

Ng(I) (9,—37,—37) (—28,11,11) (18,—14,—14) (0,8,—9) (—25,—20,—20)
Ng(II) (9,—37,—37) (—28,11,11) (—18,14,14) (0,—38,9) (—25,—20,—20)

1 (1,—8,—8) (—13,2,—3) (6,—14,—11) (—7,10,—6) (—14,—2,—-2)

2 (1,—8,—8) (—13,—3,2) (6,—11,—14) (7,6,—10) (—14,—2,—2)

3 (1,—8,—38) (—13,-3,2) (—6,11,14) (—7,—6,10) (—14,—2,—-2)

4 (1,—8,—8) (—13,2,—3) (—6,14,11) (7,—10,6) (—14,—2,—2)

5 (—4,10,10) (15,15,15) (—17,—10,—10) (0,12,—12) (3,1,1)

6 (3,9,—8) (—4,0,—12) (—5,8,11) (—13,—16,14) (6,—13,15)

7 (3,—8,9) (—4,—12,0) (—5,11,8) (13,—14,16) (6,15,—13)

8 (3,—38,9) (—4,—12,0) (5,—11,—8) (—13,14,—16) (6,15,—13)

9 (3,9,—8) (—4,0,—12) (5,—8,—11) (13,16, —14) (6,—13,15)

10 (—4,10,10) (15,15,15) (17,10,10) (0,—12,12) (3,1,1)

480.5 cm™! 505.4 cm™! 523.8 cm™! 931.2 cm™! 1020 cm™!

Ng(I) (0,—28,—28) (—27,12,12) (22,—11,—11) (—17,—20,—19) (29,14,14)
Ng(II) (0,—28,—28) (27,—12,—12) (22,—11,—11) (17,20,19) (—29,—14,—14)

1 (11,—14,13) (—15,3,4) (5,—2,4) (—9,7,—4) (—5,9,—9)

2 (—11,—13,14) (—15,4,3) (5,4,—2) (—9,—5,7) (—5,—9,9)

3 (—11,—13,14) (15,—4,—3) (5,4,—2) (9,5,—7) (5,9,—9)

4 (11,—14,13) (15,—3,—4) (5,—2,4) (9,—7,5) (5,—9,9)

5 (0,12,—12) (—29,—7,—7) (23,9,9) (5,—6,—6) (0,0,0)

6 (—6,5,—4) (—5,—5,—3) (—19,—7,12) (5,3,3) (—2,—3,2)

7 (6,4,—5) (—5,3,—5) (—19,12,—7) (5,3,3) (—2,2,—3)

8 (6,4,—5) (5,—3,5) (—19,12,—7) (—5,—3,—3) (2,—2,3)

9 (—6,5 —4) (5,5,—3) (—19,—7,12) (—5,—3,—3) (2,3,—2)

10 (0,12,—12) (29,7,7) (23,9,9) (—5,6,6) (0,0,0)

The frequency of each mode and the corresponding vi-
brational amplitude of each atom for each mode are list-
ed in Table VI.

The 389-nm and the 441.5-nm PL lines were originally
considered to arise from the interstitial N, impurity com-
plex in different configurations.> In this calculation we
consider only the split-interstitial N; impurity complex,
with the two N; atoms located at a distance of *a/4

from the vacancy V as indicated in Fig. 3(b). The calcu-
lated results are given in Table VII. There are three
groups of QLM’s. The first group, involving mainly
motion of the two N; atoms, has frequencies at 1031 and
1083 cm ™. The second does not involve motion of the
N; atoms. Only the four neighboring carbon atoms [1-4
in Fig. 3(b)] vibrate with frequencies at 1279 and 1341
cm ™!, The third group, involving motion of both the N,

TABLE VI. The QLM and LM vibrational frequencies and relative vibrational amplitudes of each
atom surrounding the defect complex N,-¥. [The labels of the atoms follow those given in Fig. 3(a).]

