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Vibronic spectra of impurity-related optical centers in diamond
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Electron-vibrational spectra of impurity-related optical centers of diamond are analyzed in terms of interac-
tion with quasilocal and local vibrations connected with impurity atoms as well as with the short-wavelength
lattice phonons. It is shown that the theoretical expressions for the energy and resonance width of quasilocal
vibrations in crystals caused by heavy isotopic impurity at¢B®ut and Visscher, Phys. Rev. Lef, 54
(1962] can be satisfactorily applied for description of the acousticlike quasilocal vibrations in the diamond
lattice caused by chemically different impurities. The model of quasilocal vibrations can also be successively
applied for impuritiede.g., nitrogehwith masses comparable with the mass of the host carbon atom, provided
these impurities form rigid clusters with host atoms vibrating as heavy units. The model is used for analysis of
the optical centers in diamond containing Ti, Cr, Zn, Ag, Tl, W, Ni, Co, Ta, Si, and N impurities. Based on the
results of this analysis, atomic models of the 3.188 eV N-related, 1.249 eV Ti-related, and 2.56 eV Ni-related
centers are proposed.

[. INTRODUCTION optical centers since it may deliver the necessary intrinsic
structural component§or instance, self-interstitial atoms or
More than 500 electronic optical centers have been devacanciep to the impurity atoms. It is this peculiarity that
tected in the absorption and/or luminescence of diantdnd. allows some optical centers to be readily created by doping
Half of them are believed to be impurity related. A vastduring growth, but others only when the impurity is inserted
majority of these centers are due to nitrogen. No other imby ion implantation.
purity exhibits in diamond such a great variety of optical The most characteristic features of the impurity-related
centers as does nitrogen. However, nickel and cobalt magptical centers are the energies of their electronic transitions.
also produce many different optical centers under certaif he electronic structure of a defect containing an impurity
doping, irradiation, and annealing conditions. Other impuri-atom is totally different from that of the host carbon atoms.
ties give rise, as a rule, to only one characteristic center pdpue to this, every impurity-related center is characterized by
species. By now at least the following impurities have beerits optical spectrum and principally by the spectral position
intentionally introduced into diamond during growth or by of the zero-phonon line&ZPLs). The ZPL energy is usually
ion implantation with the aim of creating the related optical considered to be the main parameter distinguishing and char-
centersH, He, Li, Be,C, B, N, O, F, Ne, Na, Al, S,Si, P, acterizing an optical center. However, though relatively sel-
Ar, Ti, V, Cr, Mn, Fe,Co, Ni, Cu, Zn, Ga,As, Y, Zr, Nb, dom, some different centers may have ZPLs with almost
Mo, Pd,Ag, Cd, SbXe, Ta, W, Pt, Au,Tl, and Er. Those in  coinciding spectral positions. In this case, when the spectral
bold have been found to form optical centers. A peculiarityresolution of the instrument is not sufficient, there is a danger
of diamond is that it is almost impossible to predict the en-of confusion. Examples of such centers are the nitrogen-
ergy range of the radiative electronic transitions at impurityrelatedH3 center with ZPL at 502.3 nm and the radiation
centers based on the electronic structure of these impuritigstrinsic 3H center with ZPL at 502.5 nm, and the nitrogen-
when in the atomic, ionic, or molecular state, as can be doneelatedN3 center with ZPL at 415.2 nm and a specific center
for other solids. The short and strong covalent bonds of diawith ZPL at 415.2 nm observed in luminescence of some
mond modify the electronic structure of any introduced at-chemical-vapor-depositeCVD) diamond films'? Even the
oms so strongly that their inherent electronic structegseen  GR1 center with ZPL at 741 nm was confused with the
for compact multicharged ions of transition metals or raresilicon-related center with ZPL at 738 nm by several authors.
earth$ is no longer a decisive factor in formation of optical To resolve the problem of the identification of optical
centers. Such behavior is also characteristic, though to eenters in case of coinciding ZPLs one should compare their
lesser extent, of other superhard semiconductors like cubiother parameters. Fortunately, optical centers possess one
boron nitride and beryllium oxid,the crystal fields of more parameter that, along with the ZPL, is very specific to
which may also modify the electronic structure of impurity each center. This is the energy and relative intensity of the
atoms considerably. The crystal field in lattices of superhardibration-assisted electronic transitiofsbronic sidebands
semiconductors is so strong that even noble gases, whearacterizing the electron-vibrational coupling at the optical
placed in certain lattice positions, lose their chemical inert-center. There are no two different optical centers in diamond
ness and form covalently bonded defects with surroundinghat would exhibit equal vibronic sidebands. However, there
host atoms, which can detected as characteristic opticalre some centers showing rather similar electron-phonon
centers' coupling, for instance, the 2.526 eV center observed in natu-
The method of impurity introduction into diamond also ral type-laB diamonds and the 2.523 eV center created in
plays an important role in the formation of impurity-related some natural type-la diamonds by ion irradiafidiiFig. 1).
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Steedset al. in Ref. 11, who draw attention to the fact that
CL 2528 the expressions for the frequency and width of the resonant
77K 155 meV peak of quasilocal vibrations involving heavy atoms obtained
in Ref. 12 could very well describe the vibrational spectrum
1‘— of the tungsten-related center in diamond.
When studying the spectra of the optical centers related to

/_/J\ML heavy impurity atoms, the following common peculiarities

can be noticed(i) There is relatively low electron-phonon
coupling. Usually the Huang-Rhys factor for all the vibra-
tional modes interacting with the cent&s1. (ii) Several
74 meV 76 meV relatively narrow lines are present, the spectral width of

\__Q which may range from 5 to 15 meV. Very often only one of

85 meV 88 meV

2.526
141 meV

them is fine structured. This structured line is believed to be
- T T 1 - the true ZPL of the centefiii) The narrow linegincluding
20 21 22 23 24 25 2o the ZPD may form an equidistant structut energy scale
QUANTUM ENERGY, eV in the low-energy range of the vibrational sideband. Usually
FIG. 1. CL spectrataken at a temperature of 77 Kf the 2.526  the energy difference between the neighboring lines ranges
eV center in a natural type-laB diamori@ef. 5 and the 2.523 ev  from 20 to 40 meV. The narrow lines other than the ZPL do
center in a natural type-la diamond as implanted with ®hs of ~ not exhibit any fine structure and are suspected to be due to
energy 300 keV. The vibronic spectra of both centers have a similaguasilocal vibrations(iv) Predominantly, interaction is with
structure. The energies of the zero-phonon electronic transitions atattice phonos of energy above 140 meV, which are believed
very close to each other. However, the energies of the dominatingp be short-wavelength optical phonons of the diamond lat-
phonons differ by a coefficient df w, 5o6/f w5 507~ 0.9. tice.
A defect containing a heavy impurity atom of a méés
Thus, to be on the safe side, a reliable identification of opticonsiderably exceeding the mass of the host akbgcan
cal centers must include measurements of the spectral pogienerate only quasilocal vibrations involving this impurity.
tions of the ZPLs as well as analysis of the spectral structuréf the impurity atom does not noticeably change the forces of
of the vibrational sidebands. the interatomic interactions inside the deféftr instance,
The aim of the present paper is to provide further insightfor isotopic impurities and acoustic vibrationsthe fre-
into the nature of the vibrational spectra of impurity-relatedquencywq_ and the resonance widthwq, of the quasilocal
centers of diamond with particular emphasis on the role ofibration are described by the following expressidhs:
quasilocal vibrations. It is shown that for some centers the

