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Abstract: We report on the spectroscopic characterization, absorption saturation, and excited-
state dynamics of GR1 centers in synthetic diamonds. The non-linear optical measurements
reveal an efficient bleaching of the GR1 center’s ground level under ns-pulsed 633 nm excitation.
The maxima of absorption and emission cross sections were estimated to be 4.5 × 10−17 cm2

and 9 × 10−17 cm2 at 630 nm and 780 nm, respectively. The radiative lifetime of the excited
level was estimated to be 8.5 ns. The 658 nm probe kinetics uncovered relaxation of 1T2 excited
level going predominantly to a metastable state with a lifetime of 220 µs. An induced absorption
detected with the use of a highly concentrated diamond sample could be due to up-conversion
and photoionization processes in additional impurity-vacancy center with absorption at the
short-wavelength tail of GR1. The results presented here indicate that synthetic diamonds with
GR1 centers could serve as near infrared gain media or passive Q-switchers for laser cavities
over the 633–750 nm spectral range. Optimization of the center concentration and the crystal
parameters are required to minimize the induced absorption at the lasing wavelengths.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Color center diamond crystals are unique media with great potential for a wide range of photonics
applications due to their thermal and photochemical stability as well as interesting optical
properties [1]. The GR1 center in diamonds is a common optical center created by ionizing
radiation exposure and attributed to the neutral monovacancy of the carbon atom (V0) [2–4].
These centers are strongly luminescent at and above room temperature and are thermally stable at
temperatures of several hundred of degrees Celsius [5,6]. The center has a tetrahedral (Td) point
symmetry [7]. The orbitally degenerated energy level splits-up due to Jahn-Teller interactions
[8,9]. The ground state splits into two sublevels, namely 1E and 1A1, separated by 8 meV [10,11].
The transition from the lowest ground level 1E to the first excited state 1T2 features a sharp zero
phonon line (ZPL) at 1.673 eV (741 nm) with a phonon assisted absorption band within the red
spectral region [3,10,12]. The origin of the weak ZPL at 1.665 eV (744 nm) is attributed to the
thermally populated 1A1 state from the 1E level [7,12–14]. The additional lines, designated
by GR2 to GR8, are observed in the absorption spectrum between 411 nm and 430 nm due to
transitions to higher excited states [15]. However, no photoluminescence (PL) was identified for
transitions from the high lying excited states directly to the ground state [15]. Also, the direct
(632.8 nm) and indirect excitations (410 nm to 435 nm) via GR1 and GR2-GR8 absorption bands
resulted in the same PL corresponding to the GR1 emission [16]. Under GR2-GR8 excitation,
the GR1 center relaxes non-radiatively to the first excited state followed by a characteristic
GR1 PL [16,17]. The PL lifetime was reported to be 2.5 ns and 1.1 ns at 70 K and 300 K,
respectively. The estimated radiative lifetime was 182 ns at 70 K which implies non- radiative
transition as a dominant relaxation channel [18]. Previously reported time-resolved spectroscopy
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under nanosecond excitation of the GR1 center showed nearly uniform decay constant with no
susceptible quenching as featured by other nitrogen and vacancy related centers [3,19].

Laser action of H3 centers (a vacancy adjacent to two substitutional nitrogen atoms) in natural
[6] and synthetic diamonds [21] have already been documented more than two decades ago.
Unfortunately, no notable progress has been reported on the lasing application of color centers
in diamonds until recently [20]. With the advancement in commercial fabrication technology
and improved understanding of the properties of the color center, these media are promising for
practical laser applications [21]. The saturation of absorption of GR1 centers under Ruby laser
radiation was reported in [22]. It indicates the possibility of the utilization of GR1 centers for
many laser applications. However, for applications such as gain media and passive Q-switching
of laser cavities, it is very crucial to fully understand the relaxation process after excitation to 1T2
level. The present research reports on the optical characterization, nonlinear absorption, and
relaxation processes in crystals with different concentrations of GR1 centers. The feasibility of
color center diamond crystals as an active gain media with frequency tunability in visible to near
infrared region as well as Q-switching of laser cavities has been analyzed.