N;-V

4842 cm™! 489.2 cm™! 577.9 cm™! 1257 cm™!
N; (19,19,0) (—17,17,0) (0,0,—30) (—24,24,0)
1 (15,15,6) (—14,14,0) (1,1,—26) (22,—22,0)
2 (15,15,—6) (—14,14,0) (—1,—1,—26) (22,—22,0)
3 (—3,—3,0) (—4,4,—10) (7,—7,10) (8,—38,14)
4 (—3,—3,0) (—4,4,10) (—7,7,10) (8,—8,14)

1320 cm ™! 1341 cm™! 1354 cm™! 1452 cm™!
N; (16,16,0) (—15,15,0) (27,27,0) (0,0,—57)
1 (—11,—11,-21) (15,—15,0) (—23,—23,—28) (8,8,50)
2 (—11,—11,21) (15,—15,0) (—23,—23,28) (—8,—8,50)
3 (0,0,0) (10,—10,8) (—7,—7,0) (0,0,5)
4 (0,0,0) (10,—10,—8) (—7,—17,0) (0,0,5)




16 910

atoms and the four carbon neighbors, has QLM at 1204
cm™! and several LM’s at 1400, 1443, 1659, 1668, and
1774 cm~!. The highest LM at 1774 cm™! involves
motion of the two nitrogen atoms as a whole in the z
direction against the motion of their four neighboring
carbon atoms. The calculated results for split C; intersti-
tials are also listed in Table VII.

The 736-nm (1.681-eV) center observed in Si-ion im-
planted bulk diamond or electron-irradiated type-Ila dia-
mond is believed to be a complex involving Si.° Several
possibilities have been proposed for the 736-nm center.
One is associated with the V-Sig complex in Fig. 2(a).'°
A related configuration, the V-Si;-V complex shown in
Fig. 3(c), where the Si interstitial sits between two vacan-
cies along the (111) direction, may also be possible. The
split Si interstitial complex involving two Si atoms is
another possibility.> These defect identifications are still
not conclusive. The calculated QLM’s and LM’s for the
split Si; complex are listed in Table VIII. In comparison
with the LM’s of the three complexes in Tables VII and
VIII, we find the following trends of some of the LM’s as
the C,’s are replaced by N,’s and Si,’s.

P. J. LIN-CHUNG 50

1834 cm ™ !—1774 cm ™! —1508 cm ™!,
1721 em ™ '—>1659 cm ™ !—1495 cm ™' .

Many higher-frequency local modes are found in our
calculation for the V-Si;-V complex and are listed in
Table IX. However, the calculated lattice energy associ-
ated with this bond-center Si interstitial is found to be
higher than that of the Sig-V defect. As a result this
complex is not stable and the Si; would move to the va-
cancy site and form the Sig-¥ complex.

IV. COMPARISON WITH EXPERIMENTS

The experimental one-phonon absorption spectra of
natural type-Ia diamond show defect-induced features.
The resonance vibrations (QLM) modify the phonon
spectrum of pure diamond, and the LM absorption pro-
duces sharp peaks with @ > 1334 cm™!. The most prom-
inent features are the B’ peak at 1365 cm ™!, the 328
cm ! peak, and the component D. They have been inter-
preted as induced from platelets, bending modes of atom-

TABLE VII. The QLM and LM vibrational frequencies and relative vibrational amplitudes of each
atom surrounding defect complexes involving split-N and split-C interstitials. [The labels of the atoms

follow those given in Fig. 3(b).]

