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Ultrafast laser induces macroscopic
symmetry-breaking of diamond color
centers

Yang Gao1, Qi-Zheng Ji1, Chao-Bo Liu1, Qi Xiao1 & Chao Lian 2,3

Thenegatively chargednitrogen-vacancy center is a leadingquantumplatform
due to its excellent spin coherence and stable interactions. Understanding its
ultrafast dynamics is crucial for quantum applications but presents significant
challenges for both experimental characterization and atomic-scale modeling.
Here, we employ real-time time-dependent density functional theory to
investigate the coupled electron-phonon-spin dynamics in negatively charged
nitrogen-vacancy centers. Laser excitation promotes minority-spin electrons
within 100 fs, establishing a C3v-symmetry breaking charge ordering. Subse-
quently, ionic motion on the potential energy surface of the excited electrons
generates both symmetric oscillations of carbon-nitrogen bonds and dynamic
Jahn-Teller distortions with a C3v-symmetry breaking. These distortions sub-
sequently induce nonlocal coherent phonons in the diamond lattice, which
propagatewith theC3v-symmetry breaking at the sound velocity ( ~ 2Å/fs). Our
simulations provide direct time-resolved visualization of these processes,
offering novel insights into the microscopic interplay of electrons, phonons,
and spins in nitrogen-vacancy centers.

The negatively charged nitrogen-vacancy (NV−) center has become a
leading platform inquantum sensing, networking, and computation1–4,
due to its exceptional spin coherence time, distinct opto-magnetic and
electron-phonon interactions, and remarkable stability over a wide
temperature range5. In these applications, the intricate coupling
between light, electronic spin, and phonons, particularly the role of
local vibrationalmodes (LVMs, Fig. 1a) are crucial inmodulatingoptical
properties4,6,7, while these interactions are entangled in the ground
state or weakly perturbed state and thus difficult to understand and
manipulate individually.

Pump-probe experiments have revolutionized the study by cate-
gorizing the mixed electron-phonon-spin correlations into different
timescales in non-equilibrium ultrafast dynamics8–13. Pioneering work
by Huxter et al. utilized two-dimensional ultrafast spectroscopy to
reveal the dominant role of LVMs in mediating vibrational bath
responses8. Particularly, the dynamical Jahn-Teller (DJT) distortion has

been established as theprimarymechanismdriving femtosecond-scale
depolarization of NV− electronic states9. Recent advances by Carbery
et al. distinguished the timescales of DJT decay ( ~ 150 fs) and excited-
state relaxation (picosecond-scale)13, while Ichikawa et al. demon-
strated that a special LVM, dynamical polarons, serve as precursors to
long-lived nonlocal coherent phonons (NLCP)14. These results collec-
tively highlight the critical role of phonons in NV− center dynamics
from different aspects.

A comprehensive atomic-scale understanding of ultrafast pro-
cesses in NV− centers is crucial for reconciling these macroscopic
spectroscopy into a unified framework. For the ground-state NV− sys-
tems, first-principles methodologies have proven instrumental in sys-
tematically probing couplings between light and electrons15–18,
electrons and phonons11,19–21, and phonons and spins22–25. However,
modeling non-equilibrium dynamics presents formidable computa-
tional challenges: ab initio simulationsmust concurrently resolve spin-
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orbit-mediated light-electron-phonon-spin interactions, while brid-
ging the six orders of magnitude difference between attosecond
electronic time steps and picosecond phonon dynamics.

Our recent methodological advancements26–28 of the real-time
time-dependent density functional theory (RT-TDDFT)29,30 overcome
these limitations through optimized wavefunction propagation
schemes that integrate three key components: explicit spin-orbit cou-
pling (SOC) in time-dependent Hamiltonians31, velocity-gauge treat-
ment of electromagnetic fields32, and excited-state molecular dynamics
capabilities. By applying this advanced RT-TDDFT framework to NV−

center systems, we aim to unravel the real-time interplay of electronic,
vibrational, and spin degrees of freedom, thereby establishing a new
dynamical paradigm for quantum defect research. With the unique
atomic-level picture obtainedwithTDDFT,wepropose that theultrafast
combined symmetric oscillations of carbon-nitrogen bonds and DJT
distortions propagate through the diamond crystal with the speed of
sound and generate a macroscopic coherent symmetry-breaking.

