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Structure of the self-interstitial in diamond
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We report on a study of the structure of the neutral self-interstfiad tiamond, through the use of uniaxial
stress measurements and isotope-substitution effects on the optical absorption lines near 1685 and 1859 meV.
The stress perturbations are explicable in terms of a center Djthsymmetry, and the dominant stress-
induced perturbations are found to be interactions between the states of the center. The interstate couplings
establish that the excited electronic state of the transitions is a doublet,Z003.0neV splitting, revealing the
existence of another electronic state%that has not been discussed within existing models of the center. The
excited-state doublet couples throuBh deformations, while the well-known ground-state doublet, whose
splitting is measured spectroscopically atZ@1 meV, is coupled b, deformations of the center. The data
are quantitatively consistent witR, lin its ground electronic state, tunneling rapidly ifBa vibrational mode
between equivalend,-symmetry configurations, and in its excited electronic state tunnelingBn mode
between equivalert,,-symmetry configurations; in both cases, the motion is sufficiently rapid’ far have
the observed effectiv®,y point group.
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[. INTRODUCTION temperatures greater than about 100 K, a radiation-enhanced
migration of P occurs. Approximately two-thirds of the self-
Diamond is the only elemental semiconductor in whichinterstitials move with a migration energy 6£0.3 eV°
the isolated self-interstitial has been identified. Electronpossibly causing the long-range migration observed in high-
paramagnetic resonan¢epy studies show that the electri- energy electron microscop&sThere is no known spectro-
cally neutral self-interstitial, % occupies a split{éOO]} scopic signal associated with the fast-diffusing species. Ther-
configurationt in agreement with earfy’ and recerft®the-  mally activated migration of’loccurs near 600—700 K, with
oretical predictions. The same local atomic configuration isan activation energy of 1.680.15 eV*? 1% is therefore ther-
predicted, but not yet conclusively identified, for the intersti-mally stable at room temperature. The vacandyi®/stable
tial carbon atom trapped at a carbon anti-site in i@ this  to about 900-1000 K. Consequentl§, dnneals out before
paper we combine uniaxial stress and isotope effects to study®, and it is not known how to creaté without \° in pure
the structure of 9 in diamond. We show that a previously diamond. By using diamonds of controlled isotopic abun-
unreported electronic state exists. The presence of almostance, the 1859 meV line has been shown to involve a local
degenerate doublets, and the strong interactions of levelmode of vibration of the center with a quantum of 168.6
when the center deforms, suggest that the obsdbygdym-  meV*® (Throughout, values quoted without qualification are
metry is the mean configuration of two different tunnelingvalid for the limit of low temperature and for diamond of
motions. Tunneling motion in the ground state is shown tonatural isotope abundance, 99%C.) The 1859 meV line
involve a B, vibrational mode, and in the excited state it appears to be asymmetric, although its location near the optic
involves aB, mode. mode of VP makes its shape difficult to measure, Figa)l
The epr-active state of has spinS=1, and lies about 50 Because the phonon energy is only slightly larger than the
meV above the ground state of the certdihe interstitial  cutoff energy of the phonon continuum of diamond at 166
produces an optical absorption line at 1859 meV, in a transimeV* weak coupling between the local mode and the pho-
tion that originates from the nonparamagnetic ground statejon continuum would result in an asymmetric line shipe.
Fig. 1. The intensity of this transition at 77 K has been cali-The apparent asymmetry, together with the proximity of the
brated in terms of the concentration of the cefhtarweak  optic-mode phonon sideband of the neutral vacancy “GR1”
absorption line at 1685 meV has also been correlated witfransition, complicates measurements on the 1859 meV line.
the 1859 meV signal. With decreasing temperature, the 1859 meV line strengthens
The optical and epr signals have established that in the intensity, and the associated optical absorption line at 1685
limit of low irradiation temperature, the production rate ®f | meV decreases in intensity. Studies of the 1685 meV line are
is closely equal to the production rate of the neutral vacancycomplicated by the presence of the much stronger absorption
V°, when pure diamonds are irradiated with MeV from V°, and particularly from the GR1 line at 1673 meV
electrons® When radiation damage is created by electrons afFig. 1(a)]. From the thermalization effects, the energy sepa-
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showed that the relative intensities and energy separation of
the 1685 and 1859 meV lines could be explained hyya
namic effect in which vibrations of the center mixed the
vibronic progressions of two electronic statdsThe neces-
sary strength of the interaction was shown to be reasonable
and the minimum-energy positions are in close agreement
with those later predicted by Goss al® The symmetry of
the deformation was not determined.