2. Experimental details

The samples used in this experiment were micro-plasma enhanced chemical vapor deposition
(CVD) grown bulk diamonds from Element 6. Two diamond samples, designated as HD and
LD, having different GR1 concentrations were utilized. The dimensions of the samples were
4×3×1 mm3. The diamond crystals had initial nitrogen concentration [N]∼0.15 ppm and were
essentially free from other impurities (type IIa). The samples were further irradiated using a
4.5 MeV electron source with a beam current of 20 mA and an estimated density of 2.5× 1014

cm−2s−1. The HD and LD samples were electron irradiated for about 10 hours and 4 hours,
respectively. The absence of other donor and acceptor impurities in the crystal ensures the
vacancies are predominantly in the neutral charge state (V0). The center imparts bluish-greenish
coloration to the crystal. The transmission spectra were collected using a Shimadzu UV-Vis-NIR
3101-PC spectrophotometer at room temperature. The optical excitation and pump-probe
experiments were carried out using 633 nm pump radiation (Deuterium Raman shifted radiation
of a Q-switched 532 nm Nd:YAG laser operating at 10 Hz with a pulse duration of 4.5 ns). The
PL signal was measured and detected using an Acton Research Corporation 750 spectrometer
and R5108 photomultiplier tube from Hamamatsu and amplified using a gated boxcar integrator
from Stanford Instruments. In the pump-probe experiments, CW radiation of 532 nm and 658
nm lasers with power ∼15 mW were used as probe beams.

3. Results and discussions

3.1. Visible and NIR absorption and PL spectra

Room temperature transmission spectra of two samples corresponding to the 1E→1T2 transition
are depicted in Fig. 1(A). The spectra were collected with 1 nm spectral resolution at a slow
scanning speed of 100 nm/min. The spectra show the GR1 characteristic ZPL absorption at 741
nm, along with the vibronic band extending from 500 nm to 780 nm. The CVD growth process
was carried out in atomic hydrogen rich environment. The absorption lines near 900 nm and
1075 nm are similar to the sharp peaks observed in hydrogen-rich diamond and this feature is
attributed to hydrogen-related centers [1,23]. As one can see from Fig. 1 (A), the GR1 absorption
band overlaps with additional parasitic centers with a band peak near 350 nm. Previously, similar
features were reported in absorption spectra and ascribed to negative interstitial vacancy (ND1)
centers in type I diamonds. The energy transfer process between ND1 and GR1 centers was
triggered under thermal and optical excitation [10,24]. The 350 nm UV band studied in [24]
is very similar to what we observed in our absorption spectra. We believe that the absorption
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band near 350 nm is due to absorption of ND1 centers alone or other impurity centers originated
due to irradiation may also present in addition to ND1 centers. To compare the relative strength
of UV absorption bands in our samples, we normalized the LD absorption spectrum to the
value of HD absorption at 630 nm, where GR1 absorption dominates. Figure 1(B) shows the
absorption spectrum of the HD sample (red curve) as well as the absorption spectrum of the LD
sample multiplied by factor 6.3 (blue dashed curve). The baseline is shown in green short-dashed
curve in Fig. 1(B). To estimate the background, we use the 3rd order polynomial regression of
absorption coefficient.

Fig. 1. (A) Transmission spectra of HD (curve i) and LD (curve ii) samples at room
temperature; (B) GR1 absorption spectra of the HD (curve i) and LD (curve ii) samples
normalized near 630 nm; (C) The normalized emission spectra measured under pulsed
633 nm excitation and calibrated with respect to the sensitivity of spectrometer-detector
system.

Excitation with 633 nm radiation resulted in a luminescence band spanning over the 700 nm
- 870 nm range with a sharp ZPL at 741 nm as shown in Fig. 1(C). The PL signal was strong
and easily detectable even with the closed slits of the spectrometer. The graph in Fig. 1(C) was
calibrated with respect to sensitivity of the spectrometer-detector combination using an Oriel
standard calibration lamp (model# 63358) and normalized to 1. The pulse duration (∼4.2 ns) is
longer than the reported lifetime of 1T2 deactivation (1.1 ns) at room temperature [18]. Hence,
the excited state lifetime cannot be directly measured with the current pump pulse.

3.2. Pump-probe experiment under nanosecond excitation

In the present section, we studied the dynamics of absorption at possible oscillation wavelengths
after excitation at room temperature. The pump-probe experiment was conducted using two CW
probe beams at 658 nm and 532 nm and the measured kinetics were compared for both diamond
samples. The experimental setup of the pump-probe measurement is shown in Fig. 2. In this
case, the pump and probe beams were sent collinearly through the sample and the pump-induced
change in transmission of the CW probe beam was measured. To analyze the dynamics of the
saturation and excited state absorption at the probe beams, we plotted the normalized kinetics as
−(k0 − k(t))/k0 = −∆k/k0, where k0 is the initial absorption coefficient and k(t) represents its
temporal evolution after pulse excitation at probe wavelength. In the case of a single excitation
center without excited state absorption (ESA), this ratio does not depend on the absorption
cross section and should be the same for both probe beams. The ratio (∆k/k0) is proportional
to fractional population inversion (∆N/N0) and gives the kinetics of population inversion and
recovery of the centers to the original energy level. In this notation, a positive value corresponds
to the saturation of the sample absorption while a negative value indicates the presence of induced
or excited state absorption.

