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We report the discovery of a GeV-associated phenomenon which is strong (up to an order) stochastic reversible
enhancements of photoluminescence intensity in a single GeV diamond synthesized with the high-pressure,
high-temperature technique. We were lucky to observe this effect with only one crystal among dozens of similar
microdiamonds. Each rise and fall of the intensity above its stable moderate level may be referred to as a
superflare with smooth dynamics of the transients which develop on the timescale of seconds. These flares
tend to recur infinitely at ambient conditions under cw-laser excitation above a certain input power threshold. To
explain this phenomenon we propose a theory of intrinsic optical instabilities which develop in a dense ensemble
of quantum emitters.

DOI: 10.1103/PhysRevB.102.060301

Photoluminescence from individual emitters and
ensembles can be very different in their properties and
applications. It is noteworthy that the ensemble radiation
may be not just a collection of light from several separate
sources. It is known that ensemble photoluminescence
can produce coherent light, have more than one steady
state, and show long transients or dynamic chaos if certain
conditions are met [1]. The class of luminescent materials
which has been proven to demonstrate both single source
[2] and ensemble emission [3] is diamonds with different
atom-vacancy defects known as diamond color centers.
They are used in a lot of applications including luminescent
markers [4], magnetic field sensing [5], single-photon sources
for quantum cryptography and information processing [6],
temperature sensors [7], and others [8]. The nitrogen-vacancy
(NV) center is the most well-studied color center in diamond
[2], but it has a few important disadvantages such as a broad
emission spectrum dominated by the phonon sideband (PSB).
Among the recent trends significant efforts have been put
into the fabrication and studying of silicon-vacancy (SiV)
[9,10] and germanium-vacancy (GeV) [9,11] centers. Due
to the symmetrical structure, the SiV center has a narrow
inhomogeneous linewidth and is reported to demonstrate
spectral and emission stabilities. GeV centers have a
similar structure and are likely to rival the excellent optical
properties of SiV diamonds. The GeV diamonds are relatively
new materials and are fabricated using high-pressure,
high-temperature (HPHT) synthesis [12], chemical vapor
deposition (CVD), and ion implantation [6] that provide
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diamonds of various forms and sizes. In all fabrication
variants GeV photoluminescence demonstrates the narrow
zero-phonon line (ZPL) emission at 602.5 nm with a full width
at half maximum of 4–5 nm at room temperature [6,12].

In this Rapid Communication we describe our studies of
spectral properties of a few dozens of single HPHT diamond
microcrystals with GeV− centers. Surprisingly, one of the
crystals was discovered to show a very unusual fluorescent
behavior, which is our main concern. This specific microcrys-
tal showed no differences from all the others in either the
complex spectroscopic studies (including the widefield and
confocal fluorescence microscopy techniques) or in the atomic
force microscopy (AFM) images [see Supplemental Material
(SM) [13]].

The photoluminescence intensity of single microcrystals
under cw-laser excitation was measured as a function of time
using an epiluminescence microscope (for the experimental
details and sample preparation technique, see the SM [13] and
in [14–17]). The microcrystals were identified by the pres-
ence of the characteristic ZPL in the photoluminescence (PL)
emission spectrum near 602 nm and in the photoluminescence
excitation (PLE) spectrum. The sizes of single crystals were
measured by an AFM and were shown to vary from hundreds
of nanometers to several micrometers. The right and middle
insets in Fig. 1 show the surface profiles of the sample con-
taining three objects, two of which are the diamonds with GeV
centers, marked as “T” (typical) and “N” (nontypical) (with
characteristic dimensions of 600 nm and 2 μm, correspond-
ingly). All the objects were separated by a distance of about
5 μm, which made it possible to obtain the nonoverlapping
fluorescent images (see the left-hand side inset) and to extract
fluorescence data from each object simultaneously. Figure 1
shows fluorescence intensity trajectories from the “T” and “N”
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FIG. 1. Typical (upper) and nontypical (bottom) PL intensity
trajectories from GeV microcrystals marked as “N” and “T,” cor-
respondingly. Excitation wavelength is 602 nm. Insets: fluorescent
image (left) and AFM images (center and right). The levels shaded
by diagonal-line and crossed-line patterns correspond accordingly to
the bright and the dim states.

