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1. Introduction

This	
  18-­‐moth	
  AFOSR	
  project	
  allowed	
  us	
  to	
  explore	
  several	
  aspects	
  of	
  color	
  centers	
   in	
  solids	
  
such	
  as	
  the	
  engineering	
  of	
  the	
  optical	
  properties	
  of	
  single	
  emitters	
  in	
  large	
  band	
  gap	
  materials	
  
and	
  the	
  understanding	
  of	
  the	
  effect	
  of	
  external	
  perturbations	
  such	
  as	
  electronic	
  and	
  magnetic	
  
noise	
   on	
   the	
   relaxation	
   process	
   of	
   electronic	
   spins	
   associated	
   to	
   impurities.	
   Such	
  
understanding	
  has	
  allowed	
  us	
  to	
  take	
  advantage	
  of	
  the	
  great	
  control	
  that	
  is	
  possible	
  to	
  achieve	
  
of	
   the	
   internal	
   degrees	
   of	
   freedom	
   and	
   use	
   them	
   to	
   implement	
   novel	
   sensors	
   of	
   small	
  
perturbations	
  such	
  as	
  the	
  magnetic	
  field	
  produced	
  by	
  nuclear	
  spins	
  and	
  the	
  strain	
  caused	
  by	
  
mechanical	
  resonators	
  that	
  are	
  made	
  out	
  of	
  the	
  same	
  material	
  that	
  host	
  these	
  single	
  emitters.	
  	
  

In	
  what	
  follows	
  we	
  list	
  the	
  main	
  results	
  and	
  undergoing	
  research.	
  

2. Results

2.1	
  Microscopic	
  modeling	
  of	
  the	
  effect	
  of	
  phonons	
  on	
  the	
  optical	
  properties	
  
of	
  solid-­‐state	
  emitters	
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Summary	
  
	
  
Understanding	
   the	
   effect	
   of	
   vibrations	
   in	
   optically	
   active	
   nanosystems	
   is	
   crucial	
   for	
  
successfully	
   implementing	
  applications	
   in	
  molecular-­‐based	
  electro-­‐optical	
  devices,	
   quantum	
  
information	
   communications,	
   single	
   photon	
   sources,	
   and	
   fluorescent	
  markers	
   for	
   biological	
  
measurements.	
   Here,	
   we	
   present	
   a	
   first-­‐principles	
   microscopic	
   description	
   of	
   the	
   role	
   of	
  
phonons	
   on	
   the	
   isotopic	
   shift	
   presented	
   in	
   the	
   optical	
   emission	
   spectrum	
  associated	
   to	
   the	
  
negatively	
  charged	
  silicon-­‐vacancy	
  color	
  center	
  in	
  diamond.	
  We	
  use	
  the	
  spin-­‐boson	
  model	
  and	
  
estimate	
  the	
  electron-­‐phonon	
  interactions	
  using	
  a	
  symmetrized	
  molecular	
  description	
  of	
  the	
  
electronic	
   states	
   and	
   a	
   force-­‐constant	
   model	
   to	
   describe	
   molecular	
   vibrations.	
   Group	
  
theoretical	
   arguments	
   and	
  dynamical	
   symmetry	
  breaking	
   are	
  presented	
   in	
  order	
   to	
   explain	
  
the	
  optical	
  properties	
  of	
  the	
  zero-­‐phonon	
  line	
  and	
  the	
  isotopic	
  shift	
  of	
  the	
  phonon	
  sideband.	
  

	
  
See	
  Appendix	
  1	
  for	
  more	
  information.	
  
	
  
2.2	
  Strain	
  Coupling	
  of	
  a	
  Mechanical	
  Resonator	
  to	
  a	
  Single	
  Quantum	
  Emitter	
  
in	
  Diamond	
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Summary	
  
	
  