Figures 3(A), 3(B), and 3(C) show temporal profiles of the 658 nm probe beam recorded at
different timescales for HD (orange curves (i)) and LD (blue curves (ii)) samples. The temporal
response time of the detection platform was longer than the excited level lifetime of GR1 centers.
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Fig. 2. Experimental setup of the pump-probe experiment.

As one can see from Fig. 3(A), we observed the absorption saturation at probe wavelength for
both samples. In the case of the LD sample, the saturation spike is seen at the beginning of
kinetics followed by a slow relaxation to the initial stage with a lifetime of 220 µs. The amplitude
of the initial spikes is approximately the same as the amplitude of slow relaxation. It indicates
that the relaxation from the 1T2 state occurs predominantly via the metastable state.

Fig. 3. The kinetics of 658 nm CW probe beam at (A) nanosecond, (B) microsecond, and
(C) millisecond timescales for HD and LD samples shown in orange (curves (i)) and blue
(curves (ii)), respectively.

The kinetics of the HD samples show a more complicated behavior. After initial saturation, we
observed an induced absorption with a rise time of 44 µs [see Figs. 3(A) and 3(B)] followed by a
non-exponential decay with a lifetime close to several milliseconds [see Fig. 3(C)]. The induced
absorption was bigger than the ground state absorption that is why the curve (i) falls below zero.
This indicates that the induced absorption cross section was larger than the absorption cross
section of GR1 CCs at 658 nm. All the signals recover to the original level before another pulse.
No long-term bleaching or residual absorption at a 10 Hz repetition rate were measured. The rise
time of induced absorption differs from the lifetime of the 1T2 state (1.1 ns) and the lifetime of
the metastable state (220 µs), and, therefore, it could not be due to an energy transfer from the
GR1 center to other CCs.

The kinetics of the 532 nm probe beam of the HD and LD samples were measured at different
timescales and presented in Figs. 4(A) and 4(B), where curves (i) and (ii) are for HD and LD
samples, respectively. The kinetics of both samples feature an increase in absorption of the probe
beam and a slow recovery after tens of milliseconds. A short spike seen at the initial stage of
kinetics of both samples illustrates a strong ESA of GR1 centers with a short lifetime.

Figure 5 represents the observed optical absorption and several possible relaxation channels
involved in recovery of the GR1 centers based on the pump-probe kinetics of two samples. The
positive spikes at the initial stage of −∆k/k0 kinetics at 658 nm show that there is a saturation



Research Article Vol. 11, No. 3 / 1 March 2021 / Optical Materials Express 761

Fig. 4. The kinetics of 532 nm CW probe beam at (A) nanosecond and (B) millisecond
timescales for HD (curves (i)) and LD (curves (ii)) samples.

of the absorption at 658 nm [see Fig. 3(A)], while the negative spikes of several nanoseconds
at 532 nm suggests an ESA from 1T2 level at this wavelength. We observed different kinetics
behaviors and recovery times for 658 nm absorption in LD and HD samples. In LD samples, the
absorption saturation decay with 220 µs. Considering that 1T2 level lifetime was documented
to be 1.1 ns at RT [18], we assume that the relaxation of the excitation occurs via metastable
state. No indications of photoionization of GR1 centers at 658 nm were measured in the LD
sample with pump energy fluence up to 500 mJ/cm2. In HD sample, an additional photo-induced
absorption with a long non-exponential recovery (>1 ms) was measured.

Fig. 5. Energy level diagram of GR1 centers. The straight arrows show optical absorption,
and the curly arrows show the possible relaxation channels involved in the recovery of the
GR1 centers based on the model proposed using 658 nm and 532 nm probe kinetics profile
of LD and HD samples.

The long non-exponential recovery time (tens of milliseconds) of the induced absorption at
532 nm wavelength (Fig. 4) were measured in HD and LD samples. The most probable model
for this absorption is two-photon ionization of CCs with absorption peak around 350 nm. The
different decay times of the induced absorptions at 532 nm and 658 nm in HD sample and
absence of induced absorption at 658 nm in LD sample suggest that these absorptions result from
photoionization of different impurity centers. However, the validation of the proposed model for
induced absorption bands requires a more detailed study.