analysis of the vibrational sidebands provides information W= wp YMJ3(nM,—My),

that is sufficient to propose atomic models of the correspond-

ing defects. - Mc
Awa=g “ong —m

Il. ELECTRON-VIBRATIONAL COUPLING OF OPTICAL h . is th bve f f the di d
CENTERS RELATED TO HEAVY IMPURITIES wherewp =150 meV is the Debye frequency of the diamon

lattice andn is the number of impurity atoms involved in the

Essentially, the vibrational sideband of an impurity- quasilocal vibration. It is important to note that the quasilo-
related optical center is formed due to interaction with intrin-cal vibration described by these expressions is an acoustic
sic lattice phonons as well as with lod@he energy of local one. This means that the impurity atom and its next carbon
vibrations is above the energy range of the matrix phononsneighbors vibrate with the same phase. For an impurity atom
and quasilocalthe energy of quasilocal vibrations is within of mass over 30 a.m.u., the energies of acoustic quasilocal
the energy range of the matrix phonprgbrations localized vibrations do not exceed 75 meV. That is, they get into the
at atom fragments of the corresponding defect. The energgnergy region of low vibrational density of the diamond lat-
values and type of the local and quasilocal vibrations areice (Fig. 2). Thus, optical centers containing impurity atoms
determined by the masses of the vibrating atoms inside theanging from Si(28 a.m.u). to Tl (204 a.m.u. may exhibit in
defects and the interatomic forces driving these vibrationstheir spectra quasilocal vibrations of energies from 75 down
Thus the impurity-related centers may have an additionalo 22 meV with corresponding resonance widths from 59
specific characterization parameter distinguishing them frondown to 5 meV. Note that for very heavy impurities the lines
the intrinsic centers, namely, the local and quasilocal vibradue to quasilocal vibrations are expected to be almost as
tions involving the impurity atoms. narrow as ZPLs.

The origin of the vibrational sidebands of optical centers A peculiarity of the electron-phonon coupling with lattice
in diamond is still an obscure subject. There are only a fewphonons at impurity-related optical centers is the predomi-
publications on the subject, for instance, those analyzing thaeant interaction with modes whose wave vectors are at criti-
nature of local and quasilocal vibrations of the nitrogen-cal points of the Blillouin zone boundary. There are two
related centers with ZPLs at 3.188 and 2.807%%/of the  reasons explaining this behavior. First, the phonon density
silicon-related center with ZPL at 1.681 é\gnd of the in-  has its maximum at the critical points and, consequently, the
trinsic GR1 centert® A simple and effective approach to the probability of electron-phonon interaction with these modes
interpretation of the vibrational sidebands was proposed bis the highest. Secondly, at the Brillouin zone boundary the
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157 fective coupling may occur with relatively long-wavelength
153} optical phonons. Essentially, the optical vibrations, irrespec-
l tive of wavelength, cause much stronger change of the inter-

atomic distances between the vibrating atoms in comparison
162 with that caused by acoustic vibrations. Therefore the optical
modes always dominate the electron-phonon coupling at
point defects.
Based on these considerations, one can expect that the
vibrational sidebands of optical centers are dominated by

146 meV (A optic and acoustic at X paint, Z at W point)

136 meV (£2 optic at K point, A5 optic at X point)

127 meV (A1 acoustic at L piont, Z at W point)
119 meV (=3 acoustic at K point)
98 meV (z4 acoustic at K point)

166.7

73 meV (A3, acoustic at L point)

m:::it':f;‘ﬂ’:‘(’;jjo) cutoft optical phonons and short-wavelength acoustic phonons as
168 meV well as by quasilocal and local vibrations. Thus any feature
in the vibrational sidebands of energy below, say, 70 meV is
165.1 meV, Raman phonon (T-poirt) T very probably a quasilocal vibration, and any feature of en-

VIBRATIONAL DENSITY OF STATES, arbitrary

ergy above 168 meV is a local vibration.

: T - T T
50 100 150 200
PHONON ENERGY, meV

—
Q
=
o

IIl. OPTICAL CENTERS WITH HEAVY IMPURITIES

A. Titanium
1196 (148 meV)

1117 (138 meV) CathodoluminescendeCL) of the Ti-related optical cen-
1242 (154 meV) ter in diamond was reported in Ref. 13. The center was cre-
ated in natural diamonds by Tion implantation and subse-
1328 quent annealing at a temperature of 1400°C. The CL
(185 meV) spectrum of the center takeh4K is shown in Fig. 3a). The
center exhibits two relatively narrow lines at 1.217 and 1.249
eV along with broader bands with maxima at 1.13 and 1.16
eV. Only the line at 1.249 eV shows fine structure. This line
is believed to be the true ZPL of the center. The other fea-
tures are ascribed to vibronic replicas of the ZPL due to
interaction with vibrations of energies of 32, 85, and 119
. : : meV. The small width of the 1.217 eV liri¢ghe full width at
600 800 1000 1200 1400 half maximum is 5 meV and relatively small energy sepa-
(b) WAVE NUMBER, cm” ration from the ZPL(only 32 me\} suggest that this line may
be caused by a quasilocal vibration due to the Ti impurity. A
calculation of the energy and width of the resonance peak of
quasilocal vibrations involving one Ti atom strongly con-
Ylicts with the experimentally measured valusse Table)l

630 (78 meV,
] ( ) 1089 (135 meV)

1015 (126 meV) \

817 (101 meV)

FIG. 2. (a) Calculated vibrational density of states of diamond

lattice (Ref. 36. Most of the marked features can be found in vi-
brational sidebands of optical centers related to heavy impurity a

oms. For comparison an abso.rpt'on Specn(.mﬂ en at room fem- "o petter coincidence between the experimental and
peraturg of a natural type-lla diamond irradiated with high-energy . . S .
calculated data is attained when assuming incorporation of

carbon ions is given ifb). It is seen that the experimental spectrum . . . . .
qualitatively resembles the calculated curve of the vibrational dentWO Ti atoms into the Ti-related defect. In this case there is

sity of states. Some features of the spectrum have good quantitatieXCEllent quantitative agreement for the energy of the

coincidence with corresponding maxima of the calculated phonorfluasilocal vibration. However, the calculated resonance
density curve. width is twice as high as that observed experimentally.