samples measured simultaneously in one experimental run.
One may see that the fluorescence intensity from “T” (upper
track in Fig. 1) has relatively small fluctuations and remains
stable during the entire observation. The same behavior was
observed for all the other microcrystals except for crystal
“N” (bottom track in Fig. 1). The emission from “N” was
seen to increase at random instants of time and return back
to the well-designated level. Both transitions demonstrated
well-pronounced profiles of long-time dynamics. We will
refer to the low-level and high-level emission intensities as
“dim” and “enhanced” states, correspondingly. The excitation
power dependencies are shown in Fig. 2. The dim states vs
power are denoted by stars and demonstrate linear growth
with negligible variations at each fixed excitation (see the
guidance shading). In contrast, the enhanced states (denoted
by circles) show large spreads of intensities marked by the
shaded region. The existence of this spread complicates the
power dependence analysis: the data can be equally well fitted
by either a linear or a nonlinear function with saturationlike
behavior (see the dashed guideline in Fig. 2). However, it is

FIG. 2. Dim (stars) and bright (circles) intensity variations ver-
sus incident power.

FIG. 3. (a) PL spectra from microcrystal “N” in different emis-
sion states. The inset shows the emission trail with numbered time
moments for PL curves. (b) PL spectra as in (a) scaled correspond-
ingly to the peak intensity ratio. Excitation wavelength is 590 nm;
excitation intensity is 18 μW/μm2.

evident that in both cases the slopes of the fitting functions
for the enhanced states must be notably steeper than those for
the dim intensities. In addition, there is a splitting point near
the first excitation power that was proved to be a threshold for
the existence of the enhanced intensity states. These facts, in
principle, may serve as clues to the enhancement mechanism
which we discuss further.

Figure 3(a) shows PL spectra for “N” in different emission
states, where one can see well-resolved narrow ZPLs around
602 nm with broad PSBs (for PLE spectra, see the SM [13]).
The inset illustrates the fragment of the fluorescent track
with the numbered time moments which correspond to the
numbered spectra. To investigate possible changes in the ZPL
and PSB shapes we normalized the contours and found no
noticeable differences between the enhanced and dim spectral
parameters including ZPL linewidth [see Fig. 3(b) and inset].
This result means that the enhanced emission is not likely to
occur due to the stochastic switching to the amplified sponta-
neous emission regime or random lasing. Any lasing is usually
expected to be marked by narrowing of the emission spectra;
however, this evidently is not our case. Note that there is some
asymmetry in the durations of the transitions, i.e., the dim-
to-enhanced is generally shorter than the enhanced-to-dim
transient (Fig. 4), but with high input powers the enhanced-
to-dim transitions tend to develop faster. The intensity decay
curves are best fitted by the biexponential time function with
characteristic time constants t1 from 0.3 to 4.7 s and t2 from
1.5 to 38 s, where for higher powers both tend to decrease
(see the SM [13]). As for the dim-to-enhanced transitions,
the characteristic times are hard to be recovered because of
the complex slope shapes. However, the trend may be roughly
estimated to be about 3 and 1 s for low and high input powers,
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FIG. 4. Temporal evolution of PL intensity during a single su-
perflare with periodic shattering of cw excitation. The inset shows a
similar single superflare observed without shattering of excitation for
this crystal at a different experimental run.

respectively. In addition, the number of transitions per time
interval grows with power while the duration of the enhanced
emission tends to decrease from a few dozens of seconds to
seconds. Multiple variants of the transients and the steady
states may be found in the SM [13].