3.3. Absorption saturation under 633 nm pulsed excitation

We investigated the room temperature nonlinear absorption saturation property of the GR1
centers using the setup shown in Fig. 6(A). We studied the nonlinear absorption saturation of the
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1E→1T2 transition under 633 nm pulsed excitation on LD and HD samples. The saturation of
absorption of the GR1 centers in natural diamond under Q-switched Ruby laser excitation was
previously reported in [22]. Also, it has been mentioned that the presence of N3 centers in the
samples could manifest an additional absorption not related to the GR1 centers [22]. In our case,
the pump laser was linearly polarized, and radiation attenuation was carried out by rotation of
a Glan-Taylor prism. The samples were mounted on a translational stage and the incident and
transmitted pump powers were measured by sliding the sample in and out of the laser beam path.
A knife-edge measurement was done to estimate the beam diameter at the sample surface, which
is measured to be approximately 1.2 mm at FWHM for gaussian approximation and the crystal
thickness of 1 mm.

Fig. 6. (A) Experimental setup for absorption saturation measurement at 633 nm. Measured
transmission of the pump signal through the samples at different input energy fluence (shown
by the orange circles for LD and purple circles for HD. The measured data for LD is fitted as
a slow saturable absorber predicted by Frantz-Nodvik equation for a flat top beam (plotted
as a blue-dashed line).

The resulting saturation measurement of the GR1 center adjusted for the Fresnel reflection
from both facets is illustrated in Fig. 6(B) with the orange and purple circles for LD and HD,
respectively. For LD, as the pump energy increases, the transmission increases from its initial
value of T0 ≈ 55% to the saturated level of Ts ≈ 84% for a high energy fluence. It illustrates
excellent bleaching of the ground level. On the other hand, HD sample revealed no noticeable
saturation before the damage threshold was reached. We focus the beam to ∼1 mm diameter to
get a high energy fluence (∼1 J/cm2). The transmission changes from initial 2% to 8% only. It
could be explained by a strong influence of photoionization process identified in HD samples in
the pump-probe experiment.

In the pump-probe kinetics section, it was demonstrated that the relaxation process from the 1T2
level occurs predominantly via the metastable state with a lifetime much longer than the duration
of the excitation pulse. The recovery time is 220 µs, therefore the Frantz-Nodvik equation is a
good approximation for this experiment. To interpret our results and extract the relevant laser
parameters associated with the optical transition, we fit our experimental data for LD sample, in
which saturation level was reached, to the Frantz-Nodvik solution for a slow-relaxing absorber
approximated in Eq. (1) [25]:

T =
Es

Ein
ln

[︂
1+

(︂
e

Ein
Es −1

)︂
T0

]︂
, (1)

where Ein and Es are the input energy and saturation energy fluences, and T0 is the initial
transmission. The transmission predicted by the Frantz-Nodvik equation, shown as a dashed line
in Fig. 6 (B), nicely fits our experimental data with a saturation fluence Es=6.8 mJ/cm2. The
absorption cross-section (σab = hυ/Es) at a pump wavelength of 633 nm was calculated to be
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4.5 × 10−17 cm2 using the obtained value of saturation fluence. Fitting with the fast relaxation
model is described in detail in our previous publication [26] which provided a very close value of
cross-section (4.6 × 10−17 cm2) at the pump wavelength.

The GR1 absorption band was obtained by subtracting the baseline [green short-dashed curve
in Fig. 1(B)] from the measured absorption spectra of the LD sample. Using the absorption
spectra and absorption cross-section at pump wavelength (633 nm), we calculated the absorption
cross-section spectrum of the 1E→1T2 transition of the GR1 center which is shown as curve (i)
in Fig. 7. The cross-section curve was further utilized to calculate other spectroscopic parameters
associated with the 1E↔1T2 transition relevant to laser applications. We used Eq. (2) to calculate
the radiative lifetime of the excited level [27].

1
τrad
=

gl

gu

8πn2

c2

∫
ν2σab(ν)dν, (2)

where gl = 2 and gu = 3 are orbital degeneracies of the ground and excited states [8], respectively,
c is speed of light and n is the refractive index of diamond. The radiative lifetime was calculated
to be τrad = 8.5 ns. The Füchtbauer–Ladenburg relation [Eq. (3)] was used to calculate the
emission cross-section for transition 1T2→

1E and is depicted in Fig. 7 (curve ii). The emission
cross section near the maximum of the emission band (around 780 nm) is estimated to be σem ≈

9 × 10−17 cm2 [28,29]:

σem(λ) =
λ5

8πcn2τrad

I(λ)∫
λI(λ)dλ

(3)

Fig. 7. Room temperature (i) absorption cross-section and (ii) emission cross-section,
where the emission cross-section was calculated using reciprocity method and Fücht-
bauer–Ladenburg equation.

