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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-interstitial I0 in diamond, 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 withD2d symmetry, 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, of 5.060.1 meV splitting, revealing the
existence of another electronic state at I0 that has not been discussed within existing models of the center. The
excited-state doublet couples throughB2 deformations, while the well-known ground-state doublet, whose
splitting is measured spectroscopically at 7.660.1 meV, is coupled byB1 deformations of the center. The data
are quantitatively consistent with I0, in its ground electronic state, tunneling rapidly in aB1 vibrational mode
between equivalentD2-symmetry configurations, and in its excited electronic state tunneling in aB2 mode
between equivalentC2v-symmetry configurations; in both cases, the motion is sufficiently rapid for I0 to have
the observed effectiveD2d point group.
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I. INTRODUCTION

Diamond is the only elemental semiconductor in whi
the isolated self-interstitial has been identified. Electr
paramagnetic resonance~epr! studies show that the electr
cally neutral self-interstitial, I0, occupies a split^001&
configuration,1 in agreement with early2,3 and recent4–6 the-
oretical predictions. The same local atomic configuration
predicted, but not yet conclusively identified, for the inters
tial carbon atom trapped at a carbon anti-site in SiC.7,8 In this
paper we combine uniaxial stress and isotope effects to s
the structure of I0 in diamond. We show that a previous
unreported electronic state exists. The presence of alm
degenerate doublets, and the strong interactions of le
when the center deforms, suggest that the observedD2d sym-
metry is the mean configuration of two different tunneli
motions. Tunneling motion in the ground state is shown
involve a B1 vibrational mode, and in the excited state
involves aB2 mode.

The epr-active state of I0 has spinS51, and lies about 50
meV above the ground state of the center.1 The interstitial
produces an optical absorption line at 1859 meV, in a tra
tion that originates from the nonparamagnetic ground st
Fig. 1. The intensity of this transition at 77 K has been ca
brated in terms of the concentration of the center.1 A weak
absorption line at 1685 meV has also been correlated w
the 1859 meV signal.9

The optical and epr signals have established that in
limit of low irradiation temperature, the production rate of0

is closely equal to the production rate of the neutral vacan
V0, when pure diamonds are irradiated with Me
electrons.10 When radiation damage is created by electron
0163-1829/2004/69~4!/045203~9!/$22.50 69 0452
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temperatures greater than about 100 K, a radiation-enha
migration of I0 occurs. Approximately two-thirds of the self
interstitials move with a migration energy of'0.3 eV,10

possibly causing the long-range migration observed in hi
energy electron microscopes.11 There is no known spectro
scopic signal associated with the fast-diffusing species. T
mally activated migration of I0 occurs near 600–700 K, with
an activation energy of 1.6860.15 eV.12 I0 is therefore ther-
mally stable at room temperature. The vacancy V0 is stable
to about 900–1000 K. Consequently, I0 anneals out before
V0, and it is not known how to create I0 without V0 in pure
diamond. By using diamonds of controlled isotopic abu
dance, the 1859 meV line has been shown to involve a lo
mode of vibration of the center with a quantum of 168
meV.13 ~Throughout, values quoted without qualification a
valid for the limit of low temperature and for diamond o
natural isotope abundance, 99%12C.) The 1859 meV line
appears to be asymmetric, although its location near the o
mode of V0 makes its shape difficult to measure, Fig. 1~a!.
Because the phonon energy is only slightly larger than
cutoff energy of the phonon continuum of diamond at 1
meV,14 weak coupling between the local mode and the p
non continuum would result in an asymmetric line shape15

The apparent asymmetry, together with the proximity of t
optic-mode phonon sideband of the neutral vacancy ‘‘GR
transition, complicates measurements on the 1859 meV
With decreasing temperature, the 1859 meV line strength
in intensity, and the associated optical absorption line at 1
meV decreases in intensity. Studies of the 1685 meV line
complicated by the presence of the much stronger absorp
from V0, and particularly from the GR1 line at 1673 me
@Fig. 1~a!#. From the thermalization effects, the energy se
©2004 The American Physical Society03-1
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SMITH, DAVIES, NEWTON, AND KANDA PHYSICAL REVIEW B 69, 045203 ~2004!
ration of the lowest levels, ‘‘a’’ and ‘‘ b, ’’ has been estimated
as 6.260.5 meV,13 decreasing to 5.460.4 meV in 13C
diamond.15 These values are averages derived from the fit
the data over the temperature range 4 to 200 K. More di
measures of these quantities are given in Sec. III. No lu
nescence has been detected from any of the transitions o0.