Results and discussion
Photocarrier generation
Under a linearly polarized laser pulse with 100 fs duration, we first
analyze the electronic excitation in the NV− center system. The total
photoinduced carrier density is quantified as

npcðtÞ=
X
nk

j f nkðtÞ � f nkð0Þj, ð1Þ

where fnk represents the time-dependent electronic population at
bandn andcrystalmomentumk. During the laser pulse, approximately

npc = 0.15 carriers are generated [Fig. 2a]. The transient energy per
carrier is calculated as Eave(t) = [EKS(t) − EKS(0)]/npc, where EKS(t)
denotes the time-dependent Kohn-Sham energy29. As shown in the
inset of Fig. 2a,Eave reaches ~ 2.2 eV/carrier at t= 100 fs, consistentwith
the incident photon energy of 1.945 eVwith energy broadening 0.3 eV.
This indicates that the first-order photon absorption dominating at
this laser intensity, which is consistent with the experimental
setups8,9,13,14.

The photoinduced charge density redistribution is shown in Fig.
2b. The spatial asymmetry reveals a pz-orbital-shaped wavefunction
localized at the nitrogen (N) atom and three px/py-orbital-like lobes
near the vacancy (V) site. This is consistent with the transition from the
a↓ state to the e↓manifold as shown in Fig. 2e and f. Notably, thepx/py-
like charge distributions exhibit a C3v-symmetry breaking (3RSB): the
lobeperpendicular to the laser polarization direction (E) is suppressed,
while the two lobes along the C3 and C2

3 symmetry axes remain
equivalent. For t > 100 fs, the electron-electron scattering processes
promote electrons from the e↑ states into the conduction bands of
bulk diamond.

The spin polarization remains almost unchanged during the
subsequent electron-phonon dynamics, as shown in Fig. 2(d). This
agreeswell with previous studies that the perpendicular component of
the SOC (λ⊥), which is responsible for spin flipping, is considered
negligible in the 3E triplet33,34. This observed spin stability enables the
efficient laser initializationof the electronic spin into thems=0ground
state1. These results reproduce the well-established excitation
pathways1,6,13 and establishes a rigorous foundation for simulating
subsequent coupled electron-phonon processes with full quantum-
mechanical fidelity.

Fig. 1 | Schematic diagrams of laser-excited NV− centers. a The overall laser-
induced dynamics in NV− centers: (1) laser excitation of electrons, (2) induction of
local vibrational mode (LVM) vibrations near the NV− centers, and subsequently (3)

excitation of nonlocal coherent phonons (NLCP) modes via phonon propagation.
b Corresponding ultrafast timescales of the processes described in a.
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LVMs and spin dynamics
On longer timescales > 100 fs, the electron-phonon-spin system
exhibits strongly coupled dynamical behavior. First we analyze the
LVM dynamics by monitoring the triangle formed by the three
carbon atoms around the V site, with lengths d1, d2, and d3, as
shown in the left inset of Fig. 3a. The average bond length
d = ðd1 +d2 +d3Þ=

ffiffiffi
3

p
, is used to describe the symmetric A1 mode and

the degenerate E representation is formed by the combinations
δdx = ðd1 +d2 � 2d3Þ=

ffiffiffi
6

p
, δdy = ðd1 � d2Þ=

ffiffiffi
2

p
. d(t) oscillations [Fig. 3a]

with amplitudes of ~ 0.02 Å show striking agreement with experi-
mental two-dimensional ultrafast spectra8 in both time and frequency
domains, confirming that the LVMs directly modulate the optical
properties of NV− centers.

More importantly, δdx exhibits an oscillation about 1 × 10−3 Å [Fig.
3c], which is the microscopic characteristic of DJT distortion35. In
comparison, when the laser polarization is aligned parallel to the NV
center axis [left inset of Fig. 3a], the 3RSB is eliminated while the
oscillations of LVMs remain qualitatively similar, as shown in Fig. 3a and
c. This indicates that the DJT distortion is a direct result of 3RSB charge
transfer. The photo-induced charge transfer is weaker along the E-axis
compared to that along C3 and C2

3 directions (Fig. 2b), which causes a
3RSB in the photo-induced ion forces. The peaks in the Fourier trans-
form of Δdy spectrum, shown in the inset of Fig. 3c, are consistent with
the E symmetry vibronic levels reported in Ref. 35, providing another
characteristic fingerprint for comparison with Δ-SCF calculations35.