It is interesting to note that there is no “mirror symmetry” of the absorption and emission
cross-sections with respect to the ZPL transition as expected for vibronic bands with linear
electron-phonon coupling. As one can easily estimate from the figure, the full width at half
maximum (FWHM) of the absorption and emission bands were measured to be ∆νabs ≈ 3600
cm−1 and ∆νem ≈ 1800 cm−1, respectively. There are several reasons which could explain this
difference. First, electron-phonon coupling could be non-linear with different effective phonon
for the low and upper states. The second reason is that there is a strong energy splitting of 1T2
level. In these cases, the mirror symmetry between absorption and emission bands could be
broken.
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We have also estimated the quantum yield of GR1 centers ϕ = τ2/τrad as 13% at room
temperature, where lifetime of excited level (τ2) is used to be 1.1 ns at room temperature [17].
Previously reported values for radiative lifetime and quantum yield for GR1 centers in natural
diamonds were 182 ns and 0.15%, respectively, at 77 K [18]. The radiative lifetime reported
in [18] was estimated from the lifetime temperature dependence. It was very sensitive to the
experimental error and the fitting parameters of the considered model. Therefore, we believe that
the reported lifetime in [18] are overestimated. Additionally, the radiative lifetime estimated in
our work is closer to the typical radiative lifetimes of luminescent CCs in diamond, such as, for
N3, H3, NV- and H4 centers 41 ns, 16 ns, 13 ns, 19 ns, respectively [30]. The authors in [30]
used a very similar approach with Lorentz correction for the effective electric field to calculate
the radiative lifetimes. The concentration of the GR1 centers were estimated to be 0.7 × 1017

cm−3 and 5.5 × 1017 cm−3, respectively, for the LD and HD samples.
For laser related applications, the centers need to be stable after irradiation with a high

intensity for substantial time periods. To detect any long-lived photoionization or bleaching of the
centers, we measured the transmission before and immediately after (within less than a minute)
illumination of the sample under 632 nm pump excitation. We irradiated the sample at sufficiently
high energy fluence (>1.7 J/cm2/pulse), which approaches the optical damage threshold. After
irradiation with 105 pulses, our measurement showed no change in the transmission profile of
both samples.

4. Conclusions

In summary, we performed a linear and non-linear optical characterization of GR1 (neutral
vacancy) centers in CVD-grown bulk diamond to explore their laser feasibility. The strong
saturation of absorption under 4.2 ns pulses at 633 nm wavelength was demonstrated in diamond
crystals with a GR1 concentration of 0.7 × 1017 cm−3. The saturation fluence Es was estimated
to be 6.8 mJ/cm2 at 633 nm. Irradiation under 105 pulses with a pulse peak power of 300
MW/cm2 revealed no long-term bleaching of the center. From the spectroscopic characterization,
the maximum absorption and emission cross section were estimated to be 4.5 × 10−17 cm2 and
9 × 10−17 cm2 at 630 nm and 780 nm, respectively. The radiative lifetime associated with 1T2
→ 1E transition was calculated to be 8.5 ns. After excitation, the relaxation of the 1T2 excited
level occurs predominantly via the metastable state through intersystem crossing with a lifetime
of 220 µs. There was no detection of ESA at 658 nm for a crystal with a GR1 concentration
of 0.7 × 1017 cm−3. This result indicates that these centers could be used as gain media or
passive Q-switchers for laser cavities operating in a pulsed regime over the 550 - 750 nm spectral
range (such as Alexandrite laser, Titanium Sapphire, Ruby lasers). However, in the case of
CW laser applications, the metastable state of GR1 centers could hamper the lasing process.
Also, we note that the induced absorption after excitation with pump radiation was measured at
658 nm and 532 nm wavelengths in the crystal with a GR1 concentration of 5.5 × 1017 cm−3.
The slow non-exponential decay of the induced absorption could arise from the recovery after
photoionization of the impurity centers. The fabrication of laser gain media based on GR1 centers
in diamonds require special optimization of the center concentration and crystal parameters to
minimize the induced absorption at lasing wavelengths.
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