Ab initio calculations of the structure of I0 predict four
electronic states, arising when a one-electron, doubly de
erate state is populated with two electrons.16 These states
transform as1A1 , 1B1 , 1B2, and 3A2 of which the last is
the epr-active state. The calculations of the energy of I0 as a
function of static distortions give a minimum energy whe
there is a distortion that transforms asB1 in the idealD2d
symmetry, resulting in a stable structure withD2
symmetry.6,16 Because the distortion may occur with a po
tive or negative sign, two equivalentD2 structures are cre
ated from eachD2d center, and tunneling between the
states was assumed to produce a tunneling splitting o
meV.6 Independently, a quantum-mechanical descript

FIG. 1. ~a! Absorption spectrum measured at 77 K, showing
1685 and 1859 meV optical transitions of the self-interstitial, sup
imposed on the vibronic band of the neutral vacancy.~b! Energy
levels of the states involved in optical transitions at the neu
self-interstitial, including the levels ‘‘d’’ and ‘‘ f ’’ identified in this
work, and the epr-active state3A2. Transitions ‘‘p, ’’ ‘‘ q,’’ and ‘‘ r’’
are induced under stress. The irreducible representations of the
els are not uniquely defined in this work. One possible labeling
shown; the set of labels in Table I show all the possible comb
tions that are indistinguishable in the present experiments.
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showed that the relative intensities and energy separatio
the 1685 and 1859 meV lines could be explained by ady-
namic effect in which vibrations of the center mixed th
vibronic progressions of two electronic states.13 The neces-
sary strength of the interaction was shown to be reason
and the minimum-energy positions are in close agreem
with those later predicted by Gosset al.6 The symmetry of
the deformation was not determined.

Experimental information derived from epr measureme
on the atomic configuration of I0 is inconclusive. The line-
width of the R2 epr transitions is far too great to be due
the electron-electron spin-spin interaction, and the narr
forbidden epr transitions for magnetic field close to^001&
show that the broadening is not caused by short relaxa
times. The angular variation of the epr linewidth is consist
with a distribution of values of components of the zero-fie
splitting termD about the mean value.1 Specifically,D was
found to average to effectivê001& axial symmetry, but with
a root-mean-square deviation of 2.5% in magnitude and w
an rms deviation from the mean direction of 0.6°. One p
sible cause is motional averaging between two or more
treme values. Motional averaging is characterized by l
sharpening at low temperatures, as the system is locked
the equivalent sites, but these measurements are prohi
since the epr signal originates in a state 50 meV above
diamagnetic ground level. Motional narrowing was not o
served at high temperatures, to 500 K, but the spin-lat
and spin-spin relaxation times of the R2 signal are extrem
short, possibly indicating that motional averaging occurs
a shorter time scale than characteristic times of epr meas
ments~of about 10210 s).

There is a need to establish experimentally the po
group of I0, the symmetries of the levels, and the nature
the tunneling motion. In this paper we report and analy
quantitatively the effects of uniaxial stresses on the opt
transitions of I0: a previous attempt to analyze the uniaxia
stress splitting of the optical transitions was unsuccessful.9 In
Sec. III we establish that the excited state is a doublet,
the ground state. We show that both doublets are little p
turbed in first order by stresses, but that strong interacti
occur between their components~Sec. III B!. The data can be
explained quantitatively using theD2d point group. How-
ever, since the interactions can lead to deformations,
briefly investigate in Sec. IV the effects of using theD2 and
C2v point groups. We show in Sec. V A that the couplin
within the ground-state doublet is sufficient to produce
dynamic distortion of the center, with the doublet splittin
being the result of tunneling between metastable sites ofD2
symmetry. Similar analysis for the excited-state doublet s
gests that it would arise from a tunneling motion betwe
sites of C2v symmetry ~Sec. V B!. The resulting
configurational-coordinate diagrams are derived in Sec. V
The data are summarized in Sec. VI. We begin by outlin
the sample preparation and the experimental techniques

II. EXPERIMENTAL DETAILS

To ensure minimum strains in the samples, and he
small optical linewidths, this work has used synthetic d
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STRUCTURE OF THE SELF-INTERSTITIAL IN DIAMOND PHYSICAL REVIEW B69, 045203 ~2004!
monds grown by the high-pressure, high-temperat
~HPHT! technique with negligible nitrogen concentration
The samples were selected to contain no inclusions,
where possible, were taken from single-growth sectors
ensure uniformity.

