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We present insights into the electronic structure and relaxation ¥f ¢dlor centers in diamond which
support the contention that Jahn-Teller effects may play a very significant role in the exc@tate. We also
consider several opposing arguments, but show that the unusual relaxation behavior o thenkér can
mask common signatures of the Jahn-Teller effect, and that it remains a strong candidate for the dominant
interaction determining excited-state splittingS0163-18207)05748-2

In their Comment, Goss and co-worketsave correctly wavelength-dependent, in contradiction to the experimental
pointed out that the six-electron nitrogen-vacaridy-V] results® Conversely, quenching is a strong indicator of Jahn-
model proposed by Loubser and van \fyar the 1.945-eV  Teller distortions® Our calculations showed that a six-
center in diamond is consistent with many previous experi€lectron model which included only spin-orbit, strain, and
ments. They doubt that electronic properties of this centespin-spin interactions resulted in an energy-level term dia-
could result from a Jahn-Tell¢d-T) effect in the excited=E gram incompatible with experimental hole burning and four-
state or that the center could be of neutral charge, possibilwave mixing determinations of transitions between levels.
ties (among othersconsidered in our recent papem this  (An exception in the extremely high strain lirhitvas ad-
Reply we respond to their critique and expand on possibleressed in our pap®y It was also decidedly unexpected that
alternatives discussed in our publicatibin particular, we  the prevailing LVW model predicted only a single spin-spin
point out what we view as shortcomings of the Loubser—varsplitting in the lowest of two groups of excited states in the
Wyk (LVW) theory in relation to experiments published by *E manifold, whereas experiments clearly revealed two. In-
several groups, we explain wign experimental grounyla  terested readers can make a careful comparison of Fig. 4 of
standard indicator for the presence of J-T effects may fail irRef. 3 (theory) and Fig. 14 of Ref. Sexperiment On the
the NV center, we discuss the question of the charge state afther hand, the observed excited-state structure was at least
the defect further, and we make specific suggestions for fueonsistent with calculations including a Jahn-Teller interac-
ture theoretical work on this intriguing center. tion in the E electronic state. In our work, we therefore

Firstly, it is generally conceded that two unpaired elec-turned to alternative interactions seeking avenues for im-
trons are responsible for the measured properties of the N-proved agreement.
center. Models developed in our paper follow LVW theory We considered only three plausible model8i-V]*,
in this regard, although they are based on different total numEN-V]°, and [N-V]~ which contained four, five, and six
bers of defect electrons. The issues raised by Goss and celectrons, respectively. Of these models, only fheV]™
workers relate exclusively to the origin of the two unpairedyielded the correct ground-state symmetry directly. On this
electrons, the overall charge state of the center, and whethégsis the[N-V]" model was discarded. For tHeN-V]°
a strong J-T effect is present. And indeed, were it not formodel, however, we found that if three carbon electrons were
recent measurements discussed below, there would be littlgassivated by some means, the remaining two nitrogen elec-
motivation to reconsider the theory. It has been arfuleat trons yielded a®A ground state also, as required. Conse-
the negatively charged LVW model already fits a trend forquently, more refined calculations were done with only the
several diamond centers. [N-V]° and[N-V]~ models. Thd N-V]° model (the n=2

Regrettably, however, calculations based on the LVWmodel of Lenef and Rariiifared no better in predicting ob-
model with spin-orbit and strain, but negligible Jahn-Tellerserved excited-state structure on the basis of spin-orbit and
interactions do not simultaneously predict the existence of agpin-spin calculations than tHéN-V]~ model. However, it
electronic state 46 cm' above the excitedE state of the had some analytic merit in that it yielded two-electron wave
1.945-eV transitioh together with wavelength-independent functions simple enough to examine matrix elements of new
spin splittings. Yet the large splitting and the wavelength-excited-state interactions for clues as to the origin of the
independent spin splittings are well documented in numerousnexplained GHz splittings, as well as the larger overall
hole-burning=®  double-resonance, and photon-echo splitting of the 3E state by 46 cm®.
experiments. A ~40-cm™! splitting in the excitedE state Neither of the models we considered reproduced the ob-
was first inferred from microwave double-resonanceserved fine structure when only spin-orbit, spin-spin, or ran-
experiment$ and ascribed to orbital splitting. However, if dom strain interactions were taken into account. Yet a Jahn-
spin-orbit interactions are not quenched in any of the existingeller effect strong enough to quench the spin-orbit
models, then the introduction of strain in concert with spin-interaction could easily account for the excited-state split-
orbit interaction leads to spin splittings which are stronglytings, earlier discussions of J-T effects notwithstanding.
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Strong coupling of theE electronic state to a vibrational plane bounded by the C nuclei to estimate the linear
model could explain the ultrafast dephasing of the blueelectron-phonon coupling for thE mode, one finds a J-T
shifted component of the ZPL transitidras well as the ab- energy ofV2/2M wZ~600 cm L. This value is higher than
sence of a vibrationd-mode feature in absorption, which is the dominant phonon energy. Consequenﬂy, the lowest-
not uncommon in itself: At the same time, fast population energy vibronic states should at least be radially confined at
decay of the upper to the lower ZPL component would b&qyy temperatures in the vibronic adiabatic potential. This is
expected to mask “normal” effects of Jahn-Teller coupling precisely the strong-coupling regime described in our paper,