Experimental information derived from epr measurements

(@

GR1

on the atomic configuration of lis inconclusive. The line-
| width of the R2 epr transitions is far too great to be due to
1685 the electron-electron spin-spin interaction, and the narrow

forbidden epr transitions for magnetic field close(@01)

1 v 1 v T v T M 1 v 1 v 1
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show that the broadening is not caused by short relaxation

Energy (meV) times. The angular variation of the epr linewidth is consistent

(b) £ B, 18645 meV with a distribution of values of components of the zero-field
e A, 1859.5meV splitting termD about the mean valuleSpecifically,D was
found to average to effectiu@®01) axial symmetry, but with

d A, 1697.0 meV a root-mean-square deviation of 2.5% in magnitude and with

c B, 16920 meV an rms deviation from the mean direction of 0.6°. One pos-

sible cause is motional averaging between two or more ex-
treme values. Motional averaging is characterized by line
1859| 11685 urar sharpening at low temperatures, as the system is locked into
the equivalent sites, but these measurements are prohibited
since the epr signal originates in a state 50 meV above the
diamagnetic ground level. Motional narrowing was not ob-
served at high temperatures, to 500 K, but the spin-lattice
b Q' 3-6 meV and spin-spin relaxation times of the R2 signal are extremely
' short, possibly indicating that motional averaging occurs on
FIG. 1. (a) Absorption spectrum measured at 77 K, showing the@ shorter time scale than characteristic times of epr measure-
1685 and 1859 meV optical transitions of the self-interstitial, superml‘—‘nts(of about 101° s).
imposed on the vibronic band of the neutral vacariby.Energy There is a need to establish experimentally the point
levels of the states involved in optical transitions at the neutragroup of P, the symmetries of the levels, and the nature of
self-interstitial, including the levelsd” and “ f” identified in this ~ the tunneling motion. In this paper we report and analyze
work, and the epr-active staf\,. Transitions ,” “ g,” and “r” quantitatively the effects of uniaxial stresses on the optical
are induced under stress. The irreducible representations of the letansitions of §: a previous attempt to analyze the uniaxial-
els are not uniquely defined in this work. One possible labeling isstress splitting of the optical transitions was unsuccesSsful.
shown; the set of labels in Table | show all the possible combinaSec. |l we establish that the excited state is a doublet, like
tions that are indistinguishable in the present experiments. the ground state. We show that both doublets are little per-
turbed in first order by stresses, but that strong interactions
ration of the lowest levels,&” and “ b,” has been estimated occur between their componeri®ec. Il B). The data can be
as 6.2-0.5 meV2® decreasing to 5#40.4 meV in 3C  explained quantitatively using thB,4 point group. How-
diamond®® These values are averages derived from the fits t@ver, since the interactions can lead to deformations, we
the data over the temperature range 4 to 200 K. More diredriefly investigate in Sec. IV the effects of using the and
measures of these quantities are given in Sec. lll. No lumiC,, point groups. We show in Sec. V A that the coupling
nescence has been detected from any of the transitiofls of Iwithin the ground-state doublet is sufficient to produce a
Ab initio calculations of the structure of lpredict four ~ dynamic distortion of the center, with the doublet splitting
electronic states, arising when a one-electron, doubly degeipeing the result of tunneling between metastable sitd3of
erate state is populated with two electrdfisThese states symmetry. Similar analysis for the excited-state doublet sug-
transform as*A;, 'B;, 'B,, and 3A, of which the last is gests that it would arise from a tunneling motion between
the epr-active state. The calculations of the energy @fsla  sites of C,, symmetry (Sec. VB. The resulting
function of static distortions give a minimum energy when configurational-coordinate diagrams are derived in Sec. V C.
there is a distortion that transforms Bs in the idealD,qy  The data are summarized in Sec. VI. We begin by outlining
symmetry, resulting in a stable structure with, the sample preparation and the experimental techniques.
symmetny®1® Because the distortion may occur with a posi-
tive or negative sign, two equivaleil, s'_[ructures are cre- Il EXPERIMENTAL DETAILS
ated from eachD,4 center, and tunneling between these
states was assumed to produce a tunneling splitting of 6 To ensure minimum strains in the samples, and hence
meV® Independently, a quantum-mechanical descriptiorsmall optical linewidths, this work has used synthetic dia-