split N,
1031 cm™! (d) 1083 cm ™! (d) 1204 cm ! 1279 cm ™! (d) 1341 cm !
N,(1) (—23,36,0) (—21,32,0) (0,0,23) (2,2,0) (0,0,0)
N;(2) (6,—28,0) (21,—32,0) (0,0, —23) (—6,—6,0) (0,0,0)
1 (—6,7,2) (—1,1,0) (—3,—3,15) (—20,—13,28) (27,—27,0)
2 (—6,7,—2) (—1,1,0) (3,3,15) (—20,—13,—28) (—27,27,0)
3 (0,—4,—6) (0,0,—2) (—3,3,—15) (22,16,5) (27,27,0)
4 (0,—4,6) 0,0,2) (3,3,—15) (22,16,—5) (—27,-27,0)
1400 cm ™' (d) 1443 cm”' (d) 1659 cm ™ 1668 cm "' (d) 1774 cm™'
N,(1) (0,0,20) (—16,8,0) (0,0, —47) (31,—7,0) (0,0,46)
N;(2) (0,0,—20) (31,30,0) (0,0,47) (40, —26,0) (0,0,46)
1 (29,29, —5) (10,—10,37) 9,9,34) (—20,—3,—9) (—10,—10,—34)
2 (—29,—29,—5) (10,—10,—37) (—9,—9,34) (—20,—3,9) (10,10, —34)
3 (29,—29,5) (—28,—28,13) (9,—9,—34) (—34,28,26) (10, — 10, —34)
4 (—29,29,5) (—28,—28,—13) (—9,9,—34) (—34,28,—26) (—10,10, — 34)
split C,
1115 cm™! (d) 1265 cm™! 1280 cm ™! (d) 1341 cm ™! 1395 cm ™!
C,(1) (—42,21,0) (0,0,0) (—5,—2,0) (0,0,0) (0,0,10)
C,;(2) (40,—15,0) (0,0,0) (7,5,0) (0,0,0) (0,0,10)
1 (—8,7,—3) (20, —20,0) (21,11, —29) (—27,27,0) (30,30, —10)
2 (—8,7,3) (—20,20,0) (21,11,29) (27,—27,0) (—30,—30,—10)
3 (5,1,—9) (—20, —20,0) (—22,12,—38) (—27,—27,0) (—30,30,—10)
4 (5,1,9) (20,20,0) (—22,—12,8) (27,27,0) (30, —30, —10)
1431 cm™! (d) 1470 cm™!' (d) 1713 cm ™! (d) 1721 em™! 1834 cm !
C,;(1) (0,0,—20) (9,6,0) (—44, —10,0) (0,0,—53) (0,0,50)
C;(2) (0,0,20) (—37,—36,0) (—44,10,0) (0,0,53) (0,0,50)
1 (—29,—29,—-1) (—4,—2,—39) (30,15,17) (7,7,30) (—10,—10,—32)
2 (29,29,—1) (—4,—2,39) (30,15,—17) (—17,—7,30) (10,10, —32)
3 (—29,29,1) (28,28, —1) (30,—16,—17) (7,—7,—30) (10, —10, —32)
4 (29,—29,1) (28,28,1) (30,—16,17) (—17,7,—30) (—10,10,—32)
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TABLE VIII. The QLM and LM vibrational frequencies and relative vibrational amplitudes of each
atom surrounding defect complexes consisting of split-N-C and split-Si interstitials. [The labels of the
atoms follow those given in Fig. 3(b).]

Split (N-C);

1036 cm™! 1097 cm™! (d) 1341 cm™! 1394 cm™! 1427 cm™!
N;(1) (—27,27,0) (—30,—30,0) (0,0,0) (0,0,11) (0,0,—21)
C;(2) (16,—16,—0) (32,32,0) (0,0,0) (0,0,9) (0,0,21)
1 (—17,7,0) (0,0,—6) (—27,27,0) (32,32,—13) (—26,—26,2)
2 (—7,7,0) (0,0,6) (27,—27,0) (—32,—32,—13) (26,26,2)
3 (4,—4,—6) (6,6,0) (—27,—27,0) (—28,28,—9) (—31,31,1)
4 (4,—4,6) (6,6,0) (27,27,0) (28,—28,—9) (31,—31,1)
1443 cm™! 1469 cm™! 1682 cm™! (d) 1702 cm™! 1812 cm™!
N,(1) (—33,33,0) (7,7,0) (0,0,58) (19,—19,0) (0,0,32)
C,(2) (3,—3,0) (—35,—35,0) (0,0, —38) (39,—39,0) (0,0,61)
1 (29, —29,0) (—4,—4,—40) (—11,—11,—40) (—9,9,0) (—8,—8,—25)
2 (29, —29,0) (—4,—4,40) (11,11,—40) (—9,9,0) (8,8,—25)
3 (0,0,39) (27,27,0) (—5,5,23) (—32,32,26) (11,—11,—38)
4 (0,0,—39) (27,27,0) (5,—5,23) (—32,32,—26) (—11,11,—38)
Split Si,
450 cm™' (d) 644 cm™!(d) 654 cm™! (d) 863 cm™! 1328 cm™!
Si/(1) (—42,—42,—1) (45,—450)  (—20,20,0) (0,0,—35) (0,00
Si;2) (—29,—29,—1) (—27,27,0) (30,—30,0) (0,0,35) (0,0,0)
1 (—15,—15,—6) (8,—8,0) (—1,1,0) (0,0,—4) (—24,24,0)
2 (—15,—15,6) (8,—38,0) (—1,1,0) (0,0,—4) (23,—23,0)
3 (—8,—38,0) (0,0,8) (2,—2,—3) (0,0,4) (—24,—23,0)
4 (—8,—8,0) (0,0,—38) (2,—2,3) (0,0,4) (23,24,0)
1348 cm™! (d) 1351 cm™! (d) 1484 cm™! (d) 1494.5 cm™! 1508 cm™!
Si/(1) (9,—9,0) (0,0, 10) (—18,—18,00  (0,0,—19) 0,0,25)
Si;(2) (0,0,0) (0,0,10) (—6,—6,0) (0,0,19) (0,0,25)
1 (—23,23,0) (—24,—24,24) (32,32,38) (20,20,38) (—20,—20,—36)
2 (—23,23,0) (24,24,24) (35,35, —45) (—16,—16,33) (18,18, —34)
3 (—8,8,—23) (—20,22,—21) (—1,0,1) (18,—18,—36) (—18,—19,—35)
4 (—8,8,23) (22,—20,—21) (0,—2,1) (—18,18,—36) (—19,18,—35)

TABLE IX. The QLM and LM vibrational frequencies and relative vibrational amplitudes of each
atom surrounding the defect complex V-Si,-V. [The labels of the atoms follow those given in Fig. 3(c).]