The	
  recent	
  maturation	
  of	
  hybrid	
  quantum	
  devices	
  has	
  led	
  to	
  significant	
  enhancements	
  in	
  the	
  
functionality	
   of	
   a	
   wide	
   variety	
   of	
   quantum	
   systems.	
   In	
   particular,	
   harnessing	
   mechanical	
  
resonators	
   for	
   manipulation	
   and	
   control	
   has	
   expanded	
   the	
   use	
   of	
   two-­‐level	
   systems	
   in	
  
quantum-­‐information	
  science	
  and	
  quantum	
  sensing.	
  Here,	
  we	
  report	
  on	
  a	
  monolithic	
  hybrid	
  
quantum	
   device	
   in	
   which	
   strain	
   fields	
   associated	
   with	
   resonant	
   vibrations	
   of	
   a	
   diamond	
  
cantilever	
  dynamically	
  control	
  the	
  optical	
  transitions	
  of	
  a	
  single	
  nitrogen-­‐vacancy	
  (NV)	
  defect	
  
center	
  in	
  diamond.	
  We	
  quantitatively	
  characterize	
  the	
  strain	
  coupling	
  to	
  the	
  orbital	
  states	
  of	
  
the	
   NV	
   center	
   and,	
   with	
  mechanical	
   driving,	
   we	
   observe	
   NV-­‐strain	
   couplings	
   exceeding	
   10	
  
GHz.	
   Furthermore,	
   we	
   use	
   this	
   strain-­‐mediated	
   coupling	
   to	
   match	
   the	
   frequency	
   and	
  
polarization	
   dependence	
   of	
   the	
   zero-­‐	
   phonon	
   lines	
   of	
   two	
   spatially	
   separated	
   and	
   initially	
  
distinguishable	
   NV	
   centers.	
   The	
   experiments	
   demonstrated	
   here	
   mark	
   an	
   important	
   step	
  
toward	
   engineering	
   a	
   quantum	
   device	
   capable	
   of	
   realizing	
   and	
   probing	
   the	
   dynamics	
   of	
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nonclassical	
  states	
  of	
  mechanical	
  resonators,	
  spin	
  systems,	
  and	
  photons.	
  

	
  
	
  
2.3	
   Competition	
   between	
   electric	
   field	
   and	
   magnetic	
   field	
   noise	
   in	
   the	
  
decoherence	
  of	
  a	
  single	
  spin	
  in	
  diamond	
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Summary	
  
	
  
We	
  analyze	
  the	
  impact	
  of	
  electric	
  field	
  and	
  magnetic	
  field	
  fluctuations	
  in	
  the	
  decoherence	
  of	
  
the	
  electronic	
  spin	
  associated	
  with	
  a	
  single	
  nitrogen-­‐vacancy	
  (NV)	
  defect	
  in	
  diamond.	
  To	
  this	
  
end,	
  we	
  tune	
  the	
  amplitude	
  of	
  a	
  magnetic	
  field	
  in	
  order	
  to	
  engineer	
  spin	
  eigenstates	
  protected	
  
either	
  against	
  magnetic	
  noise	
  or	
  against	
  electric	
  noise.	
  The	
  competition	
  between	
  these	
  noise	
  
sources	
   is	
  analyzed	
  quantitatively	
  by	
  changing	
  their	
  relative	
  strength	
  through	
  modifications	
  
of	
  the	
  host	
  diamond	
  material.	
  This	
  study	
  provides	
  significant	
  insights	
  into	
  the	
  decoherence	
  of	
  
the	
  NV	
  electronic	
  spin,	
  which	
  is	
  valuable	
  for	
  quantum	
  metrology	
  and	
  sensing	
  applications.	
  

	
  
2.4	
  Local	
  probing	
  of	
  nuclear	
  bath	
  polarization	
  with	
  a	
  single	
  electronic spin	
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Summary	
  
	
  
The	
  effect	
  of	
   a	
  polarized	
  nuclear	
   spin	
  bath	
  on	
   the	
  dynamical	
  behavior	
  of	
  a	
   single	
  electronic	
  
spin	
   is	
   studied	
   theoretically	
   and	
   experimentally.	
   The	
   polarization	
   of	
   a	
   single	
   nuclear	
   spin	
  
modifies	
   the	
  spin-­‐echo	
  signal	
  of	
   its	
  neighboring	
  electronic	
   spin.	
  When	
   the	
  electronic	
   spin	
   is	
  
surrounded	
   by	
   a	
   bath	
   of	
   polarized	
   nuclei,	
   the	
   spin-­‐echo	
   signals	
   manifest	
   a	
   characteristic	
  
frequency	
  related	
  only	
  to	
  the	
  nuclear	
  spins	
  abundance	
  and	
  their	
  collective	
  polarization.	
  This	
  
frequency	
  is	
  proposed	
  as	
  an	
  indicator	
  for	
  the	
  local	
  nuclear	
  bath	
  polarization.	
  We	
  quantify	
  the	
  
realistic	
   experimental	
   regimes	
   at	
  which	
   the	
   scheme	
   is	
   efficient.	
   Our	
   proposal	
   has	
   potential	
  
applications	
   for	
   quantum	
   sensing	
   schemes,	
   and	
   opens	
   a	
   route	
   for	
   a	
   systematic	
   study	
   of	
  
polarized	
  mesoscopical	
  systems.	
  