The other vibrational features of energies 85 and 119
phonons have the shortest wavelengths. Since the impurityneV relate probably to the maxima at 98 and 119 meV of
related optical centers are mostly point defe¢te charac- the vibrational density of states of the diamond lattice, both
teristic size of point defects is of a few interatomic dis- corresponding to acoustic phonons with the shortest wave-
tanceg, the electron-phonon coupling at them occurs mostengths propagating along th@10 direction [Fig. 3(b)].
effectively with short-wavelength vibrations, the wavelengthBased on these facts, a very tentative model of the Ti-related
of which is comparable with the defect size. The secondenter could be a complex of two Ti atoms in the nearest
peculiarity of electron-phonon interaction is particularly tetrahedralor hexagonalinterstitial positions placed along
straightforward for acoustic phonons. Indeed, the change dhe (110 axis, or a(110 split interstitial of two Ti atoms
interatomic distances by acoustic vibrations is inversely profFig. 3(b)]. Indeed, such a configuration looks to be particu-
portional to their wavelength. Since the vibration-relatedlarly sensitive to the lattice deformations caused by the
change of interatomic distances inside the defect is the maiacoustic phonons in thel10) direction.
factor in its electron-phonon interaction, long-wavelength
acoustic phonons scarcely participate in the electron-phonon
coupling at point defects. The optical phonons behave rather
differently because they provide antiphase movements of A specific center with the main line at 1.673 ¢¥41 nm)
neighboring atoms at any wavelengths. For optical modes this observed in the CL of natural low-nitrogen type-Illa dia-
influence of the wavelength on the change of the interatomienonds implanted with Crions and subsequently annealed
distance between vibrating atoms is relatively weak. An ef-at temperatures above 800 €ig. 4). In addition to the

B. Chromium
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C. Zinc

119 meV

The Zn-related optical center can be created in type-lla
diamonds by Z ion implantation followed by an annealing
1.249 at temperatures above 800 °C. The most prominent feature of
the center is its ZPL at 2.393 €318 nn) (Fig. 5). The ZPL
is accompanied by relatively narrow lines at 2.363(824.5
nm) and 2.330 eV(532 nm), as well as by a broader band
peaking at 2.24 e\{(553 nn). The spectral parameters of the
two former lines can be well ascribed to a quasilocal vibra-
tion of energy 30 meV located at a defect involving two Zn

atoms(Table |). The broad band can be attributed to interac-
L tion with the optical phonons forming the most intense peak
. of the diamond phonon density curve in an energy range
1.10 115 120 1.25 from 140 to 165 me\[Fig. 2(a)].

QUANTUM ENERGY, eV
(a)

85 meV

32 meV

|l

D. Silver

<111> 1.249 eV Ti-related center The Ag-related optical center with its main ZPL at 3.110

eV (398.5 nm is created by Ag ion implantation and an-

nealing at temperatures above 800 °C. This center exhibits

Oimersmial Ti fairly strong CL. Relatively low conpentration of the Ag at-
oms (below 138cm™3) may result in a strong CL of the
398.5 nm center, when implanted into a low-nitrogen natural
diamond[Fig. 6(@)]. In the spectral area around the ZPL four
narrow lines can be resolved, forming two pairs of lines with
a correlating intensity. It can be suggested that the lines at
3.117 eV (397.7 nm and 3.110 eV(389.5 nm are true
ZPLs, whereas the lines at 3.095 €%00.5 nm and 3.089

(b) eV (401.2 nm are their replica, due to interaction with

quasilocal vibrations of energy 21 meV. Calculation of the

FIG. 3. (a) CL spectrum(taken at liquid nitrogen temperatore €N€rgy and resonance width of quasilocal vibrations m_volv-_
of a natural diamond implanted with Tions at room temperature INg Ag atoms gives excellent agreement, when assuming si-
and subsequently annealed at a temperature of 14GRe€ 13.  Multaneous vibration of two Ag atonisee Table)l In ad-

(b) A possible atomic model of the Ti-related optical center: a pairdition to the quasilocal mode, the Ag-related center also
of Ti atoms in neighboring tetrahedral interstitial positions alonginteracts with optical phonons, the most intensive of which
the (110 axis. Note that this model assumes that the Ti-Ti bondhave energies of 122, 142, and 162 meV. These values are
length is shorter than one-half wavelength of Bhphonon atth&K  very close to the energies of corresponding maxima in the
point. The movements of the atoms involved in theacoustic  vibrational density of states of diamorifig. 2).

vibrations are shown with arrows.

‘ O substitutional C

o o i E. Thallium
main line, which is most probably the ZPL, the center exhib-

: ; lon implantation of TI ions produces in diamond rela-
its several other relatively narrow peaks at 1.644 @84 . .
nm), 1.61 eV (770 nm, and 1.569 V(790 nm separated tively strong CL of a center with ZPL at 2.019 €814 nm),

from each other by an energy of 31 meV. Because of the IOV\I/:|g. 7. The center can first be detected after postimplantation

intensity of the Cr-related center, the real widths of thes annealing at temperatures above 700°C. The Tl-related cen-

. : Ser exhibits a very low electron-phonon coupling with acous-
lines have not been measured. From the available spectru y b Ping

h i b d that the i dith bel 1'@0 lattice modes. The main features of the vibrational side-
owever, It can be assumed that the line widths are below g, are two relatively narrow peaks at 1.996 @21 nm

meV. ltis as;umed _that .the lines at 754, 770, e_md 790 nm argnd 1.974 e\(628 nm), a structured band in a spectral region
due to quasilocal vibrations of Cr atoms. As in the case ok 1.89 eV(655 nm to 1.85 eV(670 nm), and four peaks
the Ti-related center, excellent agreement between the calcy; 1 753 eV(707 nm), 1.738 eV (713 nm), 1.698 eV (730
lated and experimental parameters of the quasilocal vibrationm), and 1.682 eM737 nm. The former two lines can be
can be obtained by suggesting incorporation of two Cr atomascribed to a quasilocal vibrational mode of energy 21 meV
into the corresponding defe¢see Table )l Due to the low |ocalized at a Tl-containing defect involving only one TI
intensity of the Cr-related center and its overlapping with theatom. The calculated values of the energy and resonance
broad and intens8 band (the B band is a very prominent width of the corresponding quasilocal vibration coincide well
feature of type-lla diamonds subjected to implantation bywith the experimentally measured valu@sable ).

any ions with subsequent annealing at temperatures above The structured band is formed of features arising due to
700°C1? see Fig. 6a), it is not possible to recognize any interaction with lattice optical phonons of energies 132, 140,
vibrational features that are due to interaction with high-159, and 167 meV. All these values closely coincide with the
energy lattice phonons. main features of the diamond phonon density curve, actually



PRB 61

VIBRONIC SPECTRA OF IMPURITY-RELATED.. ..

12913

TABLE |. Vibrational parameters of impurity-related optical centers in diamond.