Another remarkable observation was to show crystal “N”
return exactly to its current emission state after a short (1–2 s)
interruption of the pump as shown in Fig. 4. After resuming
the input the fluorescence restores itself quickly to almost the
same level and proceeds with the enhanced-to-dim process.
The inset in Fig. 4 shows the example of emission trail without
interruptions.

The stochastic switching between dark and bright PL states
(including intermediate gray states) is a very well-known
phenomenon referred to as blinking. It has been observed
with different types of nanoemitters including organic dye
molecules and molecular complexes [18], quantum dots [19],
perovskite particles [20], and, also, with the single color cen-
ters in diamonds [21]. In general, the physical (microscopic)
origin of blinking is a specific case for each system. In most
cases blinking is observed for PL of single quantum emitters
and explained by the existence of single or multiple channels
of nonradiative relaxation of the excited state of the emitter.
In some cases (single molecules at cryogenic temperatures,
NV centers) it is the result of the variation of absorption
spectra. For example, the blinking observed in NV centers
in diamonds was explained as the charge dynamics of single
NV centers [21]. The latter is obviously not applicable to
our case. In fact, it is evident that the number of emitting
GeV centers in the microcrystal under study is greater than
just a few. The parameters of HPHT synthesis allow the
estimates of this number to be as high as a hundred or more.
It corresponds to the number density of the emitters greater
than 1014 cm−3. Moreover, PL blinking has intervals with
sharp boundaries, i.e., the switching time is much shorter
than the exposure time. It is the key point in distinguishing
this type of PL intensity fluctuations from our case. Thus,
together with the long-lasting transients, we believe that some
cooperative effects are responsible as they require some time
for the multiple cross interactions to have worked producing a
steady state. While only one from the dozens of microcrystals
observed demonstrated this superflare effect, at this stage of

the investigation we can only propose this model, but do not
claim that this model is the only possibility.

Hypothetically, collective charge modifications of GeV
centers in an ensemble could be arising from a volume charge
diffusion that can change the PL intensity. However, even
beyond the discussion about the origin of such diffusion, there
is no explanation of the existence of an excitation power
threshold for the superflares to start. The threshold seen in
Fig. 2 indicates a photoinduced effect which is hard to explain
both for a single center and for an ensemble of independent
emitters.

The long-range (second and subsecond scale) dynamics of
the PL intensity flares were reported recently in, for instance,
perovskite microcrystals [22] and CaS:Eu crystals [23], but
the time patterns were rather distinct from our observations. In
addition, the key feature in our experiment was the prevailing
in the time-constant dim steady state (sawlike time patterns vs
our rare flares).

Instabilities with lengthy transients could be signatures of
collective behavior in a many-particle system. In this regard,
we consider the optical bi- (OB) and multistability (OM).
These are the situations when ensembles of emitters realize
two or more emission steady states overlapping for certain
ranges of the input power with a possibility to switch between
them. Such instabilities may develop if the conditions provide
optical feedback and nonlinearities in the system’s response
to the incident light. OB and OM can be caused by either
extrinsic [24] or intrinsic [25] feedback mechanisms. Once
such a system comes to a steady emission some disturbances
in the system parameters may arise and force it to switch to
another steady state after having gone through a finite-time
transient process. Both cases are known to have transient
dynamics when going from one stable state to another [26,27]
with lengthy transient phases [28–30]. The observations of
OB and OM have been supported by various theories that
utilize the two-level and multilevel atomlike schemes to de-
scribe the emitters. A recent article has proposed a theory for
the four-level GeV diamond scheme to simulate OB and OM
in a ring cavity [31]. It was shown that the instabilities were
very sensitive to the parameters which include the detunings
of probe and coupling fields, the powers of the coupling fields,
and the density of GeV centers. The OB thresholds, as well as
switchings between OB and OM regimes, were described as
controllable via changing these parameters.

