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Terahertz emission from diamond
nitrogen-vacancy centers
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Gergely Németh3, Katalin Kamaras>’, Laszlé Forr6*2, Ferenc Simon

Coherent light sources emitting in the terahertz range are highly sought after for fundamental research and ap-
plications. Terahertz lasers rely on achieving population inversion. We demonstrate the generation of terahertz
radiation using nitrogen-vacancy centers in a diamond single crystal. Population inversion is achieved through

Copyright © 2024 e
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original U.S.
Government Works.
Distributed under a
Creative Commons
Attribution License 4.0
(CCBY).

<3,5,6
’
1,23

the Zeeman splitting of the S = 1 state in 15 tesla, resulting in a splitting of 0.42 terahertz, where the middle S,=
0 sublevel is selectively pumped by visible light. To detect the terahertz radiation, we use a phase-sensitive tera-
hertz setup, optimized for electron spin resonance (ESR) measurements. We determine the spin-lattice relaxation
time up to 15 tesla using the light-induced ESR measurement, which shows the dominance of phonon-mediated
relaxation and the high efficacy of the population inversion. The terahertz radiation is tunable by the magnetic
field, thus these findings may lead to the next generation of tunable coherent terahertz sources.

INTRODUCTION

Despite considerable efforts, the domain known as the terahertz gap
(0.1 to 10 THz) remains one of the less explored and exploited ranges
of the electromagnetic spectrum. This is mainly due to a lack of co-
herent radiation sources between electronics-based microwave de-
vices (operating range below 0.1 THz) and infrared lasers, operating
above 100 cm™ (3 THz). The quest for coherent terahertz sources is
motivated by both fundamental research and foreseen applications.
Examples of the earlier include the study of correlated matter [super-
conductors (1), density wave systems (2), exotic magnets (3)], non-
equilibrium charge dynamics (4), and otherwise metastable states
(5). For applications, terahertz radiation is expected to revolutionize
various areas including broadband communication, medical imag-
ing, fusion research, and security applications (6).

Incoherent terahertz sources are black-body radiators such as mer-
cury lamps or light-gated Auston switches (7), coherent sources in-
clude laser frequency mixing- (8) and Josephson effect-based devices
(9), resonant-tunneling diodes (10), electron tubes (11), quantum-
cascade lasers (12), and relativistic-electron sources using synchro-
trons (13) or free-electron lasers (14). Much as these devices satisfy
various requirements (including high power, pulsed nature, and tun-
ability), it would be highly desired to present a source that operates
based on the same basic laser principle that was originally used in ruby
(15): a solid-state system, optically pumped to population inversion,
where efficient stimulated emission occurs.

Of the known solid-state systems with suitable energy level struc-
ture, the nitrogen-vacancy (NV) center in diamond [more precisely
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its negative charge state NV(—) with S = 1 (16)] is unique: It can be
efficiently pumped with visible light to selectively populate the S, =0
level of the ground state triplet while depleting the S, = +1 levels
(17). In addition, the spin-lattice relaxation time is about a few mil-
liseconds at room temperature (18-20), which is long enough to
maintain the light-induced population. Thus, in a sufficiently strong
magnetic field, a population inversion occurs between the upper-
lying S, = 0 and the lower-lying S, = —1 states. In addition, the NV
center is known to be extremely photostable: No photobleaching oc-
curs, which is usually the limiting factor for single-molecule emit-
ters, e.g., the rhodamine dyes. These properties were exploited to
yield the NV center-based maser (21), which operates at 9.2 GHz,
and an NV-based amplifier at 18 GHz (22). We note that non-
diamond-based alternative quantum emitter systems are also actively
researched (23).

Here, we observe emission at 0.42 THz (and at 0.21 THz) from
NV centers in single crystals of diamond subjected to a 15 T (7.5 T)
magnetic field. A phase-sensitive terahertz detector attests that the
emitted terahertz photons are coherent with the incoming excitation,
whose energy matches the Zeeman splitting between the two states
with the inverted population. We also study the sensitive dependence
of the population inversion efficiency of the NV center axis orienta-
tion with respect to the external magnetic field. We show that the
spin-selective intersystem crossing (ISC) rates and thus the optical
spin-polarization processes are primarily determined by the orbitals
within the Cs, crystal field symmetry even at magnetic fields up to
15 T. The spin-lattice relaxation time of the NV centers down to 20 K
is measured using a double-modulated electron spin resonance
(ESR) experiment. The result excludes the presence of a relaxation
time speeding up due to the magnetic field, thus population inver-
sion can be effectively maintained, which makes the NV system a
promising candidate for a coherent terahertz source.