The samples were x-ray oriented, laser cut, and mech
cally polished so that uniaxial stresses could be applied a
the ^001&, ^111&, ^110&, and ^112& crystallographic direc-
tions. After cutting, the samples were variously irradiated
room temperature with 1017–231017 cm22 electrons of 1.5
or 2 MeV, generating between 1016 and 231017 cm23 of I0.
Optical absorption measurements were taken using a Br
IFS66 Fourier-transform spectrometer. The Fouri
transform technique allows sufficient signal averaging to
tect the weak optical absorption, and easy measurement
a wide photon range of 0.3–2.8 eV. Sample temperature
between 5 and 77 K allowed the populations of the differ
ground states of the optical transitions to be optimized. O
effect of changing the temperature is that the energies of
transitions change. These effects are small, Fig. 2~b!, but
have been corrected for. The changesDE in energy are
readily parametrized, as shown by the lines in Fig. 2~b!, by
the formDE5an(T), wheren(T) is the Bose-Einstein fac
tor, and the fit requires an effective vibrational mode of
meV, anda562 meV.

One disadvantage of using HPHT samples is that t
contain very weak optical absorption lines at 1691 and 1
meV, possibly produced by a defect induced by the solve
catalyst used in the growth process. The lines have t
maximum intensities near 20 K and below 20 K, resp
tively, Fig. 2. In Sec. III we will report that a transition of I0

is induced by stress near 1692 meV. This transition has b
carefully distinguished from the 1691 and 1693 meV lines
exploiting their polarization and temperature dependenc
and by ensuring that the 1692 meV line annealed out at
same rate as the other lines of I0 while the 1691 and 1693
meV lines were unaffected by the annealing.

III. UNIAXIAL-STRESS EFFECTS

Uniaxial stresses have been applied at temperature
<77 K, where there is no stress-induced re-orientation
the center.1 The effects of the stresses on the optical tran
tions near 1685 and 1859 meV are illustrated by the rep
sentative spectra of Fig. 3, and the energies of the stress
components are given in Fig. 4. Lines ‘‘p’’ and ‘‘ q’’ are
induced by stress, and their temperature dependencies e
lish that they originate from the levela of Fig. 1~b!. The
polarizations of the components that are present in the l
of low stress are consistent with the 1685 and 1859 m
transitions occurring between nondegenerate states at
tragonal center.17 An ideal ^001& split interstitial is a tetrag-
onal center with theD2d point group. Since the stresses us
here only induce strains of less than 0.2%, it is sufficien
write the stress-induced change to the Hamiltonian in te
linear in the stress. We define the stress tensor compon
si j in terms of the crystal’s Cartesian axesx, y, z. As a rep-
resentative orientation of I0, we choose one with the two
interstitial atoms oriented along@001# which is defined as
04520
e
.
d,

to

i-
g

t

er
-
-

ver
of
t
e
e

y
3
t-
ir
-

en
y
s,
e

of
f

i-
e-
plit

tab-

it
V
te-

o
s

nts

the z axis. The electric dipole moment of the transitions
oriented parallel to thisz axis. InD2d symmetry, the pertur-
bation is

DV5â1szz1â18~sxx1syy!1b̂1~sxx2syy!1b̂2sxy1êxsyz

1êysxz . ~1!

The operatorsâ1 and a18̂ transform under the operations o

D2d as A1 , b̂1 as B1, etc. They act on the states of th
interstitial.

A. Identification of the states

The stress-induced transitionp in Figs. 1, 3, and 4 estab
lishes that there is a previously undetected level at 1

FIG. 2. ~a! Intensities as functions of temperature for the 18
meV line ~squares! and the 1685 meV line~dots! of I0, and for the
1691 meV line of an unrelated defect~crosses!. The lines are cal-
culated assuming a Boltzmann distribution in the ground statesa’’
and ‘‘b, ’’ assumed split by 7.6 meV, Sec. III A.~b! Peak energies as
functions of temperature for the 1859 meV line~squares! and 1685
meV line ~dots!. The lines are empirical fits as described in Sec.
~c! Absorption spectra showing the 1685, 1691, 1692, and 1
meV lines at representative temperatures without an applied st
The spectra have been displaced for clarity. The marker indic
the scale of the absorption coefficient.
3-3
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SMITH, DAVIES, NEWTON, AND KANDA PHYSICAL REVIEW B 69, 045203 ~2004!
meV. ~Throughout, the energies of all states of I0 are quoted
relative to the ground statea.! Transitions to it from the
lowest energy levela are only induced when the stress tens
componentsxy in Eq. ~1! is nonzero. This result establishe
that statese and f in Fig. 1~b! are only coupled byB2 per-
turbations, which lower the symmetry fromD2d to C2v . To
identify the nature of the final statef of the 1864 meV line
we have applied stress along the^111& axis to a crystal made
of 99% 13C, so that the frequencies of all the modes
vibration of I0 are A12/13 of those in normal carbon. Th
induced linep is down-shifted by 5 meV relative to its en
ergy with natural isotopic abundances, Fig. 4, consistent w
its being a one-phonon sideband.