Species and atomic wg (MeV) Awg Impurity Phonons
mass(a.m.u) (number of impurity atoms in parentheses (meV) content (meV)
Ti(48) experiment: 32 5 2Ti 85, 119
1.249 eV center calculations: §1Ti); 32.7 (2Ti) 26 (1Ti); 11.2(2Ti) (X acoustic aK point)
Cr(52) experiment: 31 <12 2Cr not detected
1.673 eV center calculations: 4ICr); 31.3(2Cn 24 (1Cr); 10 (2Cr)
Zn(65) experiment: 30 8 2Zn 152
2.393 eV center calculations: 41(2Zn); 27.6(2Zn) 17.7(1Zn); 8 (2Zn)
Ag(108 experiment: 21 4 2Ag 122, 142, 162
3.110 eV center calculations: 30(B6Ag); 21 (2Ag) 9.8 (1Ag); 4.6 (2AQ)
Ti(204) experiment: 21 6 Ti 132, 140, 159, 167
2.019 eV center calculations: 21(6T1) 4.6(1T1)
W(184) experiment: 24 55 w 165
1.735 eV center calculations: 23 W) 6 (1W)
Ni(58.7 experiment:~50 ~30 Ni 99, 127, 165
1.4 eV center calculations: 44Ni) 20 (1Ni)
Ni(58.7) experiment: 24; 36 8 for both 2Ni 128479
2.56 eV center calculations: 44Ni) 20 (1Ni)
29.2 (2Ni) 8.9 (2Ni)
35.7(1INi+2C) 13.3(1INi+20)
24.2(2Ni+4C) 6.1(2Ni+40)
Ni(58.7 experiment: 26 9 2Ni 157
3.1 eV center calculations: 44Ni); 29.2 (2Ni) 20 (1Ni); 8.9 (2Ni)
Ni(58.7 experiment: 26 8 2Ni 85, 165
2.292 eV center calculations: 29(2Ni) 8.9 (2Ni)
Co(59) experiment: 44 13 Co
1.852 eV center calculations: 42Co 20(1 Co
Co(59) experiment: 25; 56 ~13; ~20 2Co 119
1.989 eV center calculations: 44Co); 29 (2Co 20 (1Co); 8.8 (2Co
Co(59)+Ni(14) experiment: 38 ~13 Co+N 100 (for the 2.277 eV center
2.367 and 2.277 eV calculations: 38.41Co+1N) 15.4(1Co+1N)
centers
Ta(181) experiment: 26 ~10 Ta not detected
1.774 eV center calculations: 23 6
Si(28) experiment: 64; 41 6; 30 2Si 90, 125, 148, 155, 163
1.681 eV center calculations: 18Si); 45 (2Si) 59 (1Si); 21 (2Si)
N(14) experiment: 5857 in 1%C); 178.8 ~20 N 73, 98, 116, 125, 131, 137,
3.188 eV center calculations: 5§ BN+2C) (57.8 in*°C); 36(1IN+2C) 151, 154, 162, 165, 1904\ ;
174 (GN-Cy)) phonons at point dominate,
(1173) direction
reproducing the phonon density curve in a range from 130 to F. Tungsten

168 meV(Fig. 2). This peculiarity suggests that the Tl atom | minescence of the tungsten-related center is excited in

does not change the symmetry of the surrounding diamong/p giamond films grown by the hot-filament method using

lattice and does not disturb the density distribution of short-, tungsten filamentFig. 8111415 The center is excited in

wavelength optical phonons. To satisfy this condition the Tl cathodo- and photoluminescence. A specific feature of
atom should occupy a tetrahedral position. Since the Tl atone \v-related center is the presence of at least five ZPLs in a
is a large one, the most likely position is expected to be thepectral region from 1.76(04) to 1.738 eV,(713 nm. The
tetrahedral interstitial one. most intense ZPl(the W5 centey is at 1.735 eV(713 nm).

The final most energetic four lines of the vibrational side-The vibrational sideband of the center is dominated by a
band are merely two-phonon replicas due to interaction witlyuasilocal vibration of energy 24 meV involving one W
optical phonons. The energy positions of these lines relativatom'* (Table |). In CL a relatively broad band is observed at
to the ZPL are exactly twice the energies of the features that25 meV away from the main ZPL. Comparing this energy
form the structured band at 660 nm. with the phonon density curve of diamond, one can see good
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31 moav 2.56 eV are readily created when doping diamond with Ni
C both during growth and by ion implantation. Both centers are
741 r active in luminescence and absorption. In contrast, the 3.1
eV center is observed only in absorption. Up to now, there
754
398.5
770 Ag
417.5
720 740 760 780 800
WAVELENGTH, nm B-band
FIG. 4. CL spectrumtaken at 80 K of a very-low-nitrogen
natural diamond implanted with 300 keV Cions at a dose of ‘,}
10*cm 2 and subsequently annealed at a temperature of 1400 °C. . . . l l .
Vertical lines show structure due to interaction with quasilocal vi- 400 500 600 700 800 900
brations of two Cr atoms. WAVELENGTH, nm
3985 Ag
agreement with one of the strong features of the phonon 165 mev
density of diamond, which could originate frofil acoustic 162 meV
phonons at thé point, %1 acoustic vibrations at thi€ point, 142 mev
or Z phonons at th&V point.
122 meV
G. Nickel
Ni produces many optical centers in diamond, depending
on doping method. The most well known of them are the
centers with ZPLs at 1.4 €885 nn), 2.56 eV (484 nn), 4148
and 3.1 eV(400 nm (Figs. 9-1). The centers at 1.4 and arh
4205
400 40 480
WAVELENGTH, nm
518 Zn 21 meV
398.5

165 meV (Raman)

152 meV

30 meV

1 524.5
5

32
575 (N)
553 WWW

T T T T T
500 520 540 560 580 600
WAVELENGTH, nm

FIG. 5. CL spectrumtaken at 80 K of a very-low-nitrogen
natural diamond implanted with 350 keV Zrions at a dose of

400.5

21 meV

401.2

T T
396 398

T
400

T T T
402 404 406

WAVELENGTH, nm

FIG. 6. CL spectrumitaken at 80 K of a very-low-nitrogen

10*cm 2 and subsequently annealed at a temperature of 1400 °Qiatural diamond implanted with 350 keV Agons at a dose of

The phonon-assisted spectrum of the Zn-related center spreads 16**cm

—2

and subsequently annealed at 1400°C. The lines at

the Raman phonon energy. The peaks at 524.5 and 532 nm a#d4.8, 417.5, and 420.5 nm are replicas due to interaction with
replicas of the ZPL due to interaction with quasilocal vibrations of short-wavelength optical phonons of energy 122, 142, and 162
Zn atoms. meV.
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1.401, 1.404
614 165 meV
o, 167 meV T 127 meV l
99 meV
b, 159 meV 70 meV
50 meV]|
fiw,,140 meV
2hw,,335 meV

Ao, 132 meV 22, 319 meV

7 mev 210,280 meV
621 2h0,,264 meV

l625

! : : i ! : T T T T T T
850 '
600 650 700 780 800 0.9 10 1.4 12 13 14 15

WAVELENGTH, nm QUANTUM ENERGY, eV

FIG. 7. CL spectrunitaken at liquid nitrogen temperatjref a FIG. 9. CL spectrunitaken at liquid nitrogen temperaturef

yery-low-rgjltrogerfl fnﬁaturil dla(ljmorl;d |mplar:ted W'thl %50 klil\goﬂ c the 1.4 eV Ni-related center showing spectral structure of its vibra-
ions at a dose of T0cm™~ and subsequently annealed at -tional sidebandRef. 37.