V-Si,-V
608 cm™! 1022 cm™! 1274 cm™' (d) 1415 cm™' (d) 1421 cm™! (d)
Si; (19,19,19) (20,20,20) (0,0,0) (1,—38,38) (1,—11,9)
1 (11,—6,11) (2,9,2) (—14,—14,22) (—25,5,—39) (21,5,26)
2 (11,11, —6) 2,2,9) (—22,26,—6) (25,39, —5) (—16,—24,—4)
3 (—6,11,11) 9,2,2) (20,—1,—10) (0,16,—14) (0,—10,3)
4 (11,11,—6) 2,2,9) (22,—-26,6) (10,20, —6) (24,40,2)
5 (11,—6,11) 2,9, (14,14,—22)  (—11,6,—20)  (—33,—2,—43)
6 (—6,11,11) 9.2,2) (—20,1,10) (0,10, —9) (0,19, —7)
1475 cm™! 1616 cm™!
Si; (0,0,0) (—29,—39,—39)
1 (—23,—14,—23) (20,8,20)
2 (—23,—23,—14) (20,20,8)
3 (—14,—23,—23) (8,20,20)
4 (23,23,14) (20,20,8)
5 (23,14,23) (20,8,20)
6 (14,23,23) (8,20,20)
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ic bonds in the platelets, and platelet-activated lattice vi-
brational modes, respectively.''? From our present re-
sults, the lower QLM’s of the V-Ng-Ng-V defect corre-
spond to the two nitrogen atoms moving parallel or
against each other. Their frequencies are lower than
those produced by V-Ng. If more V-Ng complexes gath-
er on a plane to form a platelet the planar interaction of
the Ng may produce even lower-frequency modes and
may be responsible for the observed 328-cm ™! mode.
Our calculation for substitutional Ng defects, however,
has not produced LM’s beyond 1334 cm™!. Only a
Jahn-Teller distorted system involving Ng or an undis-
torted system involving interstitial nitrogen defects can
produce a high-frequency LM.

The LM features in the infrared absorption have also
been studied by isotopic substitution. !>!* For type-Ib di-
amond, a mode at 1344 cm ™~ ! was proposed to represent
a vibration of carbon atoms surrounding a nitrogen while
the nitrogen is stationary. In Tables VII and VIII we find
such a mode involving only the vibration of carbon atoms
surrounding the split interstitials while the interstitials
are stationary. On the other hand, our calculation of a
single substitutional nitrogen impurity does not produce
such a LM. But it does find a resonance vibration at
1143 cm ™!, which involves the nitrogen atom but not its
near neighbors. This resonance vibration is to be com-
pared to the observed correlated band peaking at 1130
cm ™ '.!'> One of the LM’s from our calculated results for
Ny in a trigonally distorted environment with near neigh-
bors displaced by 0.03 nm also represents a vibration of
neighboring carbon atoms only. Its frequency, however,
is at 1407 cm ™.

For diamond after irradiation and annealing, absorp-
tion lines at 1531 and 1570 cm ™! are observed and are at-
tributed to the carbon interstitials in slightly different en-
vironments.'® At even heavier neutron irradiation, a
weak line appears at 1924 cm ™~ !.! We have calculated
only the vibrational modes for split-C interstitials. In the
presence of this defect many high-frequency LM’s ap-
pear. The highest one is at 1834 cm~'. It is expected
that in systems with more than two double-bonded car-
bon interstitials, the LM can increase to even higher fre-
quency.