To discuss the nature of the states we will use the Bo
Oppenheimer approximation, and will justify this use in S
V B. We know that statee is a one-phonon level of statec,
and soe will be written as a Born-Oppenheimer product
an electronic partfc and a one-phonon statex j ,1 in the j th
mode of vibration of the center. The statef can either involve
the same electronic state and a different mode of vibrat
fcxk,1 , or a different electronic statefx and the same pho
non state,fxx j ,1 . However, typically stresses produce ne
ligible perturbations on local mode states compared to t
effects on electronic states: an explicit example in diamo

FIG. 3. The effects of stress on the absorption spectra near 1
meV ~left column! and 1859 meV~right column!, for stresses ap-
plied along thê 001& axis ~top row!, the ^110& axis ~middle row!,
and the^111& axis ~bottom row!. In each diagram the lowest spe
trum is at zero stress, and the top spectrum was recorded wit
applied stress and with electric vectorE parallel to the stress axis
The middle spectrum was recorded under stress and withE perpen-
dicular to the stress axis, with the specific directions shown
@110# stress. For̂111& stress, the spectra were measured in a sm
13C sample, and to increase the signal-to-noise ratio the stre
spectrum for the 1685 meV region is shown unpolarised. To o
mize the signals, the spectra were measured at the tempera
indicated.
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involving a phonon of very similar energy to that of th
self-interstitial is the ‘‘H2’’ optical band.18 It is unlikely that
the strong stress-induced interaction of statese and f occurs
through coupling of two vibrational modes. We conclude th
the statese and f are one-phonon levels, involving the sam
mode of vibration, of two zero-phonon states, denotedc and
d on Fig. 1~b!. This implies that the splitting ofc and d is
also close to 5.0 meV, fixing the previously unknown stated
at 1697.0 meV.

Direct evidence for the postulated stated comes from not-
ing that since the one-phonon statese and f couple through
B2 stresses, and since the coupling is mediated via the e
tronic components of those states, rather than their vib
tional part, the ‘‘zero-phonon’’ levelsc and d will also mix
throughB2 stresses. We therefore predict that under^110&
stress, when statesc andd are mixed, a transition should b
induced between statesb and d, with a zero-stress energ
near 1690 meV. To observe this weak line requires ther
population of the stateb but also low thermal line broaden
ing, and so a measurement temperature of 22 K has b
used. We have noted the need to exclude carefully the w
absorption lines at 1691 and 1693 meV resulting from in
pendent optical transitions~Sec. II!. The expected transition
betweenb and d is observed, with a low-stress energy
1689.760.3 meV. The existence of stated is therefore veri-
fied.

From the appearance of the induced transition ‘‘q, ’’ at
1692.060.1 meV, and the curvature of the shift rates in F
4, we observe that the two lowest-energy statesa andb in-
teract only when there is a nonzero component in Eq.~1! of
the stress termsxx2syy . Statesa andb are therefore coupled
by a perturbation that transforms asB1, which lowers the
symmetry fromD2d to D2. This induced transition is to the
same final statec as the ‘‘1685 meV’’ transition@whose pre-
cise energy is 1684.4 meV in the limit of low temperatu
Fig. 2~b!#. Consequently we can now make a direct spect
scopic measurement of the energy difference ofa andb; the
ground-state splitting is 7.660.1 meV, in the limit of low
temperature. This value fits the measured temperature de
dence of the intensities of the 1685 and 1859 meV lines, F
2~a!.

The one 13C sample available here has been stres
along its^112& axis to induce thea to c transition. Its energy
extrapolated to zero stress is 1692.960.1 meV. In 13C, the
1685 meV line is shifted to 1685.5 meV, Fig. 4, giving ana
to b separation of 7.460.2 meV in 13C.