Since in our system there is no external feedback like
in [31] we address the intrinsic optical bistability (IOB) or
multistability (IOM). In these cases the positive feedback is
intrinsic and is provided by the secondary field generated by
the emitters as a part of some complex collective response to
external excitation. In the systems of emitters in solid hosts
experimental observations of IOB have been reported in a
few papers (e.g., see the early paper [25]). The state-of-the-art
theoretical developments of IOB/IOM are described in [32],
and the references therein. However, in our analysis we will
expand the original theory from [33,34] for a collection of
quantum emitters distributed in a continuous host material that
by itself (e.g., diamond lattice) is weakly absorptive towards
the incident light. The density matrix ρ of a single emitter
from such an ensemble is to be found from the equation which
in its general form [33] in the interaction picture and the
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electric dipole approximation may be written as

i
d

dt
ρ = − l̂ (ε)

h̄

[
d̂
(

E +
∫ t

0
dt ′ ∑

e′ �=e

Gee′pe′

)
, ρ

]

− l̂ (ε)

h̄

[
d̂,

∫ t

0
dt ′(G+

eeρd̂ + G−
eed̂ρ)

]
, (1)

where d̂ = d̂(t ) is the dipole transition operator, E = E(re, t )
is the macroscopic field in the host at the position of the
emitter re, Gee′ = G(re − re′ , t − t ′) is the Green’s tensor
for the field inside the host with ± superscripts indicating
the tensor’s advanced and retarded components respectively,
vectors pe′ = pe′ (t ′) = Tr(ρe′ d̂e′ ) are induced dipoles of the
emitters at positions re′ , and l̂ (ε) is a local-field correction
produced by the host with complex permittivity ε = ε(ω0)
at the frequency ω0 of the external field. The other nota-
tions are conventional and refer accordingly to time, the
imaginary unit, the reduced Plank constant, and the com-
mutator. In this equation the first commutator describes cou-
pling of the target emitter to the mean field that consists of
the medium-modified external fields and the response from
the other emitters all corrected with the factor describing the
averaged response from the host. In ensembles with moderate
inhomogeneities these fields may produce sufficient feedback
to give rise to IOB (IOM). The second commutator is the
local-field enhanced radiative decay. An explicit form of d̂
and a particular composition of E would bring Eq. (1) to
one of the “atom-field” interaction schemes. In this work we
describe the two-level model with states “1” and “2” and
transition frequency ωe to give a qualitative description of the
experiment.

Equation (1) can be transformed to the solvable form
id�/dt = 1/h̄[Ĥ rw, �] + iR̂(�) by applying the Born-Markov
approximation, transforming to the Schrödinger picture,
and changing to the rotating frame with matrix �. Here,
Ĥ rw is the Hamiltonian with the effective detuning � and
the effective Rabi frequency � = �(�) that provides the
feedback. The operator R̂(�) = γ /2L̂σ− (�) + γ⊥D̂(�) de-
scribes, respectively, the radiative relaxation via the Lindblad
operator L̂Ô(�) = 2Ô�Ô† − Ô†Ô� − �Ô†Ô and dephasing
with D̂(�) = 2σ̂z�σ̂z − σ̂zσ̂z� − �σ̂zσ̂z, where σ̂ ± and σ̂z are
atomic projection operators and γ and γ⊥ are the effective
longitudinal and transverse rates. Note that the dephasing
term does not follow from Eq. (1) but could be derived as
in [33,34]. We may rewrite � in the Bloch vector basis as
� = 1/2(Î + B · σ ), where Î is a unit matrix, BT = {�21 +
�12, i(�12 − �21), �11 − �22} = {u, v,w} is the Bloch vector
with matrix elements �i j , and σ is a vector with the Pauli
matrices as components. Resolving the master equation with
respect to the population difference w in the steady state we
get the polynomial (see the SM [13])