3.	
  Undergoing	
  research	
  
	
  
3.1	
  Use	
  of	
  diamond	
  color	
  centers	
  for	
  fluorescent	
  markers	
  of	
  Amyloid	
  beta	
  
fibrils	
  
	
  
We	
   are	
   currently	
   exploring	
   the	
   use	
   of	
   color	
   centers	
   in	
   diamond	
   to	
   mark	
   amyloid	
   beta	
  
compounds,	
   which	
   are	
   believed	
   to	
   be	
   a	
   precursor	
   of	
   the	
   Alzheimer	
   disease.	
   We	
   have	
  
successfully	
   functionalized	
   the	
   surface	
   of	
   30-­‐nm	
   diameter	
   nanodiamonds	
   in	
   order	
   to	
  
penetrate	
  biological	
  barriers	
  and	
  to	
  detect	
  amyloid	
  beta	
  fibrils	
  in	
  the	
  extracellular	
  region.	
  	
  
	
  
4.	
  Concluding	
  remarks	
  
	
  
The	
   AFOSR	
   grant	
   allowed	
   us	
   to	
   explore	
   several	
   aspects	
   of	
   color	
   centers	
   in	
   large	
   bandgap	
  
materials.	
  	
  We	
  developed	
  a	
  microscopic	
  model	
  to	
  explore	
  the	
  effect	
  of	
  phonons	
  on	
  the	
  optical	
  
properties	
   of	
   solid-­‐state	
   emitters.	
   We	
   calculated	
   the	
   phononic	
   spectral	
   density	
   function	
  
responsible	
   for	
   the	
   optical	
   line	
   shape	
   of	
   colour	
   centres	
   in	
   diamond	
   and	
   alike	
   impurities	
   in	
  
large-­‐bandgap	
   materials.	
   It	
   was	
   also	
   possible	
   to	
   explore	
   the	
   coupling	
   between	
   strain	
   and	
  
electronic	
   charge	
   in	
  mechanical	
   resonators	
  using	
  a	
   single	
  quantum	
  emitter	
   in	
  diamond.	
  We	
  
investigated	
  several	
  noise	
  sources,	
  magnetic	
  and	
  electric,	
  on	
  the	
  relaxation	
  time	
  of	
  electronic	
  
spins	
   associate	
   to	
   color	
   centers	
   in	
   diamond.	
   It	
   was	
   found	
   that	
   the	
   relative	
   sensitivity	
   to	
  
magnetic	
  and	
  electric	
  noise	
   can	
  be	
  adjusted	
  by	
  external	
  magnetic	
   fields.	
  Finally,	
  we	
  use	
   the	
  
electronic	
   spin	
  associate	
   to	
   the	
  nitrogen-­‐vacancy	
  center	
   in	
  diamond	
  as	
  a	
   sensor	
  of	
   the	
   local	
  
nuclear	
   spin	
   polarisation	
   in	
   diamond.	
   Novel	
   spectroscopical	
   techniques	
   were	
   developed	
   in	
  
order	
  to	
  obtain	
  useful	
  information	
  about	
  the	
  nuclear	
  bath.	
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Appendix	
  
	
  
A.1	
  Microscopic	
  modeling	
  of	
  the	
  effect	
  of	
  phonons	
  on	
  the	
  optical	
  properties	
  
of	
  solid-­‐state	
  emitters	
  
	
  
Here	
  we	
  describe	
   the	
   findings	
  of	
   the	
   results	
  published	
   in	
  PHYSICAL	
  REVIEW	
  B	
  94,	
   134305	
  
(2016).	
  	