We have established from the number of stress-split co
ponents and their polarizations that the optical transitions
consistent with az-oriented dipole in a center ofD2d sym-
metry, between nondegenerate orbital states. The stress
do not allow us to determine unambiguously the irreduci
representations of the levels. Referring to Fig. 1~b!, suppose
that statea transforms asB1 in D2d symmetry. Then, sinceb
couples toa throughB1 perturbations,b would transform as
A1. Optical transitions occur froma to e and from b to c
underz[B2 polarization, and soe transforms asA2 andc as
B2. Sincee is a one-phonon sideband ofc, the phonon trans-
forms asB1. The coupling ofe to f is throughB2 perturba-
tions, and so sincee transforms asA2 , f transforms asB1.
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FIG. 4. The energies of the optical transitions as functions of stresses applied along~a! the ^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 polar
circles. For@110# stress, the circles show specifically the perpendicular polarization with electric vectorEi@001# and the crosses show

Ei@11̄0#. The^111& data were taken using a small13C sample, and to increase the signal-to-noise ratio they were recorded with unpol
light. The lines are calculated as in Sec. III, with the assumption that the shift rates are independent of the isotope.
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Since c transforms asB2, and c and d couple throughB2

perturbations,d transforms asA1. The sequence of level
a–f is unambiguously determined once one level is fix.
However, the choice of that level is arbitrary, and all fo
sequences listed in Table I are indistinguishable in the
periments reported here.

B. Quantitative analysis

Each level is perturbed in first order by the stresses
transform asA1 in Eq. ~1!. The levelsa andb are coupled by
the B1 stresses. The perturbations to the energies of stata
andb are therefore given by the eigenvalues of the matr

TABLE I. Consistent labeling of the levels. The experimen
data in the paper are consistent with four combinations, for the
energy levels of Fig. 1~b!. States ‘‘e’’ and ‘‘ f ’’ involve one B1

phonon of the levels ‘‘c’’ and ‘‘ d. ’’ The point group isD2d . States
‘‘ a’’ and ‘‘ b’’ always couple throughB1 perturbations, and the pair
‘‘ c’’ and ‘‘ d, ’’ and ‘‘ e’’ and ‘‘ f , ’’ through B2.

State

‘‘ a’’ B1 A1 A2 B2

‘‘ b’ A1 B1 B2 A2

‘‘ c’’ B2 A2 A1 B1

‘‘ d’’ A1 B1 B2 A2

‘‘ e’’ A2 B2 B1 A1

‘‘ f ’’ B1 A1 A2 B2
04520
x-

at

S A1
aszz B1

ab~sxx2syy!

1A2
a~sxx1syy!

Eb1A1
bszz

B1
ab~sxx2syy! 1A2

b~sxx1syy!

D , ~2!

whereEb is the zero-stress energy of stateb relative to state
a. The matrix elements are defined asA1

a5^auâ1ua&, A2
a

5^auâ18ua&, A1
b5^buâ1ub&, A2

b5^buâ18ub&, and B1
ab

5^aub̂1ub&.
The perturbations of statese and f are given by a very

similar matrix, but with theB2 coupling,

S Ee1A1
eszz B2

e fsxy

1A2
e~sxx1syy!

Ef1A1
f szz

B2
e fsxy 1A2

f ~sxx1syy!

D , ~3!

and the perturbation of the corresponding zero-phonon st
c and d are given exactly as in Eq.~3! but with the initial
energiesEc andEd , and matrix elementsA1

c . . . A2
d andB2

cd .
To reduce the number of unknown stress parameters
recall that statee is the one-phonon sideband of statec,
and thatf is the sideband ofd. Therefore we expect tha
the corresponding stress parameters will be equalA1

e

5A1
c
•••). Further, since optical measurements only moni

the energy differences between the initial and final states,
may set each of the first-order stress parameters of the
cited states equal to zero (A1

c5A1
d
•••50) and incorporate

their effects in the ground-state parameters. Conseque

l
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SMITH, DAVIES, NEWTON, AND KANDA PHYSICAL REVIEW B 69, 045203 ~2004!
there are only six unknown parameters,A1
a , A2

a , A1
b , A2

b ,
B1

ab , and B2
cd . All the data taken with both12C and 13C

samples may be used simultaneously, since the elastic
stants of diamond are independent of isotopic conten
this level of accuracy.19 A least-squares fit to the stres
data yields A1

a50.1, A2
a50.1, A1

b50.0, A2
b520.5, B1

ab

56.3, and B2
cd56.1 meV GPa21, with an uncertainty of

'60.5 meV GPa21.
We note that, very unusually, all the first-order stress

rameters are negligible compared to the coupling terms. T
complication, together with measurements constrained
dispersive spectroscopy to be over very limited spec
ranges and the weakness and broad nature of the ind
lines at the temperature of the measurements, is the li
reason for the failure to explain the early stress meas
ments on the self-interstitial.9

Knowing now the eigenvectors of Eqs.~2! and~3! for the
perturbed states, the intensity of the stress-induced op
transitions may be calculated as a function of stress, rela
to the intensity at zero stress of the allowed transitions. T
results are in satisfactory agreement with observation, Fig
further confirming the model.