A EPR 50 meV
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monds grown by the high-pressure, high-temperature ~ 30]
(HPHT) technique with negligible nitrogen concentrations. ‘g 2.5
The samples were selected to contain no inclusions, and, % 20
where possible, were taken from single-growth sectors to £ 15
ensure uniformity. £ 1.0

The samples were x-ray oriented, laser cut, and mechani- g 05
cally polished so that uniaxial stresses could be applied along = 007

the (001), (111), (110, and(112 crystallographic direc-

tions. After cutting, the samples were variously irradiated at 1859.51 116847

room temperature with 16-2x 10" cm™?2 electrons of 1.5 s 18594' ] 68465
or 2 MeV, generating between foand 2x 10" cm 3 of 1°. 2 ] 17 E
Optical absorption measurements were taken using a Bruker 513593- i 16845\53
IFS66 Fourier-transform spectrometer. The Fourier- s |
transform technique allows sufficient signal averaging to de- ~ * 18592 4 i 168445
tect the weak optical absorption, and easy measurement over ' ’

a wide photon range of 0.3—-2.8 eV. Sample temperatures of 0 20 40 60 80
between 5 and 77 K allowed the populations of the different Temperature (K)
ground states of the optical transitions to be optimized. One
effect of changing the temperature is that the energies of the
transitions change. These effects are small, Fifp),2out
have been corrected for. The changkE in energy are
readily parametrized, as shown by the lines in Figp) 2by

the formAE=an(T), wheren(T) is the Bose-Einstein fac-
tor, and the fit requires an effective vibrational mode of 16
meV, anda= =2 meV.

One disadvantage of using HPHT samples is that they
contain very weak optical absorption lines at 1691 and 1693
meV, possibly produced by a defect induced by the solvent-
catalyst used in the growth process. The lines have their ¢k
maximum intensities near 20 K and below 20 K, respec-
tively, Fig. 2. In Sec. Il we will report that a transition of | 1680 1684 1688 1692 1696
is induced by stress near 1692 meV. This transition has been Energy (meV)
carefully distinguished from the 1691 and 1693 meV lines by
exploiting their polarization and temperature dependencies, FIG. 2. (a) Intensities as functions of temperature for the 1859
and by ensuring that the 1692 meV line annealed out at th&eV line (squaresand the 1685 meV linédots of 1%, and for the

same rate as the other lines 8fwhile the 1691 and 1693 1691 meV line of an unrelated defe@rosses The lines are cal-
meV lines were unaffected by the annealing. culated assuming a Boltzmann distribution in the ground stadés “

and “b,” assumed split by 7.6 meV, Sec. Il Ab) Peak energies as
functions of temperature for the 1859 meV litgguaresand 1685
IIl. UNIAXIAL-STRESS EFFECTS meV line (dotg. The lines are empirical fits as described in Sec. II.
_ . ) Absorption spectra showing the 1685, 1691, 1692, and 1693
Uniaxial stresses have been applied at temperatures eV lines at representative temperatures without an applied stress.

<77 K, where there is no stress-induced re-orientation Ofrpe spectra have been displaced for clarity. The marker indicates
the center. The effects of the stresses on the optical transiyhe scale of the absorption coefficient.

tions near 1685 and 1859 meV are illustrated by the repre-

sentative spectra of Fig. 3, and the energies of the stress-splite z axis. The electric dipole moment of the transitions is
components are given in Fig. 4. Linep™and “q” are  oriented parallel to thig axis. InD,4 symmetry, the pertur-
induced by stress, and their temperature dependencies estdiation is

lish that they originate from the level of Fig. 1(b). The . . . . .
polarizations of the components that are present in the limit AV=2a;S,,+a1(Sxx+ Syy) T D1(Sxx—Syy) +b2S,y+ €8y,

of low stress are consistent with the 1685 and 1859 meV -

transitions occurring between nondegenerate states at a te- T €ySxz- @
tragonal centet’ An ideal (001) split interstitial is a tetrag-
onal center with thé®,4 point group. Since the stresses used
here only induce strains of less than 0.2%, it is sufficient '[O.D2d a.S.Al'
write the stress-induced change to the Hamiltonian in term@terSt't'al'
linear in the stress. We define the stress tensor components

s;j in terms of the crystal’s Cartesian axgsy, z. As a rep-

resentative orientation of’| we choose one with the two The stress-induced transitignin Figs. 1, 3, and 4 estab-
interstitial atoms oriented along01] which is defined as lishes that there is a previously undetected level at 1864

1692 (q)

The operatorsa; anda; transform under the operations of
b, as B, etc. They act on the states of the

A. Identification of the states
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<001> Stress at 40K <001>Stress ar SK involving a phonon of very similar energy to that of the
self-interstitial is the “H2” optical band? It is unlikely that
the strong stress-induced interaction of statesmdf occurs
through coupling of two vibrational modes. We conclude that
the statee andf are one-phonon levels, involving the same
mode of vibration, of two zero-phonon states, denateshd
d on Fig. 1b). This implies that the splitting of andd is
also close to 5.0 meV, fixing the previously unknown state
i~ at 1697.0 meV.