RESULTS

Nitrogen is a common substitutional center in diamonds. In type Ib
diamond, nitrogen atoms are dispersed and they can form the so-
called NV center if a vacancy is captured on a neighboring site. Its
structure is shown in Fig. 1A. The vacancies are naturally present in
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Fig. 1. Structure, energy level diagram, and electron spin resonance spectra of
NV centers. (A) Structure of the nitrogen-vacancy center in diamond. (B) Energy
level diagram and population of the three sublevels of the S = 1 ground state triplet
in the dark and under intensive illumination (bright). We show the nonradiative ISC
rates from the excited triplet |3E) into the metastable singlet state |s) and toward
the ground state triplet |*A,). The ISC from the |+) sublevels of [°E) is much stronger
than from the |0). This, under intensive laser irradiation, leads to the pumping of all
electrons to the |0) state of |>4,). This is also confirmed by our experiments. In a
sufficiently high magnetic field, this corresponds to a population inverted scenario.
(C) High-field ESR spectra of the NV centers at 20 K in the dark and under laser illu-
mination. The ESR signal of charge-neutral nitrogen atoms (also known as the P1
signal) was removed from the center of the spectrum to improve clarity. Note that
the uppermost signal (indicated by a circle) reverses, which is clear evidence of a
population inversion. arb. u., arbitrary units.

the samples or are induced by irradiation and these become mobile at
high temperatures, thus efficiently forming the thermally stable NV
center (24-26). The interest is focused on the negatively charged state
of the center or NV(—), where the source of the electron is an ionized
nitrogen atom (27). For the sake of simplicity, we denote the NV(—)
centers as NV in the following.

The ground state of the NV center is an § =1 triplet state, where in
the absence of an external magnetic field, the S, = 0 level is separated
from the degenerate S, = +1 levels by the zero-field splitting (ZFS)
parameter of D/h = 2.87 GHz. These levels are split in a strong mag-
netic field. The Jablonski diagram in Fig. 1B shows the excited and
intermediate levels, as well as the possible transitions. The NV centers
absorb light between 450 and 637 nm. Although, in dark conditions,
the respective populations of the ground state triplet are given by a
Boltzmann distribution, under the intensive irradiation, the S, = 0
level is selectively populated because of the spin-orbit coupling in-
duced selective ISC (28), whereas the S, = +1 levels are depleted (17,
29). This causes a population inversion between the S, = -1 and S, =
0 levels in magnetic fields above ~100 mT, which leads to a stimulated
microwave emission (or masing effect) when the frequency of the en-
ergy splitting lies in the microwave range (B < 1 T). This effect opens
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the possibility for a tunable maser source (21, 22) and for a terahertz
maser or terahertz amplifier in a high magnetic field. A rigorous theo-
retical description can be found in the Supplementary Materials.
Figure 1C shows the high-field/high-frequency ESR spectrum of
the NV centers using terahertz radiation of 0.42 THz. The instru-
ment setup and the sample are discussed in Materials and Methods.
Briefly, the home-built high-field ESR instrument has a sensitivity of

3.10'° spins /107*T+/Hz and it uses a phase-coherent homodyne

detection (30, 31). The sample contains 12 ppm of NV centers, which
is one of the highest concentrations reported to date (32).

The ESR experiment was performed in the dark and under laser
illumination, where a 532 nm laser at 100 mW power and with a
beam diameter of about 3 mm excited a sample of a similar area.
Conventional ESR (33) is based on observing the resonant absorp-
tion of coherent radiation between adjacent levels (Am = 1), which
are the eigenstates of the Zeeman Hamiltonian. In a typical ESR ex-
periment, the microwave irradiation frequency is kept constant and
the magnetic field is swept as shown in Fig. 1C. Note that the eight
observed ESR transitions look to be similar for the dark spectrum,
i.e., they show an identical phase.

The spin Hamiltonian of the NV center reads

ﬁ:D[sj - %s<s+ 1)] + g.psBS 1)

This Hamiltonian is given in a coordinate system whose z axis is
fixed to the NV axis. The first term is the zero-field Hamiltonian with
D/h ~ 2.87 GHz. The second term describes the Zeeman effect with
the g factor, g, ~ 2.0029 (34) and B can have an arbitrary direction
with respect to the NV axis. The NV axis can take four inequivalent
directions for an arbitrary magnetic field alignment, thus giving rise
to eight possible ESR transitions. The ESR spectrum in Fig. 1C cor-
responds to a magnetic field almost along one of the four NV axes,
thus we observe two transitions well separated from the other six,
which lie closer to each other. Our single-crystal diamond has a
(111) face and the magnetic field lies along this direction.