in emission. Only emission from the_ IOV\_/er component of the,, \\nich a tunneling model with a second-order warping
excited state would be observed, in view of the extremely

: L X potential is appropriate to describe teE vibronic-state
rapid, nonradiative relaxation of the upper comporieBtb splitting}* Hence the J-T effect remains a strong candidate

sequently, even if the lower component of the ZPL were explaining theE-state splitting, in our opinion
vibrationall I he latti Itraf hasing woul ' .
brationally coupled to the lattice, ultrafast dephasing would = ¢ o publication of our theory, research by Mitapro-

flatten any vibrational feature in the emission spectrum, re- ) . , .
sulting in perfect mirror symmetry more typically taken as aVided experimental evidence for the first time that the/N-
signature of theabsenceof J-T effects! The temperature center may be negatlyely charged. If Mita’'s ana}IyS|s is cor-
dependence of dephasing of the blue component should fof€Ct, our picture of a five-electron model producing spin one
low a T3 dependence in the presence of J-T coupling, and from a total of five electrons by passivation of three carbon
dependence consistent with this was indeed observed expeﬁpins would be erroneous. That is, the two active electrons in
mentally. the NV center would then have to originate from a total of
Although Goss and co-workers offer no explanation forsix defect electrons, in close agreement with the conclusions
the 3E-state splitting, they argue that if there were a signifi-of He and co-workers based on elegant hyperfine interaction
cant J-T effect in thé& state of the NV center, the presence measurement€ On the other hand, whether the center is
of anA vibronic state 46 cm? above theE state as depicted neutral or negative, the difficulty of explaining the zero-field
in our model should have caused an avoided crossing and aplitting patterns with transitions of the two unpaired elec-
inflection of the E-state curve in uniaxial strain measure- tronswould remain Our position is that detailed calculations
ments reported previously. This is an interesting point. of excited-state interactions, including especially the Jahn-
However, the raw data in Ref. 12 do show small deviationsTeller effect, need to be performed for the six-electron center
from linearity which may simply correspond to an unexpect-using accurate wave functions for the two active electrons.
edly small reduced matrix elemef#||Vg| E) in the presence It should be interesting to see whether, in future work, a
of a strong J-T effect. This situation can arise when the phosix-electron model can be devised to reproduce the hole-
non coupling experienced by theandE states is very dif- burning and echo results without invoking a Jahn-Teller ef-
ferent. The observed dephasing time is much shorter for thect in the E state. Further experiments are clearly needed
vibronic A than theE. Hence only experiments performed on also, perhaps using single-molecule spectrostojyelimi-
atime scale less than the coherence tia®in Ref. 6 reflect  nate ensemble averaging. However, great care will be needed
pure A-E coupling and retain any coherent cross-couplingin interpreting the role of time scale and dephasing in future
terms. theory and experiments. Even a single center would experi-
It is interesting to estimate the J-T energy for theVN- ence ultrafast dephasingence extreme broadeningf one
center by assuming that the model which couples to the exsf the E components but not the other, making it difficult to
cited state is at the dominant phonon energy 63 mey ( confirm the large excited-state splitting. Only the long-lived
~500 cm™1).22 Combining this with a rough value of strain component would be observed in luminescence excitation
parameterV;~15 000 cm ! unit strait® in the trigonal  under conditions of low signal-to-noise ratio.
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