  
	
  
We	
   have	
   presented	
   a	
  microscopic	
  model	
   for	
   estimating	
   the	
   emission	
   spectrum	
   of	
   the	
   SiV−	
  
using	
  the	
  Kubo	
  formula	
  and	
  the	
  spin-­‐boson	
  model.	
  In	
  addition	
  we	
  have	
  considered	
  effects	
  to	
  
second	
  order	
  on	
  the	
  spectral	
  density	
  function	
  via	
  dynamical	
  symmetry	
  breaking.	
  This	
  spectral	
  
density	
   function	
   is	
   estimated	
   using	
   a	
   force-­‐constant	
   model	
   for	
   describing	
   the	
   vibrational	
  
modes	
   and	
   symmetrized	
   electronic	
   wave	
   functions	
   constructed	
   using	
   group	
   theoretical	
  
arguments.	
  This	
  approach	
  allows	
  us	
  to	
  gain	
  detailed	
  insight	
  on	
  the	
  microscopic	
  origin	
  and	
  the	
  
role	
   of	
   symmetries	
   on	
   the	
   emission	
   spectra	
   and	
   the	
   spectral	
   density	
   function,	
   an	
   approach	
  
which	
   is	
   crucially	
   different	
   from,	
   but	
   validates,	
   phenomenological	
   models	
   presented	
   in	
  
previous	
  works.	
  These	
  results	
  might	
  be	
  useful	
  for	
  understanding	
  and	
  engineering	
  the	
  optical	
  
properties	
   of	
   color	
   centers	
   in	
   solids	
   by	
   extending	
   the	
   analysis	
   to	
   other	
   deep	
   and	
   shallow	
  
centers	
   coupled	
   to	
   phonons	
   and	
   subject	
   to	
   instabilities	
   such	
   as	
   dynamic	
   Jahn-­‐Teller	
   effects	
  
and	
  external	
  perturbations	
  such	
  as	
  electric	
  fields	
  or	
  strain.	
  

	
  

	
  

Figure	
  A1.	
  Schematic representation of the potential energy diagram. The two parabolas represent 
the phononic potential of the ground egx and excited eux states of the SiV− including vibrational 
levels. Structure of the SiV− in diamond: six carbon atoms (dark gray) and the interstitial silicon 
atom (green) embedded in a diamond lattice (light gray). The molecular orbital representation of the 
electronic states egx and eux are represented by red (blue) for the positive (negative) sign of the 
electronic wave function. 
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FIG. 1. Schematic representation of the potential energy diagram.
The two parabolas represent the phononic potential of the ground
egx and excited eux states of the SiV− including vibrational levels.
Structure of the SiV− in diamond: six carbon atoms (dark gray) and
the interstitial silicon atom (green) embedded in a diamond lattice
(light gray). The molecular orbital representation of the electronic
states egx and eux are represented by red (blue) for the positive
(negative) sign of the electronic wave function.

labeled by parity. The degenerate ground states |!(0)
gx 〉 and

|! (0)
gy 〉 belong to the twofold IR Eg = {Egx,Egy}, respectively.

Meanwhile, the degenerate excited states |!(0)
ux 〉 and |!(0)

uy 〉
belong to the twofold IR Eu = {Eux,Euy}, respectively. These
ground and excited states are energetically separated by the
zero-phonon line energy EZPL = 1.68 eV [13]. Therefore, the
electronic structure associated to the negatively charged SiV−

is modeled by the following Hamiltonian:

He = 1
2EZPL

(∣∣!(0)
ux

〉〈
!(0)

ux

∣∣ −
∣∣! (0)

gx

〉〈
!(0)

gx

∣∣). (3)

We do not include the effect of spin-orbit interaction; neither do
we include the spin degree of freedom as they are not relevant
for determining the broad features of the optical line shape.

III. ELECTRON-PHONON HAMILTONIAN

In this section we derive a model for the electron-phonon
interaction between a single SiV− center and lattice vibrations
in a finite sized crystalline structure. First, we consider a
diamond lattice composed of NLat atoms including the SiV−

center at the origin. Atoms are arranged so that the whole
structure maintains the C3v+i symmetry of the point defect.
We introduce the normal coordinates that describe lattice
vibrations [1]

QLat
l =

NLat∑

i=1

∑

α={x,y,z}

√
MiuiαhLat

iα,l , (4)

where Mi is the mass of the ith ion and uiα is the displacement
of the ith ion in the α direction (x, y, or z). In this notation, ui is
the ion displacement vector from its equilibrium position R(0)

i ,
and hLat

iα,l are eigenvectors that satisfy the following eigenvalue

equation [1]:
NLat∑

j=

∑

β={x,y,z}
Diα,jβhLat

jβ,l = ω2
l h

Lat
iα,l , l = 1,...,3NLat, (5)

where Diα,jβ is the dynamical matrix associated with the ion-
ion potential interaction and ωl are the frequency associated
with the lth lattice mode. The dynamical matrix is given by [1]