Direct evidence for the postulated stateomes from not-
il m{m\_/p\/ ing that since the one-phonon stateandf couple through
B, stresses, and since the coupling is mediated via the elec-
tronic components of those states, rather than their vibra-
<111> Stress at 40K <111> Swess ar SK tional part, the “zero-phonon” levels and d will also mix
through B, stresses. We therefore predict that un¢et0)
stress, when statesandd are mixed, a transition should be

AN
T

[110] Stress at 77 K [110] Swress at 77 K

\K\%

[001] E (22K)

N

;} induced between statds and d, with a zero-stress energy
— :'_j/\r’ﬁ near 1690 meV. To observe this weak line requires thermal
e population of the state but also low thermal line broaden-
1685 1690 1695 1850 1860 1870 ing, and so a measurement temperature of 22 K has been
Energy (meV) Energy (meV) used. We have noted the need to exclude carefully the weak

) absorption lines at 1691 and 1693 meV resulting from inde-
FIG. 3. The effects of stress on_the absorption spectra near 168|§endent optical transitionsSec. I). The expected transition
meV (left column) and 1859 meMright column), for stresses ap-  phatweenb and d is observed, with a low-stress energy of

plied along the(001) axis (top row), the (110 axis (middle row, 1589 7+-0.3 meV. The existence of statkis therefore veri-
and the(111) axis (bottom row. In each diagram the lowest spec- ¢ d

trum is at zero stress, and the top spectrum was recorded with an From the appearance of the induced transitian™at

applied stress and with electric vectrparallel to the stress axis. 1692.0-0.1 meV, and the curvature of the shift rates in Fig.

The middle spectrum was recorded under stress andBwiterpen- .
dicular to the stress axis, with the specific directions shown for4’ we observe that the two lowest-energy sta@ndb in-

[110] stress. Fof111) stress, the spectra were measured in a smalferact only when there is a nonzero component in (g of
13C sample, and to increase the signal-to-noise ratio the stressdfl® SITeSS term,,—s,, . Statesa andb are therefore coupled
spectrum for the 1685 meV region is shown unpolarised. To optiPy @ perturbation that transforms &g, which lowers the
mize the signals, the spectra were measured at the temperatur@$mmetry fromDyq4 to D,. This induced transition is to the
indicated. same final state as the “1685 meV" transitiojwhose pre-

cise energy is 1684.4 meV in the limit of low temperature,

meV. (Throughout, the energies of all states dfare quoted  Fig. 2(b)]. Consequently we can now make a direct spectro-
relative to the ground stata.) Transitions to it from the scopic measurement of the energy differenca ahdb; the
lowest energy leveh are only induced when the stress tensorground-state splitting is 7:60.1 meV, in the limit of low
components,, in Eq. (1) is nonzero. This result establishes temperature. This value fits the measured temperature depen-
that states andf in Fig. 1(b) are only coupled byB, per-  dence of the intensities of the 1685 and 1859 meV lines, Fig.
turbations, which lower the symmetry frob,y to C,, . TO 2(a).
identify the nature of the final stafeof the 1864 meV line The one ®C sample available here has been stressed
we have applied stress along #1l1) axis to a crystal made along its(112) axis to induce tha to c transition. Its energy
of 99% 1°C, so that the frequencies of all the modes ofextrapolated to zero stress is 1622®1 meV. In13C, the
vibration of P are \/12/13 of those in normal carbon. The 1685 meV line is shifted to 1685.5 meV, Fig. 4, giving an
induced linep is down-shifted by 5 meV relative to its en- to b separation of 7.40.2 meV in *3C.
ergy with natural isotopic abundances, Fig. 4, consistent with We have established from the number of stress-split com-
its being a one-phonon sideband. ponents and their polarizations that the optical transitions are