We analyze the bond dynamics with the potential energy surface
(PES) by analyze the EKS(t) along these two coordinates d and δdx, i.e.,

EKS(d) and EKS(δdx).Etot(d) shows aparabolic PESwith aminimumat the
excited-state equilibrium bond length (Fig. 3b), corresponding to
overall oscillations, while Etot(δdx) reveals a double-well PES (Fig. 3d)
characteristic of the DJT distortion.

This PES evolution has great influence on the structural response,
similar to the PES modification predicted28 and the non-linear pump-
probe signal observed in TiSe2

36. This directly resolve these competing
effects with a critical advance over previous excited-state PES studies
relying on perturbative methods like ΔSCF35.

Phonon propagation
Beyond local symmetry breaking, the DJT distortion induces macro-
scopic NLCPs with 3RSB in diamond. We analyze the oscillation
amplitudes Δτi(t) = τi(t) − τi(0) of the C atoms in successive coordina-
tion shells (1-4) around the V site (Fig. 4a), where τi(t) is the position of
the i-th C atom. Figure 4b shows that during 0-50 fs, Δτi(t) values are
degenerate for all three C atoms in each shell, while over a longer
period (50-150 fs), the atoms along the C3 and C2

3 directions retain
degenerate amplitudes, and the atom along the E-axis exhibits a
reduced amplitude, indicating the emergence of 3RSB in NLCPs
besides the LVMs.

This 3RSB NLCPs propagates radially, evidenced by a delayed
onset and reduced amplitudes in outer shells. The 40 fs delay between
the NV− center and shell 4 agree well with the 50 fs NLCP formation
time proposed in ref. 14. Quantifying displacements via the maximum
amplitude maxfΔτiðtf Þg for t < tf (Fig. 4c), we find that only LVMs are
excited at t = 35 fs, while oscillation amplitudes saturate for C atoms in

Fig. 2 | Electronic, and spin dynamics in the NV− system. a Number of excited
carrier as a functionof time.Gray curve: Laser electricfield component. Inset: Time-
dependent average energy per carrier (Eave). b Differential electronic density
between t = 100 fs and t = 0, showing charge redistribution (blue: positive Δρ; red:

negative Δρ). c Time-resolved eigenvalue evolution near Fermi energy (k = Γ), with
color scale (Δfnk) indicating electronic population changes. d Evaluation ofmx,my,
and mz as the function of time. e–f the wavefunctions of the a↓ orbitals and e↓
orbitals, respectively. Isosurface level is 5 × 10−4 e/Å3.
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shells 1-3 at t = 100 fs. The averagemaximumamplitude over thewhole
cell at different tf (Fig. 4d) is evaluated as

maxfΔτiðtf Þg=
1

Natom

XNatom

i = 1

maxfΔτiðtf Þg, ð2Þ

where Natom is the total number of atoms in the calculated region. We
found that the maxfΔτiðtf Þg can be well described with a diffusion-like
relation:

maxfΔτiðtf Þg=A exp � 1
4Dtf

 !
+C, ð3Þ

with A = 0.20 Å, C = -0.19 Å, and D = 0.25 Å/fs. The diffusion speed D is
close to the experimental sound velocity of diamond (0.19 Å/fs)37,
confirming the diffusion nature of the NLCP. Thus, we demonstrate
that the DJT distortions trigger the macroscopic symmetry-breaking
phonon transport.

The origin of the NLCP is the electric field generated by the
excited-state electron distribution [Fig. 2]. We carry a calculation with
six carbon atoms near the NV center fixed, i.e., the C1 atoms in Fig. 4a.
As compared in Fig. 4b, it can be observed that not only is the onset of
vibrations delayed for carbon atoms in different shells away from the
NV center, but the vibrational amplitude also remains very small within
the first 50 fs. Utilizing the previously described diffusionmodel (3) to
characterize this propagation process, we obtain a new set of para-
meterswithA=0.25Å, C = -0.24Å, andD=0.25Å/fs. This indicates that

diffusionmechanism is similar and the propagation speed remains the
sound velocity of diamond.

Summary and discussion
In this work, we have elucidated the ultrafast coupled dynamics of
electrons, phonons, and spins in the NV− center following photo-
excitation by leveraging RT-TDDFT. Our simulations directly capture a
multi-stage dynamical sequence: Laser excitation initially promotes
minority-spin electrons within 100 fs, establishing a charge-ordered
state that breaks the C3v symmetry. This electronic rearrangement
subsequently drives ionic motion, generating both symmetric bond
oscillations and DJT with 3RSB. These local distortions, in turn, launch
NLCP wavepackets that propagate through the diamond lattice at the
sound velocity, carrying the 3RSB signature.