IV. INTERPRETATION AS A STATICALLY DISTORTED
CENTER

Relaxation of thê001& split interstitial by aB1 distortion
leads toD2 ~rhombic I! symmetry. We consider next if th
stress data can be consistent with that symmetry. InD2 sym-
metry, using a representative orientation as defined for
~1!,

DV5â1szz1â18sxx1â19syy1b̂1sxy1b̂2sxz1b̂3syz . ~4!

FIG. 5. Points show the measured absorption strengths of~a! the
1692 meV line and~b! the 1864 meV line, both induced by stress
along thê 110& axis at a temperature of 5 K. In~a!, the absorption
is normalized relative to the absorption that the 1685 meV l
would have at zero stress with its initial state fully populated. In~b!,
the absorption is normalized relative to the 1859 meV line with z
stress at 5 K. The lines are the intensities predicted from the th
of Sec. III B.
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Again, the operatorsâ1 , â18 , â19 transform asA1 , b̂3 asB3,
etc.

Detailed analysis shows that the stress data can be fi
since the first-order coupling is negligible, but only if a fu
ther constraint is introduced—that the interactions of
components of the ground-state doubleta, b are equal and
opposite undersxx andsyy stresses, so that they cancel wh
these stresses are equal. The ground states mix undesxx
2syy stress which transforms as anA1 perturbation, so the
statesa and b must have the same symmetry in this po
group. Consequently, the 1692 meV transitionq is a
symmetry-allowed dipole transition and so must have an
cidently near-zero transition probability at zero stress.

The coupling throughB2 perturbations lowers the symme
try from D2d to C2v . A representative center in this poin
group has its primary (C2) axis parallel to@001#, and two
reflection planes normal to@110# and to@ 1̄10#. It is there-
fore convenient to take theZ axis to be along@001# and the
X andY axes to be along@110# and@ 1̄10#, respectively, the
perturbation produced by stress is then

DV5â1sZZ1â18sXX1â19sYY1â2sXY1b̂1sXZ1b̂2sYZ ,
~5!

where again the operators transform as indicated by t
labels. Again, since the first-order coupling is negligible, t
stress data can be fitted. In this case the interactions of
components of the excited state doubletc, d are required to
be equal and opposite undersXX and sYY stresses. The ex
cited states mix undersXX2sYY stress (sxy if x andy are the
crystal axes as before! which transforms as anA1 perturba-
tion, so the statesc andd must have the same symmetry
this point group. Consequently, the 1864 meV transitionp is
a symmetry-allowed dipole transition and so must have
accidently near-zero transition probability at zero stress.

We show in Sec. V that the origin of the doublets can
readily explained if the mean symmetry isD2d and tunneling
occurs between the distorted configurations. On the princ
of adopting the simplest description, theD2d point group is
therefore preferred.

V. ORIGIN OF THE STATES

The uniaxial-stress data have established that the effec
symmetry of I0 as seen optically isD2d . The irreducible
representations~IRs! of the states are as shown by the e
ample in Fig. 1~b!, or any of the combinations in Table
Whichever combination is used, two spin-zero states of
same IR are required. This observation contrasts with cur
theoretical constructs of the electronic states, where
spin-zero states of the same IR cannot be produced by p
lating a doubly degenerate one-electron state with t
electrons.16 In the next two sections we will investigate th
facts that both the ground,a andb, and excited states,c and
d, are split by a few meV, and that both pairs are alm
equally coupled by stresses of, respectively,B1 andB2 sym-
metries.
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STRUCTURE OF THE SELF-INTERSTITIAL IN DIAMOND PHYSICAL REVIEW B69, 045203 ~2004!
A. The low energy doubleta, b