The notable observation in Fig. 1C is that the signal at the highest
magnetic field (indicated by a circle in the figure) changes its sign
under bright conditions. The ESR signal shows derivative Lorentzian
curves due to technical reasons (35); therefore, the sign change
means whether the Lorentzian starts with an upward or downward
direction. The same effect was observed previously in a low magnetic
field measurement (at around 1 T) (29) which was also reproduced
here (data shown in the Supplementary Materials). ESR spectroscopy
is based on the phase-coherent detection of microwaves after interac-
tion with the sample (35, 36). In a usual experiment, the microwave
radiation is absorbed; therefore, the observed ESR signal phase cor-
responds to a net microwave photon absorption. The sign reversal in
an ESR experiment therefore can only correspond to an extra emis-
sion of microwave photons, which is a consequence of population
inversion. We therefore unambiguously observe the population in-
version at 15 T, corresponding to an emission of 0.42 THz photons.
In turn, this observation opens the way to stimulated emission of
terahertz radiation.

The data in Fig. 1C allow us to determine the magnitude of the
spin polarization (or that of the population inversion) as the ESR tran-
sition signal amplitude is directly proportional to the population dif-
ference in the initial and the final state. The observed change in the
ESR signal in Fig. 1C is a factor of 2 for the lowest transition and a
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factor of —0.5 for the highest one under the bright conditions. Were
the pumping complete, i.e., the population inversion perfect, we
would expect a change of a factor of 6 for the lowest and —2.5 for the
highest transition as given in the Supplementary Materials. The in-
complete saturation of the level populations is the result of a trade-off
in our special sample: On one hand, a sample with a high NV concen-
tration is required to be able to perform an ESR experiment at all. On
the other hand, it results in a strongly light-absorbing sample, its opti-
cal density being 2.7 at 532 nm (see the Supplementary Materials).
This means that light-induced pumping is less effective where less
optical power is available. This cannot be compensated by increasing
the laser power due to sample heating effects.

To elucidate the nature of the optimal conditions for a popula-
tion inversion and the resulting terahertz emission, we performed
temperature-dependent ESR studies as well as light-induced ESR
(LESR) studies (37). Figure 2A shows the temperature dependence of
the conventional ESR spectra between 200 and 2 K. We introduce a
notation for the observed ESR lines: 1 and 4 denote the transitions for
the NV center whose axis is parallel to the external magnetic field,
whereas 2 and 3 denote the 3-3 transitions for the other three NV
centers whose axes have a high angle with the external magnetic field
(close to the tetrahedral angle of 109.5°). The exact resonance energies
can be obtained by diagonalizing the spin Hamiltonian in a given
magnetic field. However, at high magnetic fields (well above the afore-
mentioned D/hgepg = 0.1 T), when the DC magnetic field is along one
of the NV axes and the other three NV orientations form the tetrahe-
dral angle with it, the resonance frequencies simplify to

1
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f4=z(3’—D)—>B4=BO+D’ (2d)

where f, and f; are triply degenerate resonances. We introduced the
magnetic field in energy units (B’ = g.pgB) and h is PlancK’s con-
stant. As in continuous-wave ESR, the irradiation frequency (fo) is
constant and the external magnetic field is swept; the resonance fre-
quencies can be rewritten to resonant fields in the high-field indi-

cated by the arrow.
There, we introduced B, = i -fo and the ZFS parameter in mag-
netic field units D’ = D/gepip. =

The resonant fields, given on the right side of Eq. 2 (a to d), are
numbered in the same order as in Fig. 2A and they also correspond to
the notation in Fig. 3. The ESR spectra presented in Fig. 2A change
with decreasing temperature: Signals 2 and 4 increase, while signals 1
and 3 vanish. This indicates that signals 2 and 4 correspond to transi-
tions between the lowest and the middle states, whereas signals 1 and
3 correspond to transitions between the middle and highest states.

The LESR data unambiguously identify the light-sensitive transi-
tions. Technical details are given in Materials Methods and we only
briefly discuss it here. The LESR method detects variations in the con-
ventional ESR spectra under the action of an amplitude-modulated
(or chopped) laser light using a double lock-in technique. The con-
ventional ESR is detected with a magnetic field modulation technique
using a lock-in amplifier at around 20 kHz, whereas the laser modula-
tion frequency is three orders of magnitude lower (at around 20 Hz).
A second lock-in amplifier detects the variation in the conventional
ESR in phase with the optical chopping. The output signal is thus pro-
portional to the difference between the ESR spectra acquired with and
without illumination. This is similar to the data shown in Fig 1C, but
the lock-in technique allows us to measure much smaller changes in a
phase-sensitive manner. While this method shows some resemblance
to the more common optically detected magnetic resonance on NV
centers (38), no such experiments have been performed on this mate-
rial to our knowledge, the reason probably being the lack of diamond
samples with sufficiently large NV concentrations for this study.