The key finding of this study is the direct, time-resolved visuali-
zation of the process of the laser-induced 3RSB transfer, from the
electronic excitation into specific lattice vibrations and propagation.
These insights provide a novel fundamental understanding of the NV−

center’s photophysics and suggest potential avenues for coherent
control of its quantum state via tailored phononic environments, with
implications for quantum information science.

Methods
Based on our previous efforts in developing the time-dependent ab
initio package (TDAP)28, alongside the velocity-gauge field
algorithm26,27 andmolecular dynamics27,38, we implemented theTDDFT
algorithm39 within the plane-wave code Quantum Espresso40,41. For

Fig. 3 | Dynamics of the local vibrational mode. a Average bond length
d = ðd1 +d2 +d3Þ=

ffiffiffi
3

p
as a function of time, where di (i = 1, 2, 3) are the lengths of the

bonds between the nearest carbon atoms and the vacancy (V) site, as illustrated in
Inset (left). The solid line represents the result for laser polarization perpendicular
to the NV axis (E⊥), and the dashed line for polarization parallel to the NV axis (E∥),
as defined in Inset (left). The contour plot is generated using data fromFig. 2f of ref.
8. Inset (right) shows the Fourier transform of d(t) compared with experimental
data from ref. 8. b Dynamical potential energy surface (PES) as a function of bond

length d. For comparison, a parabolic PES is indicated by a dashed line. Colors
represent different times. cDifferences in bond lengths δdy and δdx as a function of
time. Solid and dashed lines denote results for E⊥ and E∥, respectively. Inset shows
the Fourier transform of δdx(t) compared with the vibrational frequencies reported
in ref. 35. d Dynamical PES as a function of the bond-length difference δdx. A
double-well PES is shown as a dashed line for comparison. Colors represent
different times.
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details on the velocity-gauge electric field, the efficient evolution
method, choice of the XC functionals, and the energy cutoff/ k-points
convergence, please refer to the Supplementary Informationof ref. 28.
We used the Perdew-Burke-Ernzerhof (PBE) exchange-correlation (XC)
functional42 in both DFT and TDDFT calculations. The core electrons
and nuclei were described using full-relativistic, optimized norm-
conservingVanderbilt pseudopotential (ONVP)43 from the PseudoDojo
pseudopotentials library44. The plane-wave energy cutoff was set to 80
Ry. The NV system is modeled as a 3 × 3 × 3 supercell of diamond with
one NV center, containing 53 atoms (52 C atoms and 1 N atom). Bril-
louin zone was sampled using Monkhorst-Pack scheme45 with a
3 × 3 × 3 k-point mesh. Band unfolding techniques were utilized to
generate the effective band structures (EBS)46,47 with unfold-x code48.
The electron timestep δt is 4 × 10−4 a.u.=0.194 attosecond and the
ion timestep Δt is 0.194 fs. Structural figures are generated with
VESTA49,50.

The Gaussian-type laser pulse is utilized

EðtÞ= E0bx cosðωtÞ exp �ðt � t0Þ2
2σ2

" #
, ð4Þ

where E0 = 0.03 V/Å is the peak field strength, ω = 1.945 eV is the laser
frequency, t0 = 40 fs is the Gaussian peak time, and σ = 12 fs is the
Gaussian pulse width. We note here that the ω = 1.945 laser frequency
used in the simulations does not physically correspond to the experi-
mental ZPL excitation energy due to the well-known bandgap under-
estimation of the PBE functional. The choice of ω = 1.945 here is to be
resonant with the calculated vertical excitation energy on the PBE
energy scale. Please see the Supplementary Information for detailed
discussion. bx denotes that the laser pulse is linearly polarized along the
xdirection.Wehave testedondifferent laser intensity E0 from0.01 V/Å
to 0.06 V/Å and find that the results are similar with different
amplitudes.

Data availability
The key data underpinning the conclusions of this work are included in
the article. All raw data relevant to the findings of this study are
available from the corresponding author (C.L.) upon request.

Code availability
Part of the computational codes that were used to generate the data is
presented51 and that the full code can be provided by the corre-
sponding author (C.L.) upon request.
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