To discuss the nature of the states we will use the Borneonsistent with a-oriented dipole in a center d,q Sym-
Oppenheimer approximation, and will justify this use in Sec.metry, between nondegenerate orbital states. The stress data
V B. We know that state is a one-phonon level of statg  do not allow us to determine unambiguously the irreducible
and soe will be written as a Born-Oppenheimer product of representations of the levels. Referring to Fith)1suppose
an electronic partp, and a one-phonon stajg ; in the jth  that statea transforms a8, in D4 symmetry. Then, sinck
mode of vibration of the center. The stditean either involve couples toa throughB; perturbationsp would transform as
the same electronic state and a different mode of vibrationA;. Optical transitions occur frona to e and fromb to ¢
dcxk.1, Or a different electronic staté, and the same pho- underz=B, polarization, and se transforms a#\, andc as
non state¢,x; .. However, typically stresses produce neg-B,. Sinceeis a one-phonon sideband afthe phonon trans-
ligible perturbations on local mode states compared to theiforms asB;. The coupling ofe to f is throughB, perturba-
effects on electronic states: an explicit example in diamondions, and so since transforms a#\,, f transforms a8;.
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FIG. 4. The energies of the optical transitions as functions of stresses applied(aldhg(001) axis, (b) the (110 axis, and(c) the
(111) axis. Data recorded with light polarized parallel to the stress axis are shown by squares, and those with perpendicular polarization by
circles. For[110] stress, the circles show specifically the perpendicular polarization with electric \Eft0@1] and the crosses show
E|I[110]. The(111) data were taken using a smafiC sample, and to increase the signal-to-noise ratio they were recorded with unpolarized
light. The lines are calculated as in Sec. lll, with the assumption that the shift rates are independent of the isotope.

Since c transforms adB,, andc and d couple throughB, 3s,, Bél‘b(sxx—syy)
perturbationsd transforms asA;. The sequence of levels AR5+ S)
a—f is unambiguously determined once one level is fixed 2(SxxT Syy

However, the choice of that level is arbitrary, and all four EbJrA?sZZ
sequences listed in Table | are indistinguishable in the ex-
periments reported here.

: )

b b
B? (Sxx_ Syy) +A2(sxx+ Syy)

whereE, is the zero-stress energy of stéteelative to state

a. The matrix elements are defined A§=(ala,|a), A3

—=(alajla), AP=(blajb), AS=(blajlb), and BS"
Each level is perturbed in first order by the stresses that (a/ba|b). . )

transform as\; in Eq. (1). The levelsa andb are coupled by The perturbations of statesand f are given by a very

the B, stresses. The perturbations to the energies of statesSimilar matrix, but with thes, coupling,
andb are therefore given by the eigenvalues of the matrix,

B. Quantitative analysis

E.+ASs,, BS 'S,y
+A5(Syxt Syy)
TABLE I. Consistent labeling of the levels. The experimental Ef+Aflszz ’ 9
data in the paper are consistent with four combinations, for the six BSfoy +Af2(5xx+ Syy)

energy levels of Fig. (b). States &” and “f” involve one B;

phonon of the levels ¢” and “d.” The point group isD,y. States  and the perturbation of the corresponding zero-phonon states
“a”and “b" always couple througtB, perturbations, and the pairs ¢ andd are given exactly as in Eq3) but with the initial
“c’and “d,” and “e”and “f,” through B,. energie€, andE, and matrix elementas . . . AJ andBS°.
To reduce the number of unknown stress parameters we

State recall that statee is the one-phonon sideband of state

“gn B, A, A, B, and thatf is the sideband ofl. Therefore we expect that
“ly A, B, B, A, the corresponding stress parameters will be equs] (
“gn B, A, A, B, =Aj---). Further, since optical measurements only monitor
“gn A, B, B, A, the energy differences between the initial and final states, we
“ g A, B, B, A, may set each of the first-order stress parameters of the ex-
wgn B, A, A, B, cited states equal to zerd{=A{---=0) and incorporate

their effects in the ground-state parameters. Consequently,
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f=3

=

[
L

z ; Again, the operatora,, a;, a) transform asA;, b; asBs,

5 etc.