Compared with Fig. 1C, where the conventional ESR is shown
with and without illumination, Fig. 2B shows the same effect more
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Fig. 2. Temperature-dependent electron spin resonance spectra of NV centers and light-induced ESR spectra at room temperature. (A) Temperature dependence
of the conventional ESR signal at 420 GHz. The intense lines around 14.95T, i.e,, at g ~ 2 correspond to the P1 (charge neutral) centers, while the other eight lines (denoted
as 1 to 4) belong to negatively charged NV centers. Note that signals 2 and 4 grow on lowering the temperature, while 1 and 3 vanish. (B) The light-induced ESR (LESR)
signal at room temperature and 420 GHz together with the conventional ESR data acquired simultaneously shown as reference. Note that the P1 signal is absent in the

LESR spectrum and that resonances 1 and 2 have an opposite sign to signals 3 and 4.
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Fig. 3. Energy level schemes of the ground state triplet level of NV centers. The magnetic field dependent energy level schemes when the magnetic field is parallel (A) or tetra-
hedral (B) to the NV direction. The circle symbol sizes indicate the population of the respective levels for both dark [200 K (red) and 2 K (blue)] and bright (Bright, green) conditions.
The incident wavy arrow for the population under illumination indicates the net absorption of microwave photons and the outgoing indicates a net emission of such. The transition
labeling is the same as used in Fig. 2. In the parallel case, the ZFS spin states are eigenstates. The full wave function of the tetrahedral case with complex weights is given in equation 2
in the Supplementary Materials. As the population is set by the spin polarization mechanism preferring the |0) state, the square of the weight of |0) is given in (B).

markedly: (i) the increased intensity of the NV resonance at the low-
est field value (signal 1) appears as a (derivative) Lorentzian with a
positive phase, (ii) whereas the decreased intensity of the highest NV
resonance (signal 4) translates as a line with negative phase in the
LESR spectrum. These data reinforce the earlier observation of a
light-induced emission for this signal. The P1 resonances of the neu-
tral nitrogen atoms are missing from the LESR spectrum as they do
not show optical activity. We performed similar studies in low-field
ESR (at ~9.8 GHz) and the key results are shown in the Supplemen-
tary Materials.

However, somewhat unexpectedly, we also observe that signals 1
and 2 as well as 3 and 4 behave similarly in a pairwise manner. We
established above that signals 2 and 4 correspond to the lowest state
to middle state transition, whereas 1 and 3 correspond to a middle
state to the highest state transition. Clearly, the effect of population
inversion and thus the emission is also reduced for signals 2 and 3
with respect to signals 1 and 4.

These seemingly contradicting observations can be well explained
by considering the actual level mixing for the different geometries as
shown in Fig. 3. We show the energy level scheme for the two geom-
etries, i.e., when the magnetic field is parallel to or at the tetrahedral
angle to the NV axis. For the earlier, the ZFS spin states remain eigen-
states of the Zeeman Hamiltonian but a strong admixture is observed
for the latter. The calculation shows that the transitions labeled as 2
and 4 correspond to the lowest to middle state transitions, which ex-
plains the temperature-dependent ESR data.

The magnitude of light-induced pumping can be obtained after
calculating the eigenvectors in a high magnetic field while using the
original ZFS basis. When the magnetic field is parallel to the NV axis,
the middle state is populated as it has a purely S, = 0 character, while
the other two levels are the S, = +1 states. This explains why transition
4 shows emission, while transition 1 remains of the usual absorptive
character. However, the effect is reversed for the other geometry: the
lowest and highest states have a stronger S, = 0 character than that of

Kollarics et al., Sci. Adv. 10, eadn0616 (2024) 29 May 2024

the middle one as represented by the circle sizes in Fig. 3B. The three
states are expressed in the ZFS basis in equation 2 in the Supplemen-
tary Materials, and Fig. 3B shows the absolute square of the probabil-
ity amplitude of the corresponding states being in the |0) state. The
intensity of an ESR transition is proportional to the population differ-
ence between the final and initial states and the population is driven
by the spin polarization preferring the |0) state. This means that upon
light pumping, transition 3 has an emission character although weak-
er than that of transition 4.