The ground-state splitting ofDE'7 meV has been de
scribed in terms of the tunneling splitting as the se
interstitial moves between equivalent distort
configurations.6,13 The tunneling time,Dt'\/DE'10213 s
is sufficiently short that the observed symmetry would be
mean,D2d , as observed. It has been shown that the shap
the spectrum~a doublet ground state, with a very weak zer
phonon line at 1685 meV, a stronger one-phonon sideb
and negligible higher-order phonon-sidebands! can be fitted
quantitatively in terms of a coupling between the vibron
progressions of two electronic states.13 The model assumed
two electronic states, of wave functionsca andcb with cb
an energy E0 above ca . Born-Oppenheimer product
caxn(Q) and cbxm(Q) were formed using harmonic
oscillator wave functionsxn(Q) for thenth quantum state,Q
being the coordinate of the local vibrational mode. The
states were assumed to be coupled by a termĉQ linear in the
vibrational coordinate. It couplescaxn(Q) to cbxn11(Q),
with a magnitude

E drdQxn* ~Q!ca* ~r !ĉQcb~r !xn11~Q!

5cA \

mv
An11

2
. ~6!

For coupling ofcaxn to cbxn21 , (n11) in the square roo
is replaced byn. To fit the energy separation of the observ
doubleta andb, Sec. III A, and the relative intensities of th
1685 and 1859 meV lines one requires

E05250650 meV, cA \

mv
5325615 meV. ~7!

We can now estimate the strength ofc independently from
the measured couplingB1

ab . There are two steps in the ca
culation. First we recognize that the measurement ofB1

ab is
on two particular vibronic levels,ua&, ub&, while c is defined
in terms of the parent electronic statesca andcb . The states
are related by

ua&5 (
n50

`

cancaxn1 (
m50

`

cbmcbxm ,

~8!

ub&5 (
n50

`

dancaxn1 (
m50

`

dbmcbxm .

The measured coupling is then

B1
ab5^bub̂1ua&5 (

n50

`

candbnE drca* b̂1cb

1 (
m50

`

cbmdamE drcb* b̂1ca . ~9!

The eigenvectorscan ,cbm ,dan ,dbm are known explicitly
from the secular matrix of which Eq.~6! gives the off-
04520
-

e
of
-
d,

e

diagonal terms and the diagonals are simply (n1 1
2 )\v and

E01(m1 1
2 )\v. With the parameters of Eq.~7!,

^bub̂1ua&5r E drca* b̂1cb , wherer 50.96. ~10!

The ratio r is equivalent to a Ham reduction factor i
Jahn-Teller theory,20 where it may differ very significantly
from unity. In this problem, with the strong coupling an
large energy separationE0 , r'1.

The second stage in the calculation is to convert the st
response,*drca* b̂1cb , into a response per unit displaceme
in the modeQ. The conversion involves the combination
elastic constants (c112c12), which has the value for perfec
diamond of 953 GPa;19 the value near I0 is likely to be higher
as a result of the local stiffening of the lattice expected fro
squeezing the extra atom into the available space.21 To con-
vert the movementQ into a strain, we assume that the a
propriate scaling length is the bond length,l 50.154 nm.
Then

c>
c112c12

lr E drca* b̂1cb , ~11!

predictingcA\/mv>190 meV. The lower limit is within a
factor of 2 of the required value, which suggests that
vibronic model is reasonable.

Additionally, the vibronic model proposed in Ref. 13 r
quired that there was no first-order coupling of the loc
mode to each state, i.e.,*drca* b̂1ca'0, and likewise for
cb . This is confirmed by the negligible size of the first-ord
stress parameters, Sec. III. It is not possible to test the m
further since, for example, we do not know the energy lev
of the next vibronic levels abovea andb, since the I0 center
is nonluminescent.

B. The high-energy doubletc, d

Statesc andd have a similar splitting toa andb, and the
same magnitude of stress-induced coupling,B1

cd.B2
ab . This

similarity implies some ‘‘coincidence’’ in the nature of th
pairs of levels. In contrast to the ground states, the o
phonon levelse andf can be observed. They are separated
5 meV, the same as the zero-phonon levelsc andd. At first
sight, this result is very unexpected, since the barrier po
tial seen by the one-phonon levels is expected to be m
smaller than that for the zero-phonon levels. However, sta
c and d couple throughB2 perturbations, notB1 as for the
ground state. If there is a vibronic coupling of two electron
states to producec and d, it will be through aB2 phonon.
This mode is independent of theB1 mode, in the harmonic
approximation, and the two vibronic deformations can
treated independently.~This is why statese and f could be
written as simple Born-Oppenheimer products of theB1
mode and an ‘‘electronic’’ partfc or fx , where we now see
that the electronic part can be a linear combination as in E
~8! and~9!, but involving theB2 mode.! In this model, states
c andd are zero-phonon states of both theB1 andB2 modes,
and are split by the tunneling motion produced by theB2
3-7
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SMITH, DAVIES, NEWTON, AND KANDA PHYSICAL REVIEW B 69, 045203 ~2004!
mode. Statese and f have one phonon in theB1 mode but
zero phonons in theB2 mode, and so are split by the sam
amount asc andd, as observed. The coupling to theB2 mode
can be described using the theory of Sec. V A, with the e
tic constants (c112c12) replaced byc44, which has a similar
magnitude@61% of (c112c12)], leading to very similar po-
tential surfaces in the ground and excited states.