The narrow lines at 621 and 628 nm are due to interaction with
quasilocal vibrations involving one Tl atom. The band at 667 nm is

a vibrational sideband due to interaction with optical phonons. phonons corresponding to the maxima of the phonon density

curve. Thus the model of quasilocal vibrations assumes in-
corporation of one nickel atom in the atomic structure of the
1.4 eV center. It is in agreement with the one-Ni-atom-atom-
model of Refs. 16 and 17 based on analysis of the fine struc-
ture of the ZPL related to different Ni isotopes. Indeed, the
1.The 1.4 eV center ratio of the experimentally measured intensities of the ZPL
The vibronic band of the 1.4 eV center is dominated by acomponents deviates from the natural abundance of Ni iso-
broad maximum at an energy of 60 meV apart from the ZPL!opes within a 13% error. In contrast, when assuming incor-
This maximum can be fitted by a superposition of a Gaussporation of two Ni atoms in the 1.4 eV center, the experi-
shaped band of width 30 meV lying about 50 meV from themental and calculated data differ by a factor of G&e Table
ZPL and the low-energy taibelow 70 meV of the diamond II).
phonon density. Assuming that the origin of the 50 meV
band may be a quasilocal mode related to the Ni impurity, its

;a_nergy lcanl t?edcfompared V(\j”tth engk;gu?_s oquuzisnocaI V|b|r_a— The spectrum of the 2.56 eV nickel-related center exhibits
t'otf‘s caiculate tqr org;ta an d \fNOt\;: ra mg.l : alor_Es. tQua."a fine-structured ZPL and relatively narrow bands, which are
ative agreement is obtained for the quasilocal vibration e 4 4164 from the ZPL by energies of 24, 36, 125, and 147

v_c;:v;gg cc)lnef ':Ir'] athTf‘/ble Dj[ Other Iﬁaturesf of the.V|br909n|clz9qu_ The first two bands are believed to be due to quasilocal
sideband of the 1.2 €V center areé those of Energies 99, L2 0y, a4iongl8 Relatively good agreement can be obtained for

and 165 eV. All these vibrations can be ascribed to Iatticea quasilocal vibration involving two Ni aton{@able . It is

are no reports on creation of the 3.1 eV center by kin
implantation.

2. The 2.56 eV center

1.735 (Ws)
2.56
24meVl 4 741 (Wd)

1.754 (W2)

1.750 (W3)
l 1.759 (W1)

\ 125 meV

36 meV
PL, 20K

exit. 2.41 eV

24 meV

127 meV A

-

i

T
2.60

1.55

/\//J\/ \\_—/—(i LNT
T T T
1.60 1.65 80 1.

T
1.70
QUANTUM ENERGY, eV

T
1.75 1. 85 125 meV

T T T
2.45 2.50 2.55
QUANTUM ENERGY, eV

235 2.40 265
FIG. 8. PL and CL spectraecorded at liquid nitrogen tempera-
ture and at 20 K, respectivelpf CVD diamond films grown using
a tungsten filament. The lines W1 through W5 are believed to be FIG. 10. CL spectrungtaken at liquid nitrogen temperatyref
ZPLs of the W-related centéRefs. 11, 14, and 25The 24 meV  the 2.56 eV Ni-related center showing spectral structure of its

quasilocal vibration of the W atom dominates the spectrum. vibrational sideband.
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60 tional argument in favor of the model, indicating that the
Ni-Ni pair is oriented along thé€111) direction(for instance,

a split interstitial of two Ni atoms, or two interstitial Ni at-
oms in neighboring tetrahedral positions along 41
axis).

A particular feature of the 2.56 eV center is a relatively
weak line at 2.585 eVW479.5 nm lying about 25 meV from
the ZPL toward greater quantum energies. Interestingly the
relative intensity of this line strongly increases with tempera-
ture. This is natural behavior, if we assume that the 2.585 eV
line is merely the anti-Stokes vibronic replica of the ZPL due
to interaction with the 24 meV quasilocal vibrations involv-

‘ . . ; ing the whole G=Ni—Ni=C, cluster.
3.00 3.05 3.10 3.15 3.20 3.25 3.30 .
QUANTUM ENERGY, 6V The most reasonable alternative model of the 2.56 eV
nickel-related center discussed in the literature is a substitu-

FIG. 11. Absorption spectrum of the 3.1 eV center taken fromtional Ni~ ion of Ty symmetry proposed in Refs. 18 and 39.

octahedral growth sector of a synthetic diamond grown employing aowever, this model is not consistent with optically detected

nickel catalyst with 2.5 at.% Ti adde(Ref. 19. The 26 meV  magnetic resonance experimental results that assume a lower
quasilocal vibration of two Ni atoms forms a periodic structure in asymmetry of the corresponding defect.

spectral range from 3.06 to 3.12 eV. The center clearly exhibits
interaction with optical phonons of energy 157 mé&Waximum of 3. The 3.1 eV center
the diamond phonon densijty

157 meV [

50

40 4

30

20

ABSORPTION COEFFICIENT, cm’

The primary ZPL of the 3.1 eV center is a fine-structured

. 19 . .
interesting that the calculated value of 29.2 meV for the 2niPand at 3.065 eN404.4 nm (Fig. 11).™ The vibronic struc-

quasilocal vibration lies in between the two peaks observea‘gt‘?nzf rtr?c()esfﬁafj)r/ If?ocrjr??gifsdilgga?vzigrgtﬁ\é \I’r']k\)/g"’ll\t/';r; ?\;\'/g"
experimentally(24 and 36 meY. Two tentative explanations ¢ )

can be proposed to account for the origin of these two peaké\.II atomg(TabIe ). There is also a banq at 3.'076 MS'O
First, they might be due to two types of quasilocal vibrationsnm)’ Wh_'Ch al§o show_s a sequence of vibronic replicas due to
involving two Ni atoms. For instance, they could be vibra- Interaction with the vibration of the same energy, 26 meV.
tions of different orientations: along and perpendicular to theThou.gh the 3.076 eV band_does hot show any apparent siruc-
Ni-Ni pair. These vibrations could have somewhat differentld’®: it should also be ascribed to a ZPL, because of the very
energies, producing two separate vibronic transitions. Asmall energy differencéabout 11 meY between this line

more speculative explanation of the splitting of the quasilo—and the primary ZP_L' Inde_ed, .11 _meV |s_far too sm_all an
nergy for any quasilocal vibration in the diamond lattice. In

cal vibration of the 2.56 eV center can be proposed, assunf: d it thi | he vibrati h b d
ing that every Ni atom strongly interacts with two adjacentCrder to fit this value, the vibrating mass has to be assume

carbon atoms, so that they form rigid three-atom clustersi© P& over 700 a.m.u., which is, of course, far too big to be

each vibrating as a unit. A quasilocal vibration of these threéea"StiC' The weak broad feature lying 157 meV away from

atoms Ni2C would possess an energy of 35.7 meV, whichthe_ ZPL _is most probably a vibra_tional replica _due to inter-
is very close to the experimentally measured value of 3 ction with optical phon(_)ns form'”g the most intensive re-
meV. Then the vibration of the defect as the whole, that is3'°" of the phonon density of diamond.

2(Ni+2C), would give an energy of 24.2 meV. This value is
also in very good agreement with the experimentally ob-
served vibration 24 meVTable |). According to this model, A great variety of Ni-related optical centers can be in-
the 2.56 eV Ni-related center may have an atomic structureuced in low-nitrogen diamond by Niion implantation

of C,=Ni—Ni=C,. The bands peaking at about 2.42 eV (Fig. 12. There is no evidence that these centers are formed
(512 nm and 2.44 eV(508 nm) are possibly vibrational immediately during implantation. All of them can be de-
replicas of the ZPL and the 24 meV vibronic band, bothtected only after postimplantation annealing at temperatures
interacting with one and the same 125 meV phonon mode. labove 600 °C, when the damaged diamond lattice is suffi-
is interesting that the energy 125 meV coincides with that ottiently recovered. The spectral region from 2.69 e\0

the A1 acoustic phonon at thle point. It might be an addi- nm) to 1.97 eV(630 nm is the most highly populated with

4. Ni-related centers in ion-implanted diamond

TABLE II. Intensities of 1.4 eV center ZPLs related to different Ni isotopes compared with those
calculated assuming incorporation of one and two Ni atoms.