η2w3 − (η2 + ζ 2)w2

+ (ζ 2 + �2 + �2 + β2)w − (�2 + �2) = 0, (2)

which depending on parameters has either a single real num-
ber root w or three linking solutions w1, w2, and w3 pro-
ducing a bistability region. Parameters η2 = |ε|2ξ 2 and ζ 2 =
(2εR� − εI�)ξ contain the cooperativity factor ξ = ξ (Ne)
which arises from the ensemble local field and, thus, is a

function of either the density Ne or the absolute number of the
emitters. The host contributes a complex-number factor ε =
l (ε)/ε = εR + iεI . Physically η2 represents a squared renor-
malized ξ while ζ 2 is a cross term of ξ with � and the effective
decay rate �. The latter are � = (ωe − ω0) − δ and � = γ⊥ +
γ , where δ = [lR − (κlR + nlI )γ0/(2δ0)]δ0 is the effective
radiative frequency shift and γ = [nlR − (κ − 2δ0/γ0)lI ]γ0.
These expressions must be understood as corrections to
the natural values δ0 = (1/h̄)Re[d · G0

ee(ωe) · d] and γ0 =
(2/h̄)Im[d · G0

ee(ωe) · d] where the Green’s tensor is written
for vacuum. The local field from the host gives the factors
l (ε) = lR + ilI and also

√
ε = n + iκ , which are the refrac-

tive index and the extinction coefficient, respectively. Finally,
β = √

2|l (ε)|�0 is the renormalized value of the bare Rabi
frequency �0 = dE/h̄, where d is the transition moment and
E is the driving field amplitude. If the Lorentz local-field con-
cept is implemented while performing summation or spatial
integration in Eq. (1), then ξ = (πc3/ω3

e )Neγ0, where c is the
speed of light. The factor l (ε) = El/EM is the ratio between
the local- and Maxwellian-field amplitudes in the host so it
could be derived as either l = (ε + 2)/3 or l = 3ε/(2ε + 1)
depending on the choice for the trick to get around the emitters
during spatial integration. For the only emitter or when Ne →
0 the terms with η2 and ζ 2 disappear, no IOB is possible,
and w becomes the standard component of the Bloch’s vector
B0, i.e., w0 = (�2 + �2)/(�2 + �2 + β2), which with ε = 1
takes the classic form.

The physical grounds of IOB may be explained by the plots
(a) and (b) in Fig. 5. Plot (a) illustrates the comparison of the
absorption contours that follow from v0 and v for a fixed input
power as functions of ωe − ω0. One can see that for certain
frequencies of the driving force the absorption of a collective
ensemble could be either abnormally low or high as compared
to independent emitters. Thus, greater or smaller input power
is required to create excitations for photoluminescence of
a desired intensity. It is analogous to the classic picture of
nonlinear oscillations as described, e.g., in [35]. Alternatively,
plot (b) shows the acting field � ∼ �0 + Au(�0) versus the
input field �0, where A is a dimension factor that depends
on how the local field is constructed. For moderate inputs the
acting field is weakened by the response from the ensemble
and fails to create the luminescing excitations efficiently.
At stronger inputs the process responsible for building the
response vanishes at some threshold point and the system
makes a breakthrough to where � ∼ �0. Figure 5(c) shows
the roots of Eq. (2) as functions of �0 input. Since for a
two-level system the total emission intensity must be I ∼
γ N2, where N2 is the population of the excited state, we can
plot the dimensionless function I (�0) = (1/2)[1 − w(�0)].
Substitution of w0 gives the normal saturation curve while
w solutions describe the S-shaped curve of IOB intensities.
The branches w1 and w2 are the stable solutions and refer to
the dim and the enhanced emission, respectively, while w3 is
unstable as could be shown via the standard analysis.