Diα,jβ = 1
√

MiMj

(
∂2VIon-Ion

∂uiα∂ujβ

)∣∣∣∣
R0

, (6)

where VIon-Ion is the ion-ion Coulomb interaction (see
Appendix B for further details). The electron-phonon inter-
action between the electronic states associated to this point
defect and lattice vibrations can be written as

Ve-ph(r,{Q}) =
3NLat−6∑

l=1




3ND−6∑

l′=1

αl′l

(
∂Ve-Ion

∂QSiV
l′

)

QLat
l , (7)

where ND is the number of defect atoms (ND = 7 for the SiV−

center), Ve-Ion is the electron-ion Coulomb interaction between
one electron located at r and the NLat surrounding atoms, and
QSiV

l′ are the local normal coordinates of the SiV− center. The
factor αl′l is given by

αl′l =
〈
HSiV

l′ ,hLat
l

〉
=

ND∑

i=1

∑

α={x,y,z}
H SiV

iα,l′ hLat
iα,l , (8)

where HSiV
l′ center and hLat

l are the eigenvectors associated
to the vibrational modes of the SiV− and the finite lattice
structure. We assume that the electron wave functions are
nonzero only on the ND defect atoms; therefore, it is sufficient
to consider the inner sum on the defect atoms only. In
Appendix A we show a full derivation of the electron-phonon
interaction. Next, we promote the normal coordinates and the
corresponding momentum conjugate to operators as follows:

QLat
l =

√
!

2ωl

(b̂†l + b̂l), P Lat
l = i

√
!ωl

2
(b̂†l − b̂l), (9)

where the set of 3NLat − 6 independent boson creation b̂
†
l and

annihilation b̂l operators obey the commutation relation

[b̂l ,b̂
†
l′ ] = δll′ . (10)

Note that we only quantize vibrational modes, as translational
and rotational modes leave invariant the electron-phonon
interaction. Finally, by expanding the electron-phonon interac-
tion in the electronic basis |i〉 = {|! (0)

gx 〉,|!(0)
ux 〉} the following

electron-phonon Hamiltonian is obtained:

He-ph =
∑

i,l

λi,l|i〉〈i|(b̂†l + b̂l), (11)

where the electron-phonon coupling constants are given by

λi,l =

√
!

2ωl

3ND−6∑

l′=1

〈
HSiV

l′ ,hLat
l

〉
γi,l′ , (12)

γi,l′ = 〈i|
(

∂Ve-Ion

∂QSiV
l′

)∣∣∣∣
R0

|i〉. (13)
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Figure	
  A2. Numerical emission spectra of the SiV− in diamond. The blue and red curves represent 
the numerical emission spectrum obtained for T = 4 K and T = 296 K, respectively. The ZPL at 736 
nm and the prominent sharp feature of the phonon sideband at 766 nm are reproduced. The peak at 
766 nm is associated with the a1u quasilocal phonon mode. 
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culated in order to incorporate the effect of the dynamical
symmetry breaking given by the mixing of the ground and state
states of the SiV− center. Using group theoretical arguments,
averaging over the phase θ , and evaluating in the small mixing
limit (|ε| " 1) we find that (see Appendix D)

J (ω) = J0(ω) + 8ε2Jeg(ω), (26)

where J0(ω) is given by Eq. (23) and

Jeg =
∑

l

(λeg,l)2δ(ω − ωl), λeg,l =
〈
&(0)

g

∣∣H(l)
e-ph

∣∣&(0)
e

〉

(27)