5 010 ) Detailed analysis shows that the stress data can be fitted,
E (@) since the first-order coupling is negligible, but only if a fur-
g 005 ther constraint is introduced—that the interactions of the
g components of the ground-state douldeth are equal and

“ 000 ' - - opposite undes,, ands,, stresses, so that they cancel when
= these stresses are equal. The ground states mix wmder
% 0.2 —syy stress which transforms as @&y perturbation, so the

E statesa and b must have the same symmetry in this point
B 01 group. Consequently, the 1692 meV transitionis a

= symmetry-allowed dipole transition and so must have an ac-
£ cidently near-zero transition probability at zero stress.

z 0%0 o 0 > The coupling througtB, perturbations lowers the symme-

try from D,q4 to C,,. A representative center in this point
group has its primary@,) axis parallel to[ 001], and two

FIG. 5. Points show the measured absorption strengtte die  reflection planes normal t110] and to[110]. It is there-
1692 meV line andb) the 1864 meV line, both induced by stresses fore convenient to take the axis to be along001] and the
along the(110) axis at a temperature of 5 K. I@), the absorption X andY axes to be alon§110] and[110], respectively, the
is normalized relative to the absorption that the 1685 meV lineperturbation produced by stress is then
would have at zero stress with its initial state fully populatedbjn
the absorption is normalized relative to the 1859 meV line with zero
stress at 5 K. The lines are the intensities predicted from the theory AV=a;s,,+ éisXXJr é’l’syy+ a,Syy+ biSxz+Dosy7,
of Sec. Il B. (5)

Stress (GPa)

there are only six unknown parametess,, A5, A?, A3, \where again the operators transform as indicated by their
B3", andB3". All the data taken with both“C and **C  |apels. Again, since the first-order coupling is negligible, the
samples may be used simultaneously, since the elastic costress data can be fitted. In this case the interactions of the
stants of diamond are independent of isotopic content atomponents of the excited state doutdet are required to
this level of accuracy’ A least-squares fit to the stress pe equal and opposite undsgy and syy stresses. The ex-
data yieldsA3=0.1, A3=0.1, A%=0.0, A5=—0.5, B{"  cited states mix undesyy— Syy Stress 6,y if x andy are the
=6.3, and Bgd:6.1 meV GPa', with an uncertainty of crystal axes as beforevhich transforms as aA; perturba-
~+0.5 meV GPal. tion, so the states andd must have the same symmetry in
We note that, very unusually, all the first-order stress pathis point group. Consequently, the 1864 meV transipiaa
rameters are negligible compared to the coupling terms. Thia symmetry-allowed dipole transition and so must have an
complication, together with measurements constrained bwccidently near-zero transition probability at zero stress.
dispersive spectroscopy to be over very limited spectral We show in Sec. V that the origin of the doublets can be
ranges and the weakness and broad nature of the induceeadily explained if the mean symmetryDs and tunneling
lines at the temperature of the measurements, is the likelgccurs between the distorted configurations. On the principle
reason for the failure to explain the early stress measuresf adopting the simplest description, tBe, point group is
ments on the self-interstitidl. therefore preferred.
Knowing now the eigenvectors of Eq) and(3) for the
perturbed states, the intensity of the stress-induced optical
transitions may be calculated as a function of stress, relative V. ORIGIN OF THE STATES
to the intensity at zero stress of the allowed transitions. The
results are in satisfactory agreement with observation, Fig. 5S
further confirming the model.

The uniaxial-stress data have established that the effective
ymmetry of f as seen optically i©,4. The irreducible
representation$lRs) of the states are as shown by the ex-
ample in Fig. 1b), or any of the combinations in Table I.

IV. INTERPRETATION AS A STATICALLY DISTORTED Whichever combination is used, two spin-zero states of the
CENTER same IR are required. This observation contrasts with current

Relaxation of th&001) split interstitial by aB, distortion ;h?r?rzeélfoalst;?gssg?f;z soz];rrﬁgelRe::eafr:?or;lck:)eStarlI)eolsLicév(;]Ere ng_
leads toD, (rhombic ) symmetry. We consider next if the P P Yy Pop

stress data can be consistent with that symmetri2 dsym- lating a doubly degenerate one-electron state with two
y Y electrons® In the next two sections we will investigate the

metry, using a representative orientation as defined for E(Jf.acts that both the ground,andb, and excited states,and
(@, d, are split by a few meV, and that both pairs are almost

- -, . - A A equally coupled by stresses of, respectivBlyandB, sym-
AV=a;S,,+a;1Sy+ a3Syy+ 1S,y +bys,,+bssy,. (4 metries.
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A. The low energy doubleta, b diagonal terms and the diagonals are simpiy-¢)%w and