Now, let us look at how IOB may provide the flares. The
S-shaped region has boundaries on the �0 axis established by
the threshold values �

↓
0 and �

↑
0 . The thresholds and the IOB

width �
↑
0 − �

↓
0 are sensitive to the parameters in Eq. (2). Note

that in our theory every parameter, i.e., the cooperativity or
the density of emitters, the detuning, and the relaxation rates,
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FIG. 5. (a) Absorption spectra of a single emitter (dotted line) and an IOB ensemble (solid line). (b) Effective Rabi versus bare Rabi
frequencies. (c) A set of stable solutions for different values of dephasing rate (solid lines); unstable solutions (dashed segments). Dash-dotted
lines show the normal Bloch solution. (d) Dim-to-enhanced transient. (e) Enhanced-to-dim transient. The linked (d) and (e) simulations show
a variant of a typical time profile of a single superflare observed in the experiments (see Fig. 4 and the SM [13]).

appears to be formally dependent on the characteristics and
the current state of the host medium. Thus we can assume they
may be floating in real conditions and, therefore, make the
steady states and the thresholds migrate as shown in Fig. 5.
If our system, say, is tuned near �

↑
0 , later because of the

migration (slow rising) �0 input at some instant must leave
the S-shaped region. This makes the system transmit to the
bright state above (fast rising). The time evolution of this
situation was simulated numerically and shown in Fig. 5(d).
The simulations of the fast rising were performed by solving
the equations of motion for BT (t ) = {u(t ), v(t ),w(t )} with
the initial conditions BT (0) = {u1(�↑

0 ), v1(�↑
0 ),w1(�↑

0 )} and
�0 = �

↑
0 + δ� where δ� 
 �

↑
0 . It was established that the

fast rising may last as long as dozens of thousands of excita-
tion lifetimes. This is in agreement with the other IOB theories
[30,36,37]. Once in the bright state the system may go back to
dim emission in a similar way, i.e., by first falling slowly with
the upper steady state and then breaking down having met the
migrating threshold �

↓
0 . These processes were simulated and

shown in Fig. 5(e).
The profiles and reoccurrence of the flares are subject to

repeated weakly fluctuating parameters like γ⊥ (temperature)
or Ne (quenching of few emitters) because of the changes
in the host. Equation (2) provides returning to the enhanced
state after excitation interruption which corresponds to the
experimental observation shown in Fig. 4. Multiple steady
states, a richer variety of instabilities, and extra paths for
switchings are peculiar for multilevel systems as described
in [38]. The four-level GeV scheme must be implemented
in simulations as soon as the oscillator strengths have been
measured and quantum efficiencies established. The hybrid
ex-/intrinsic instabilities could be studied with Eq. (1) by
adjusting the field parameters.

In conclusion, we have discovered experimentally the phe-
nomenon of strong variations in photoluminescence intensity
from single diamond microcrystal with GeV centers. This
effect was detected for only one sample from the dozens

of microdiamonds observed. The flares appear stochastically
under cw-laser excitation. Each flare looks like a lasting
enhanced emission intensity with fast (seconds) rising, the
steady state (up to dozens of seconds), and slow (dozens of
seconds) decay. We suggest the model which qualitatively
describes the temporal profiles of the flares and considers in-
stabilities in an ensemble of emitters. The intrinsic mechanism
lies in coupling between the emitters through the mean field
while switchings occur because of changing parameters. The
analysis has shown the following: (1) It is a very lucky oc-
casion that all parameters appear such that they allow optical
instabilities to occur. (2) The theory allows simulations of the
temporal profiles by variation of the parameters while the core
equation is flexible towards introducing new circumstances.
(3) Short interruptions of the input do not bring the system
to another steady state, as was seen in the experiment. (4) A
multiple level scheme could be shown to demonstrate intrinsic
multistability and provide the possibility for other intensities
in the bright mode to be seen.

The discovered macroscopic phenomenon and theoreti-
cally supported understanding of its microscopic nature open
a way for engineering photonic structures for applications in
quantum optics and related areas.
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