Stable Ni isotope &\ ONj 6INi 62N 4N
Experiment(arb. unitg? 100 33.6 ~2.2 5.3 2.0
One-Ni-atom model 100 38.2 1.9 5.3 1.7
Two-Ni-atom model 100 77.1 3.7 255 7.6
(most intense components 1182Ni) T182Ni) 1192Ni) 1292Ni) 1242Ni)

8References 16 and 17.
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540.8 (2.292 eV 601.6 (2.060 eV ;
( ) ( » N 1.852 Co

1400°C anneal
165 meV

85 meV
44 meV

26 meV 5738 60 meV

75 (nitrogen)

T T T T T T T T T T T T 7 T 7 T T
460 480 500 520 540 560 580 600 620 640
WAVELENGTH, nm

T N T
660 1.8 1.9 2.0 21 22
QUANTUM ENERGY, eV

FIG. 12. CL spectruntat liquid nitrogen temperaturef a natu- FIG. 13. Absorption spectrum of the 1.852 eV Co-related center

ral type-lla diamond implanted with 340 keV Nions at a dose of (Ref. 22.

10*cm 2 and subsequently annealed at a temperature of 1400 °C.

Most of the narrow lines in the spectrum are expected to be ZPLs ofo0 small an energy to be ascribed to a feature of the phonon
nickel-related centers. The line at 575 nm is the ZPL of the 575 nnflensity curve of diamond, a more probable explanation is a
nitrogen-related center. The lines marked with arrows were found ifjuasilocal vibration. Calculating the energy of the quasilocal

(Ref. 38 in absorption of HPHT synthetic diamonds doped with Ni vibration involving one Co atom, one can obtain good agree-

during growth. ment with the experimental dataable ).

The spectral structure of the 1.989 eV center is more com-
optical centers. Many of these centers have been suggestediticated than that of the 1.852 eV ceniiig. 14. In the
originate from interstitial-type defects containing Ni electron-vibrational spectrum of the 1.989 eV center, three
atoms?>?! The two most prominent centers, the vibrational Pands can be resolved, which correspond to vibrations with

spectral structure of which can be isolated from the generanergies of 25, 56, and 119 meV. The two former vibrations
spectrum, are those with ZPLs at 2.292 6540.8 nm and ~ ¢a&n be qualitatively interpreted as quasilocal vibrations in-
2.060 eV(601.6 nm. volving two and one Co atom, respectivglJable ). The

The 540.8 nm center interacts with a 26 meV vibration,119 meV vibration is most likely due to interaction wit8
which is likely to be due to a quasilocal vibration involving @coustic phonos at the point. The appearance of quasilocal
two Ni atoms(Table . Two relatively broad bands lying 85 V|b(at|ons with one and two Co atoms of similar intensities is
and 165 meV away from the ZPL also belong to the centerd hint that the Co atoms are not bound strongly to each other.
The origin of the latter band is quite clear: it originates from
interaction with optical phonons. The shape of this band is I. Cobalt and nitrogen
very similar to that observed in the electron-vibrational spec-
tra of the Tl-related centdsee aboveor the 3.188 eV(389
nm) N-related center.

When a Co impurity is introduced during growth into
high-nitrogen synthetic diamonds, several specific optical
; . . centers result, which are absent from the spectra of nitrogen-
terl2r:gecz:fﬁgggé\é'iggaté%ﬁ‘;lasE::;gi:lii%eEﬁozlgqrgoceni‘ree diamond$? On the basis of this fact it has been con-
nm). The energy difference between this band and the ZPL igluded that these centers are due to defects incorporating
60 meV. This value coincides with the energy of the most

intensive vibronic band of the 1.4 eV center. It can be as- 1.989
sumed that the 60 meV vibration is localized on the samel  Co
atomic fragment in both centers. So far, the 601.6 nm cente 119 meV [\

is suggested to be partially analogous to the 1.4 eV center
The difference is that the former contains interstitial atoms,
whereas the latter is a defect containing only substitutional
atoms.

H. Cobalt

Cobalt, when introduced in diamond during growth, pro-
duces many optical centetsHowever, attempts to create
Co-related centers by ion implantation have still not been ‘ , : :
successful. Of the variety of these centers two, namely, thost % 185 1.90 195 200

. QUANTUM ENERGY, eV
with ZPLs at 1.852 e\(669.3 nm and 1.989 e\(623.2 nm),
are analyzed. The 1.852 eV center is observed only in ab- FIG. 14. PL spectrum of the 1.989 eV Co-related cefiif.
sorption(Fig. 13. It is characterized by interaction with only 22). This center is one of the Co-related centers that is believed to
one vibrational mode of energy 44 meV. Since 44 meV isbe nitrogen-free.
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2.277

Co+N 698.7 Ta

38 meV

2135 2039l 2330

{
2.093 l 2.367

\vljni——-—’v{

T T T

T
2.0 22 24 26 28
QUANTUM ENERGY, eV

T T T T T T T T T T
FIG. 15. PL spectrum of a synthetic diamond grown with Co 680 690 700 710 720 730
catalyst after it had undergone a 1500 °C annealiRef. 22. The WAVELENGTH, nm
spectrum was recorded with gud delay in order to isolate the
long-time Co-related centers. The centers dominating the spectrurev
are believed to be due to @dN complexes.

FIG. 16. PL spectrunitaken at a temperature of 78) Kf a
D diamond film exhibiting the Ta-related center. Excitation with
514 nm Ar-laser line.

both Co and N atoms. The photoluminescence spectrum of o i )
the two most intense (GeN)-related centers, namely, those electron-vibrational sideband of the center has been studied

with ZPLs at 2.277 e\(544.4 nm and 2.367 eM523.7 nn), in detail in Refs. 9 and 25-2Fig. 17). TheT electron-phonon '
are shown in Fig. 15. Both centers exhibit prominent inter-coupling at the Si-related center is relatively weak. In lumi-
action with a quasilocal vibration of energy 38 meV and ghescence the strongest interaction occurs with a mode of en-
resonance width of 13 meV. Both these figures are in cIosfergy 64 meV. In addition, several other electron-vibrational
agreement with the calculated values of the energy and reséatures can be recognized in the spect(@iable ). Differ-
nance width of a quasilocal vibration involving one Co and€nt &tomic models have been proposed to explain the behav-
one N atom provided both atoms vibrate as one (site ior of the center{i) asubs_tltut_lonal silicon atom bound to a
Table ). Thus there is one more proof that the 2.277 and/a@cancy, the complex being in the neutral charge state

e . . e . 2 “es
2.367 eV centers indeed relate to defects containing one C§) @ defect containing silicon and nitrogen atofhs? (i)
atom and one N atom. two Si atoms located along tH&11) axis and bound to va-

cancies, as well as a two-silicon-atom mod&>*The main
difference between these models is the number of incorpo-
J. Tantalum rated Si atoms: one or two. Calculation of the parameters of