is the spectral density function that incorporates the contribu-
tion of phonon modes with odd symmetry. See Appendix D
for a derivation of the spectral density function Jeg(ω).
Figure 3(b) shows Jeg(ω) where a strong peak associated
to an a1u quasilocal phonon mode (a2u in D3 symmetry)
is observed with a frequency of ω28 = 63.19 meV, ω29 =
62.66 meV, and ω30 = 62.16 meV for isotopes 28Si , 29Si,
and 30Si, respectively. The ratio between these energies is
approximately ω28/ω29 ≈ 1.01 and ω28/ω30 ≈ 1.02 and has a
good agreement with experimental values (ω28/ω29 = 1.016
and ω28/ω30 = 1.036 [23]). However, the exact value for the
energy of this a1u quasilocal phonon mode can be better
estimated with more precise methods. The prominent sharp
feature of Jeg(ω) has also contributions from eu and a2u modes
where eu modes contribute approximately twice as much as
the a2u modes. The frequency of the quasilocal phonon mode
a1u has a strong dependence on the silicon mass. In this mode,
the silicon atom moves along the symmetry axis. In addition,
we observe that Jeg(ω) is considerably larger that J0(ω) and
strongly depends on the silicon contribution to the electronic
wave function [see Eq. (2)]. Only a small mixing parameter is
sufficient to make Jeg(ω) the largest contribution to the spectral
density function given in Eq. (26) (see Appendix D).

This microscopic procedure allows one to numerically
calculate the contribution of acoustic, optical, and quasilocal
phonon modes to the spectral density function. However, a
large number of atoms is required to have a better estimate of
the mode density and of the emission spectrum. Alternatively,
known models of the spectral density function can be
fitted to simplify the effect of phonons. Bulk phonons
have been modeled with a spectral density function of
the form [5] JBulk(ω) = 2αω1−s

c ωse−ω/ωc , where α is the
dissipation strength, ωc is a cutoff frequency, and s is
a dimensionless parameter characterizing the regimes:
sub-ohmic (s < 1), ohmic (s = 1), and super-ohmic (s > 1).
At low frequencies the contribution from acoustic phonon
modes to the SiV− can be modeled as J (ω) ∝ ω3 which
implies a super-ohmic regime (s = 3) [9]. For quasilocal

phonons JLoc1(ω) = J0
π

1
2 )

(ω−ωb)2+( 1
2 ))

2 [27], where J0 is the

coupling strength, ) is a characteristic width, and ωb is the
frequency of the phonon. In the numerical estimation at
least two localized contributions JLoc1(ω) and JLoc2(ω) are
recognized at 63.19 meV and around 45.5 meV, respectively.
We fit Jeg(ω) to a spectral density function of the form
Jeg(ω) = JBulk(ω) + JLoc1(ω) + JLoc2(ω) [28]. We found,
however, that JLoc2(ω) is best fit to a Gaussian function as it
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FIG. 4. Numerical emission spectra of the SiV− in diamond.
The blue and red curves represent the numerical emission spectrum
obtained for T = 4 K and T = 296 K, respectively. The ZPL at
736 nm and the prominent sharp feature of the phonon sideband at
766 nm are reproduced. The peak at 766 nm is associated with the
a1u quasilocal phonon mode.

is probably composed of multiple quasilocal phonon modes.
The emission spectrum associated with Jeg(ω) is shown on
Fig. 4 and has good agreement with the observed isotopic
shift [23]. The largest contribution to the phonon sideband at
766 nm is due to the main peak in Jeg(ω) at 63.19 meV and it is
associated to an a1u quasilocal mode as previously discussed
[see Fig. 3(b)]. Changing the isotopic mass indeed shifts the
distance between the ZPL and this feature on the phonon
sideband confirming previous observations [23]. A second
contribution to the sideband is observed at 755 nm and is
associated with a peak in Jeg(ω) at 45.5 meV and does not have
a dependence on the silicon mass. Other peaks in the observed
experimental phonon sideband [29] can be associated to other
features in the spectral density function J0(ω) and Jeg(ω).
A peak at 796 nm (with no dependence on the silicon mass)
[23] might correspond to the highest phonon frequency of
the acoustic band of highest sound speed, close to the L
symmetry point of the measured dispersion relation [20,30].

Our second nearest-neighbor model over estimate mode
frequencies at higher frequencies and locates this points at
136.5 meV, frequency at which there seems to be a contribution
on the spectral function Jeg(ω) [see Fig. 3(b)]. A similar
argument applies for a contribution at 87 meV in the observed
phonon sideband corresponding to a 103.4 meV feature in
Jeg(ω). The model also allows one to calculate temperature
effects. As an example, we have plotted the emission spectrum
at 4 K and 297 K (see Fig. 4). Finally, we remark that the
isotopic shift is not possible to explain with phonons that
transform evenly under inversion. Therefore, a dynamical
symmetry breaking is needed, which can be caused by
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