3 .
The ground-state splitting aiE~7 meV has been de- Eot(M+3)e. With the parameters of E¢7),

scribed in terms of the tunneling splitting as the self-

interstitial  moves  between  equivalent  distorted b|b,|a :rf dry* by, wherer=0.96. (10
configuration$:™® The tunneling timeA r~#/AE~10 °s (blbsfa) arirb

is sufficiently short that the observed symmetry would be the
mean,D,q, as observed. It has been shown that the shape
the spectrunia doublet ground state, with a very weak zero
phonon line at 1685 meV, a stronger one-phonon sideban A i 1
and negligible higher-order phonon-sidebandan be fitted /9 €nergy separatidiy, r~1. ~

quantitatively in terms of a coupling between the vibronic The second sitage in the calculation is to convert the stress
progressions of two electronic stafésThe model assumed responsefdry}b; iy, into a response per unit displacement
two electronic StateS’ of wave functio% and ’ﬁb with ‘ﬂb in the mOdeQ The conversion involves the combination of
an energy EO above '//a- Born_Oppenheimer products elastic COﬂStantSCG_l_ C12)! which has the value for perfeCt
¢aXn(Q) and ¢me(Q) were formed using harmonic- diamond of 953 Gpé.g, the value nearolis IIker to be hlgher
oscillator wave functiong,,(Q) for thenth quantum state) ~ @s @ result of the local stiffening of the lattice expected from
being the coordinate of the local vibrational mode. Thesésqueezing the extra atom into the available sgade. con-

states were assumed to be coupled by a ©Qniinear in the vert t_he movemenQ into a strain, we assume that the ap-
vibrational coordinate. It coupleg,y,(Q) t0 ¥pxn:1(Q), propriate scaling length is the bond lengths 0.154 nm.

The ratior is equivalent to a Ham reduction factor in
_Jahn-Teller theor§? where it may differ very significantly
(ﬁrom unity. In this problem, with the strong coupling and

with a magnitude Then
- €117 Cp2 o
f drdQxi (Q) 4 (NCQu(N) xn+1(Q) T f drea bago, (1)
A In+1 predictingcyA/mw=190 meV. The lower limit is within a
= VoV 2 (6) factor of 2 of the required value, which suggests that the

vibronic model is reasonable.

For coupling ofi,xn t0 $pxn_1, (N+1) in the square root Additionally, the vibronic model proposed in Ref. 13 re-
is replaced byn. To fit the energy separation of the observedquired that there was no first-order coupling of the local
doubleta andb, Sec. Ill A, and the relative intensities of the mode to each state, i.efdry*b,y,~0, and likewise for
1685 and 1859 meV lines one requires i, . This is confirmed by the negligible size of the first-order
stress parameters, Sec. lll. It is not possible to test the model
further since, for example, we do not know the energy levels
of the next vibronic levels aboveandb, since the 1 center

_ is nonluminescent.
We can now estimate the strength ofndependently from

the measured couplinai‘b. There are two steps in the cal-
culation. First we recognize that the measuremerB$¥is

| h
Eq=250+=50 meV, c m=325i15 meV. (7)

B. The high-energy doubletc, d

on two particular vibronic levelga), |b), while c is defined Statesc andd have a similar splitting t@ and b'ag‘”d the
in terms of the parent electronic staiésandy, . The states Same magnitude of stress-induced couplBff;=B3". This
are related by similarity implies some “coincidence” in the nature of the

pairs of levels. In contrast to the ground states, the one-
* * phonon levele andf can be observed. They are separated by
la)= E CanaXnt E Com¥bXm 5 meV, the same as the zero-phonon lewendd. At first
n=0 m=0 sight, this result is very unexpected, since the barrier poten-
@  tial seen by the one-phonon levels is expected to be much

_ . . smaller than that for the zero-phonon levels. However, states
|b>_r,§=:0 da”'/’aX”+rn§=:o domt/oXm- ¢ andd couple throughB, perturbations, noB; as for the
o ground state. If there is a vibronic coupling of two electronic
The measured coupling is then states to produce and d, it will be through aB, phonon.