The optical center related to Ta impurity in diamond wasPossible quasilocal vibrations involving Si atoms gives ener-
found in photoluminescencéL) of CVD diamond films dies of 75 meV for one Si atom and 45 meV for two Si
grown by the hot-filament method using Ta filam&htThe atoms(Table ). These values are qualitatively comparable
center is characterized by a sharp ZPL at 1.774(8%8.7  With the energies of two features in the vibrational sideband
nm) and very weak electron-phonon coupliti§ig. 16). The
relative intensity of the center may be enhanced in films of

low quality. A weak relatively broad band at 1.75 €09 155 meV
nm) (the spectral width of the band is about 10 me¥n be 125 meV
recognized in the electron-vibrational side band of the center. 90 meV
This feature can be tentatively ascribed to a quasilocal vibra- ~Samev,
tion of energy 26 meV involving one Ta atofiiable I). A 40 meV

-

relatively sharp weak line at 706.5 nm observed in the spec-
trum probably does not belong to the 1.774 eV Ta-related
center.

K. Silicon

Although the silicon atom is not really a “heavy” one in 77 K \ 15K
comparison with carbon, nevertheless it is interesting to ap-

ply the model of quasilocal vibrations to silicon-related op-
tical centers also. A silicon impurity in diamond gives rise to
the very well-known optical center with ZPL at a wavelength
of 738 nm(1.681 eV. This center is created by any method  FIG. 17. PL spectrum of Si center taken from a CVD diamond
of doping: during high-pressure high-temperat@H#PHT)  film (Ref. 9. The vibrational structure of the center is shown for a
growth, during CVD deposition, or by ion implantation. The temperature of 15 Kexcitation at a wavelength of 737 nm

T T T T T
750 800 850 900
WAVELENGTH, nm
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TABLE lll. Intensities of ZPLs of the Si center related to dif-

161 meV
ferent Si isotopes compared with those calculated assuming incor- 138 mev a
poration of one and two Si atoms. 180 meV
161 meV
Stable Siisotopes  28Si 29g;j 30g;j | 138 mev TR12
177 meV
Experiment 100 11.2 ~7
One-Si-atom model 100 51 3.2

Two-Si-atom model 100 10.2 6.7 0.4 0.1
SG(ZSD 57(280 58(28i) 59(2SD BO(ZSD

3 rom Ref. 24; average off luminescence and absorption values.

of the center, namely, those peaking at 64 and 41 meV from

the ZPL. So far, it can be assumed that both modes are /LJ 179mev | 18 e
q_uasnocal modes_ of a d_efec_t containing two Si atoms. The 3800 4000 4200 4400 4600 4800
high-energy quasilocal vibration is localized on one Si atom, WAVELENGTH. A
whereas the low-energy one is localized on two Si atoms. ’
The other vibrational features observed in the spectrum are
due to interaction with the lattice phonons. The correspond-
ing maxima can be found in the curve of diamond phonon

gm P 3.188 eV center 161 b
denSlty. 1571155

The Si-impurity-related nature of the center was proved in
Ref. 35, where it was shown that the fine structure of the
ZPL can be well explained by electron-phonon interaction in
Si centers containing different stable Si isotopes. However,
no explicit statement on the number of Si atoms in the Si l
center was given in the paper, although the authors compared 58 138
the experimental spectrum with a calculated one based on the \ 115 129
one-Si-atom model. Nevertheless, when comparing the mea- 124
sured intensities of the ZPL components with those calcu-
lated for the two-Si-atom model, better agreement is l
achieved(Table Ill). This might be an additional proof that
the Si center does contain two Si atoms. 0 " % 10 10 200

PHONON ENERGY, meV

190.2
178.5

L. The 3.188 eV nitrogen-related center FIG. 18. (a) CL spectrum(at liquid nitrogen temperatuy¢aken

Whereas the Si atom can still be considered to some extom a nominally nondoped CVD diamond film as irradiated with
tent as a “heavy” impurity in diamond, this is not the case athigh-energy carbon iongon energy of 10 MeV/a.m.uat a dose of
all for nitrogen. Consequently, the model of quasilocal vibra-3-5% 10" cm™2. The vibronic sideband of the center exhibits all the
tions cannot be directly applied to nitrogen-containing defeatures c.haracteristilc of the phonqn density of states of the dia-
fects. However, there might be a chance to use the model ipjond lattice. The third-order V|brat|o_nal r_epllca. can be detected.
cases when nitrogen atoms from stable rigid clusters witH e bands at 4195 and 4_320 A are V|bron|<_: replicas of the 4094 A
surrounding carbon atoms, providing vibrating masses con2and- The 4396 A band is the second replica of the 4135 A band.
siderably exceeding the mass of carbon atom. An example cSP) F'rSt'Orqer V.'brat'.onal spectrum of the center. The quas'loc.al
such a defect could be the well-known nitrogen-related Opti_and local vibrations involving the nitrogen atom are numbered in

. . . . bold.

cal center with ZPL at 389 nn(Fig. 18. The vibrational
sideband of this center is almost completely formed of fea-
tures related to intrinsic phonons of the diamond latfieig.  The lower rate of the isotopic shift of the 178.8 meV local
18(b)]. The intrinsic origin of the vibrational sideband of the Vvibration has been explained by the presence of a nitrogen
389 nm center was unambiguously shown in Refs. 7 and g&tom involved in the vibration. By analogy, it can also be
where the spectrum of the center was studied on diamondidiggested that the 58 meV vibronic feature is formed from a
synthesized of different carbon isotopes. All the vibrationalquasilocal vibration also involving a nitrogen atom. Very
features except two exhibit a shift of their energies with re-good agreement with the experimental data can be obtained,
spect to the ZPL at a ratio ranging from 0.965 to 0.968when suggesting simultaneous vibration of a cluster formed
which is close to the ratio of the energy change of the C-Qf one nitrogen and two carbon atorfistal mass 38 a.m.u.;
vibrations, when substituting?C for *3C. The two men- see Table)l The measured energy of this quasilocal vibra-
tioned features, namely, a sharp line due to a local vibratiotion in *3C diamond is about 57 meV. The calculated energy
lying 178.8 meV from the ZPL and a very weak broad humpof the quasilocal vibration of a clustéfC,N is 57.8 meV
separated from the ZPL by an energy of 58 meV, show conéthe Debye frequency offC diamondwp 13 is assumed to
siderably lower isotopic shifts, characterized by factors ofbe equal towp 13c)= wp(i2c)yM12c/Misgc). Thus the calcu-
0.977 (for the sharp pegkand 0.983(for the weak hump  lated ratio of the isotopic shift of the quasilocal vibration is
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389 nm center sent from the electron-phonon sideband of the 389 nm center
in contrast to the dominating 73 meV band due to the trans-
verse acoustic\l phonons at thé point. The geometry of
the GN-C,, defect appears also to be sensitive to the short-
wavelength transverse optical vibrations propagating along
the (110 direction. This is possibly the reason for a rela-
tively intense 138 meV feature in the vibrational sideband of
the centerlcompare Fig. 2 and Fig. 18

The atomic model of the 389 nm center as N,
cluster gives the opportunity to explain the origin of the local