Two peaks, at 1450 cm ™! (in types Ia and Ib) and 1502
cm ™! (in type Ib only), are observed after annealing irra-
diated diamond around 750 °C. The former is believed to
involve only one nitrogen interstitial. ' The latter is in-
terpreted as a vibrational stretching mode of the bond be-
tween a carbon interstitial and an adjacent substitutional
N atom, representing a configuration during the transi-
tion to form a N interstitial. For heavily neutron-
damaged diamond a third peak develops at 1706 cm !
which has been proposed to arise from a diatomic molec-
ular vibration involving carbon and nitrogen. From our
calculated results in Tables V and VI, a single nitrogen
interstitial vibration produces a LM at 1452 cm ™~ '. How-
ever, in our calculation the interstitial position, as shown
in Fig. 3(a), is midway between two layers of atoms along
the (001) direction. The LM frequency would depend
upon the position of the interstitial. No LM involving
only the vibration of the carbon and nitrogen diatomic
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molecule is found in the defects considered. But vibra-
tions near the frequency of 1706 cm ™! exist for both the
split-N; and the split-(N-C) complexes. In both com-
plexes the vibration involves the cluster of interstitials
and their neighbors as given in Table VII.

Lawson et al.!” have examined the LM at 1347.6 cm”
associated with the H2 center. Carbon-carbon vibration
was suggested as its origin. The H2 center was con-
sidered to be a negatively charged state of the H3 (503-
nm) center which consists of aggregated substitutional ni-
trogens. There have been two models for the H3 center.
Davies, Nazare, and Hamer suggested the defect center
consists of a pair of nitrogen atoms in next neighbor sub-
stitutional sites and a vacancy sitting in their common
near neighbor site. The symmetry of this complex is
rhombic 7.'® Another model suggested that the center
was monoclinic-7 symmetry’ as shown in Fig. 2(c). Our
calculated results for undistorted V-N4-Ng-V do not pro-
duce any LM. Since the observed mode is very close to
the phonon spectrum edge, a distorted defect complex
with a static trigonal distortion of the neighboring atoms
from their crystal sites may easily push the carbon-
carbon vibration to higher frequency above the spectrum
edge.

The 5RL center discovered in type-IIb semiconducting
diamond following irradiation and annealing shows LM
peaks at about 1397 and 1911 cm™! in the catho-
doluminescence spectrum'*!? and at 1219 and 1629 cm !
in the absorption spectrum.?° Isotopic studies show that
C,-C, vibration is involved in this vibration.'® Again our
calculated LM’s of the split-carbon interstitial defect
complex (as given in Table VII) have many high-
frequency vibrations; the two LM’s with both C; moving
in the same direction have frequencies close to the two
observed. Quantitative comparison cannot be made as the
detailed atomic positions of this defect cluster are not
known.

Cathodoluminescence and isotope shift studies of the
center with 3.188 eV in diamond imply that such a center
probably contains radiation damage products (intersti-
tials) and an isolated nitrogen atom, ! or interstitial ni-
trogen atoms in different configurations.® Six sharp peaks
associated with LM are observed at 1357.3, 1375, 1425.8,
1441.9, 1478.2, and 1535.5 cm ™~ '. The 1441.9-cm ! peak
is found to be related to the vibration of a C-N pair, the
other five peaks are related to C-C vibrations.!* Our cal-
culations suggest that there must be carbon interstitials
involved if the nitrogen is at the substitutional site.
Another LM observed at 1856 cm ™! under certain an-
nealing processes is proved to come from the di-nitrogen
center.”> From our calculations only interstitial di-
nitrogen can produce such a LM.

As for Si complexes the 2Sig sitting at next neighbor
sites and the 2Si, split interstitials have very different
QLM’s from our calculations. When the 2Sig combine
with 2V as in Fig. 2(c), the QLM’s have even lower fre-
quencies. Photoluminescence studies of the 736-nm
(1.681-eV) center reveal three prominent sideband
features at 1.618, 1.558, and 1.527 eV which correspond
to 508-, 992-, and 1242-cm ™! vibrations.'>*' From our
calculated results in Table I11, the Sig-¥ complex suggest-

I
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ed by Clark and Dickerson!® does not produce any
QLM’s or LM’s near that region of frequencies. Only
complexes involving interstitial Si produce these kinds of
vibrations, as shown in Tables VIII and IX.

In summary, we find that complexes containing inter-
stitial nitrogens always produce higher-frequency local
modes while complexes containing substitutional nitro-
gens produce low-frequency quasilocal modes. Therefore
these defects would affect the phonon sidebands in
luminescence spectra quite differently. In these calcula-
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tions we provide an understanding of the QLM’s and
LM’s of possible defects by using widely accepted models
for some of the nitrogen defects. Because a linear chain
model is not adequate to represent the effect of three-
dimensional crystal vibrations in LM calculations for
large defect complexes, we have carried out supercell cal-
culations using dynamical matrices. Atomic models for
experimental results have been suggested based on this
work.
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