" This mode is independent of thg mode, in the harmonic
ab_ I _ P approximation, and the two vibronic deformations can be
B3 —<b|b1|a>—n§=‘,0 Ca”db“f dryz b1y, treated independentlyThis is why states andf could be
written as simple Born-Oppenheimer products of e
- e mode and an “electronic” paré. or ¢,, where we now see
+ mE:O Cbmdamf drip bidfa. (9 that the electronic part can be a linear combination as in Egs.
(8) and(9), but involving theB, mode) In this model, states
The eigenvectorsc,,,Cpm,dan,dpm are known explicity candd are zero-phonon states of both tBgandB, modes,
from the secular matrix of which Eq®6) gives the off- and are split by the tunneling motion produced by Bie
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mode. Stateg andf have one phonon in thB; mode but eent]
zero phonons in th&, mode, and so are split by the same D‘S"\acode(ﬂ@
amount ag andd, as observed. The coupling to tBg mode B g

can be described using the theory of Sec. V A, with the elas- 002

tic constants §;,— 1) replaced byc,,, which has a similar S 000
magnitude[61% of (c1;—C15)], leading to very similar po- £
tential surfaces in the ground and excited states. £ 1800
2
3]

1600

C. The configurational surface of P

A B; mode transforms ag®—y?, as in Eq.(1), and low-
ers the symmetry t®,, while B, transforms as a shearing
motion xy, and lowers the symmetry t&€,,. Density-
functional calculations predict a saddle point in Bevibra-
tional mode inD,4 symmetnf From the curvature of the
potential surface near th2, minima, this mode appears to
have a quantum slightly greater than the cutoff of diambnd,
in agreement with the experimental value of 168.6 meV.
Similar calculations to those reported in Refs. 6 and 16, but FIG. 6. Schematic configurational-coordinate plots. The lower
with a larger cluster of 124 carbon atoms, predict tRatds  figure is for the electronic ground states, where tunneling occurs in
three other local vibrational modé%.The two modes of theB; mode and not in th&, mode. The parameters used are given
highest frequency transform @&s andE. A third transforms  in the text. The upper plot is for the electronic excited states, where
asB,, and is predicted to have an energy of 1143 éniThe  tunneling occurs in th&, mode but not in thé3; mode.
calculations underestimate vibrational frequencies near the
Raman energy, and plausible scaling regimes place this modeative purposes the potential surfaces are drawn using Eg.
~10 meV above the Raman energy. (12) with cQ, replaced bycQ,.

In the electronic ground states df, Ithe B, mode pro- There is an intriguing parallel in 3C SiC, where density-
duces no coupling, and so the potential surface is parabolitinctional theory calculations on the interstitial-carbon—
in that mode. The coupling to thB; mode produces a carbon-antisite defect predict similar local modesAgf E,
double-minimum shape resulting from two electronic statesandB, symmetries as for’| but for this center there is ri®,
coupled by the mode. The adiabatic potential surfacese  local vibrational modé® One consequence of our vibronic
given by the solutions of model is that in the absence ofBy local mode, the epr-
active triplet state would be the ground electronic state, as
predicted for the interstitial-carbon—carbon antisite in SiC.

-0.02 0.02

400

200

Energy (meV)
(=]

-200

1
Emlw%Q% cQ
1 VI. SUMMARY
+=mw3Q3—V
Mow5Q5

2 We have shown that in the ground state of the center, the
1 =0. (12  neutral(001) split interstitial effectively has the ideal sym-
Eo+ _mlwiQi metry of D,q, like the paramagnetic state 50 meV above the
2 ground state. We have shown that the stress perturbations
1 arise predominantly through interactions within the ground-
cQ; +§m2w§Q§—V state doublet and within the excited-state doublet. To our

knowledge the existence of the excited-state doublet was not
realized before this work. The doublets can be understood, in

Here, the suffix 1 refers to thB; mode, and 2 to th&,  a way that is fully consistent with the stress data, in terms of
mode, m to the mass of the mode anadl its angular fre-  tunneling between two equivalent minima B, symmetry
quency.E, is the energy separation of the electronic states ain the ground state, and two equivalent minimaCf, sym-
Q;=Q,=0. Schematically, the configurational surface is asmetry in the excited state.
in Fig. 6, where the mass of the modes is set to the mass of Our model requires that two pairs of electronic states, one
a carbon atom, and tt#, mode has been arbitrarily assigned for the ground state and one for the excited state, interact
a quantum of 175 meV, since we have no information on thehrough the vibronic coupling mechanism with equal
quantum, its value is not critical. The effect of the couplingstrengths. In other semiconductors, where we can describe
to the B, mode is to lower the energy minimum in the con- electronic states in terms of a bound exciton, it is possible to
figurational plot by 0.2 eV, taking it below the energy of the have one set of energy levels of the hole duplicated by an
3A, epr-active state. independent set of levels from the electfhe challenge

In the excited states of | we have seen that the coupling to theory is now to define the origin of the interacting states,
is through theB, mode, and so here thigy mode is parabolic and to determine the properties of the different modes of
and theB, mode shows the double minima, Fig. 6. For illus- vibration of P.
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