(O subsiiutional carbon, C (178.5 meV and quasilocal(58 me\) vibrations. Since the

mass of the nitrogen atom is higher than that of carbon, the

only possibility to create a true local vibration with an en-
@ suostitutional nitrogen, N ergy exceeding the highest vibrational energy of the diamond

lattice is to increase the force driving the vibrations of the
FIG. 19. Atomic model of the 389 nm nitrogen-related center:nitrogen atom. In the proposed model the nitrogen atom is
substitutional nitrogen atom bound to a carbon atom in the neares{;rrounded by five carbon atoms, each forming a covalent
tetrahedral interstitial position. The arrows show atomic movements, 4 Assuming that the strength of each N-C bond is about
at the following vibrationsabg transverse opticdlpolarized nor- that of the C-C covalent bond, one can compare the vibration

mal to the(110) pland %2 phonon at th point; edandik, trans- frequencies of the fourfold-coordinated carbon atag,
verse acoustia\3 phonon at thé point; edg quasilocal vibration : . . ) c
and the fivefold-coordinated nitrogen atapgsy:

of the C-N-G,, fragment.

v <110>

Kk -—

O interstitial carbon, C,,

0.983, which exactly coincides with the experimentally mea- 05
Sured one. wc4clwc5N: [(4f/M C)/(Sf/M N)] = 1035

Additional information related to atomic models of opti- The vibrational energy of the fourfold-coordinated C atom is
cal centers can be obtained by analyzing the types ofhe highest one of the diamond lattice, of energy 168 meV
phonons dominating the electron-phonon coupling. In thgsee Fig. 2 The ratio of this energy to that of the nitrogen-
case of the 389 nm nitrogen center, these are phonons witlsted local vibration gives a value 178.5/36B.063,
energies within a range from 150 to 165 meV. Two furtheryhich qualitatively agrees with the calculated ratio.

features dominating the electron-phonon sideband of the cen- The quasilocal nitrogen-related vibration of energy 58

ter are a strong broad band at about 73 to 77 meV and gev can be assigned to a transverse acoustic-type vibration
weaker band at 138 meV. These features originate Mosjf the C-N-G,, group in a plane parallel to th@11) crystal-
likely from the transverse acoustic3 phonons at the point  |ographic axis. This is actually an analog of thé (at theL

and the transverse opticfbolarized normal to the (10) point) transverse lattice phonons, which are characterized by
pland 32 phonons at th& point® That is, the atomic struc- the vibration of two-atom C-C groups in planes parallel to
ture of the 389 nm center appears to be particularly sensitivehe (111) axis. Since the driving forces of the vibrations of
to transverse vibrations along tkiel1) and(110 directions.  both the C-N-G, and C-C groups are the sarfrote that the

A possible atomic configuration sensitive to such vibrationsC,, atom is actually bound only to the N atom and does not
could be a C-N-C chain oriented along t{il1) direction.  change the interatomic forces in the chain of carbon atoms
Thus the following atomic model of the 389 nm center isalong the(111) direction, the frequency ratio of these vibra-
proposed: a substitutional single nitrogen atom N bound t@ions can be calculated adc.dwcnc, =[(2Mc)/(2M¢

the carbon atom  in the nearest tetrahedral interstitial po- |y W] o

o . / : 0-5=0.795. The ratio of the energies of the quasilocal
sition (atomic configuration of the defect,8-C), symme- \ipration (58 me\j and A1 (at theL point) transverse lattice

try Cay), Fig. 19. This model is well consistent with most onon(the 73 meV bandexactly coincides with this value:
experimental spectroscopic data on the 389 nm center, asg/73-( 795.

well as with peculiarities of formation of this center during
diamond growth and irradiation. The geometry of the
C,N-C;, cluster appears indeed to be sensitive to short-
wavelength transverse acoustic vibrations propagating along It has been shown that quasilocal acoustic-type vibrations
the (111 direction, because of a strong bending deformatiorare common features of electron-vibrational sidebands of the
of the C-N-G,, chain during the vibrational motiofmote that  optical centers related to heavy impurities in diamond. Dia-
the length of the C-N-@ chain is about half of the wave- mond is a very suitable material for revealing such vibrations
length of A phonons at thé. point). The movements of the because of the low mass of carbon atom. A common feature
lattice atoms involved iM 3(L) andX2(K) vibrations are  of the electron-vibrational interaction with quasilocal vibra-
shown in Fig. 19. It is interesting that the C-NpCatomic  tions is a relatively low coupling strength characterized by a
configuration appears to be insensitive to the longitudinaHuang-Rhys facto6<1. The energies and resonance widths
acoustic vibration along thél11) axis, since in this case the of these vibrations can be calculated quite satisfactorily with
C,) atom moves toward the hexagonal interstitial positionformulas given in Ref. 12. Since the deformation of inter-
almost freely and does not change the geometry of the clusttomic bonds by acoustic vibrations is relatively small, the
ter. This might be the reason that the longitudingl  acoustic-type quasilocal vibrations will not depend notice-
phonons at thé& point (energy of 126 meYare almost ab- ably on the bonding strength of the impurity atom with the

IV. CONCLUSIONS
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surrounding host atoms. This means that the chemical natuis interesting to note that the incorporation of two impurity
of the impurity atom does not much influence the energy ofatoms seems to be a quite common feature of impurity-
its quasilocal vibration. Due to this peculiarity the formulasrelated optical centers in diamond. However, for very heavy
of Ref. 12 describe fairly well the quasilocal vibrations of atoms like Tl or W the incorporation of single atoms is pref-
chemically different atoms and even atom clusters. Indeedsrable.
for all the optical centers considered above, irrespective of Finally, it should be noted that the model of quasilocal
the nature of the impurity, the energies of the quasilocaljjprations in the vibronic spectra of optical centers is not
vibrations can be calculated by taking into account only theestricted to diamond only. Nothing prevents its extension to
total masses of the vibrating atom clusters. other crystals. The only important factor is the mass of the
The applicability of the model of quasilocal vibrations can jmpurity atom, which must be considerably greater than the
be extended even to optical centers related to light impuritynasses of atoms constituting the host crystal lattice. Heavy
atoms, provided these atoms combine with carbon atoms tenpurities result in quasilocal vibrations of energies low
make rigid clusters vibrating as heavy units. Fortunately, nienough to get into the low-density region of long-wavelength
trogen, the most important optically active impurity of dia- |attice acoustic vibrations and, consequently, to provide char-

mond, appears to be such an impurity. If so, the electronacteristic vibronic features in the electron-vibrational side-
vibrational sidebands of the nitrogen-related optical centerggnds.

can be analyzed with the aim of recognition of the quasilocal
vibrations involving nitrogen atoms. No doubt the informa-
tion obtained in this way would be very helpful for structural
modeling of the corresponding defects, as has been shown
above for the 389 nm center. Fruitful discussions with Professor R. Sauer and Professor

Measurement of the energy of the quasilocal vibrations€E. Kohn(the University of Uln) are greatly appreciated. The
appears to be a simple and effective method to determine thauthor is also grateful to V. A. DravifLebedev Physical
number of impurity atoms involved in the vibration and, con- Institute, Moscow, who carried out all the ion implantations
sequently, constituting the impurity-related optical center. ltused in this work.
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