C. The configurational surface of I0

A B1 mode transforms asx22y2, as in Eq.~1!, and low-
ers the symmetry toD2, while B2 transforms as a shearin
motion xy, and lowers the symmetry toC2v . Density-
functional calculations predict a saddle point in theB1 vibra-
tional mode inD2d symmetry.6 From the curvature of the
potential surface near theD2 minima, this mode appears t
have a quantum slightly greater than the cutoff of diamon6

in agreement with the experimental value of 168.6 m
Similar calculations to those reported in Refs. 6 and 16,
with a larger cluster of 124 carbon atoms, predict that I0 has
three other local vibrational modes.22 The two modes of
highest frequency transform asA1 andE. A third transforms
asB2, and is predicted to have an energy of 1143 cm21. The
calculations underestimate vibrational frequencies near
Raman energy, and plausible scaling regimes place this m
'10 meV above the Raman energy.

In the electronic ground states of I0, the B2 mode pro-
duces no coupling, and so the potential surface is parab
in that mode. The coupling to theB1 mode produces a
double-minimum shape resulting from two electronic sta
coupled by the mode. The adiabatic potential surfacesV are
given by the solutions of

S 1

2
m1v1

2Q1
2 cQ1

1
1

2
m2v2

2Q2
22V

E01
1

2
m1v1

2Q1
2

cQ1 1
1

2
m2v2

2Q2
22V

D 50. ~12!

Here, the suffix 1 refers to theB1 mode, and 2 to theB2
mode, m to the mass of the mode andv its angular fre-
quency.E0 is the energy separation of the electronic state
Q15Q250. Schematically, the configurational surface is
in Fig. 6, where the mass of the modes is set to the mas
a carbon atom, and theB2 mode has been arbitrarily assigne
a quantum of 175 meV, since we have no information on
quantum, its value is not critical. The effect of the coupli
to theB1 mode is to lower the energy minimum in the co
figurational plot by 0.2 eV, taking it below the energy of th
3A2 epr-active state.

In the excited states of I0, we have seen that the couplin
is through theB2 mode, and so here theB1 mode is parabolic
and theB2 mode shows the double minima, Fig. 6. For illu
04520
s-
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e
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trative purposes the potential surfaces are drawn using
~12! with cQ1 replaced bycQ2.

There is an intriguing parallel in 3C SiC, where densit
functional theory calculations on the interstitial-carbon
carbon-antisite defect predict similar local modes ofA1 , E,
andB2 symmetries as for I0, but for this center there is noB1
local vibrational mode.23 One consequence of our vibron
model is that in the absence of aB1 local mode, the epr-
active triplet state would be the ground electronic state,
predicted for the interstitial-carbon—carbon antisite in SiC23

VI. SUMMARY

We have shown that in the ground state of the center,
neutral^001& split interstitial effectively has the ideal sym
metry ofD2d , like the paramagnetic state 50 meV above t
ground state. We have shown that the stress perturbat
arise predominantly through interactions within the groun
state doublet and within the excited-state doublet. To
knowledge the existence of the excited-state doublet was
realized before this work. The doublets can be understood
a way that is fully consistent with the stress data, in terms
tunneling between two equivalent minima ofD2 symmetry
in the ground state, and two equivalent minima ofC2v sym-
metry in the excited state.

Our model requires that two pairs of electronic states, o
for the ground state and one for the excited state, inte
through the vibronic coupling mechanism with equ
strengths. In other semiconductors, where we can desc
electronic states in terms of a bound exciton, it is possible
have one set of energy levels of the hole duplicated by
independent set of levels from the electron.24 The challenge
to theory is now to define the origin of the interacting stat
and to determine the properties of the different modes
vibration of I0.

FIG. 6. Schematic configurational-coordinate plots. The low
figure is for the electronic ground states, where tunneling occur
theB1 mode and not in theB2 mode. The parameters used are giv
in the text. The upper plot is for the electronic excited states, wh
tunneling occurs in theB2 mode but not in theB1 mode.
3-8
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