A detailed calculation of the population of states at different tem-
peratures and also under illumination is given in the Supplementary
Materials. The ESR intensity is proportional to the population dif-
ference of the corresponding states, whereas the LESR signal is pro-
portional to the change between the bright and dark population
differences. The intensity ratios of LESR lines given by our model in
15 T external magnetic field read

L1y Iy I, = 0.94:0.27: — 0.37: — 1.00 3)

where I, and I refer to the intensity of one of the three possible tet-
rahedrally lying NV centers, i.e., in a perfect alignment the measured
intensity should be three times this value due to the threefold degen-
eracy. However, in our case, there is a slight misalignment lifting the
degeneracy, so the intensity values represented here refer to one ESR
line (here, the average of the three), not the sum of three. The phase
of the observed LESR signal matches the predictions of the simplified
model but the intensity ratio obtained from Fig. 2B is

I:L:I;:1, = 0.58:0.09: —0.13: —1.00 (4)

It differs from the calculated values in Eq. 3, namely, the inner
lines are less intense than predicted by the wave functions.

This is a manifestation of the polarization dependence of the elec-
tric dipole transition. The optical excitation of NV centers depends
on the relative angle between the laser polarization and the NV cen-
ter axis (39, 40). In our experiment, the sample is placed with its
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(111)-axis parallel to the direction of propagation of the linearly po-
larized laser beam, leaving the other three NV directions at a tetrahe-
dral angle with respect to it. As shown in (40) in a similar geometry,
the pumping rate (P) of the NV centers lying at a tetrahedral angle
strongly depends on the angle () between the laser polarization and
the projection of the NV center on the surface. The effective pump-
ing rate is

pP= Po( sin® + écosz(p ) (5)
where Py is the pumping rate of the NV centers in the (111) orienta-
tion. Depending on the rotation angle around the (111)-axis, this
factor varies between 1 and 1/9 continuously. However, for the three
possible orientations denoted by angles ¢, ¢ — 120°, and ¢ + 120°,
the sum (P + Py-120° + Pg+120°) is always gPO. With this correction,
the theoretical values of I and I5 are 0.15 and —0.2, respectively. To
explain the remaining difference and the experimentally lower value
of I, the insufficient optical power (due to the sample optical den-
sity mentioned earlier) should be included in a more sophisti-
cated model.

Aside from the better sensitivity to detect the optically induced
changes in ESR, the LESR technique also enables studying spin dy-
namics. Knowledge of the relevant ESR relaxation times (T} and T3)
in the NV centers plays a key role in applications, e.g., quantum tech-
nology, metrology, sensing, and the maser applications (21, 41, 42).
These relaxation times are usually measured using pulsed ESR tech-
niques. However, such instruments are not yet available at high fre-
quencies. It would also be possible to measure the relatively long
spin-lattice relaxation time, T}, in NV centers using saturation ex-
periments (33, 43) but the near-THz ESR instruments lack the re-
quired absolute power accuracy.

In the LESR technique, T; is measurable by staying on a given
resonance line (we studied signals 1 and 4, i.e., when the magnetic
field is parallel to the NV axis) and varying the frequency of the opti-
cal chopping in the 1 to 400 Hz range. During irradiation, the level
populations start deviating from their equilibrium values; when the
light is switched off, the system recovers to equilibrium with a time
constant of Tj.

In Fig. 4. 1/T) values obtained with the double modulation tech-
nique are presented and further technical details are given in the Sup-
plementary Materials. Temperature-dependent data are given at 7.5 T
and data at room temperature is shown at 15 T (0.42 THz). The lower
overall sensitivity of the high-frequency ESR (HFESR) spectrometer
at 0.42 THz [it is optimized for 0.21 THz (30, 31)] combined with the
extensive measurement time and magnetic field instability limited
these measurements further. We include in the figure previously re-
ported experimental data measured on samples that are similar to
ours, i.e., HPHT grown, exposed to high-dose electron beam irradia-
tion, resulting in a concentration above 100 ppm of NV centers after
high-temperature annealing (20).

DISCUSSION

Our temperature-dependent T) results agree well with the results in
(20), although the latter experiment was performed at B=2.5mT, i.e.,
in a 6000 times smaller magnetic field. Also, pulsed X-band (at 0.33 T)
ESR measurements (32) show a T relaxation time of about 4.73 ms at
room temperature, while high-field optically detected magnetic reso-
nance measurements yield 3.9 ms (44). These results are in good
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Fig. 4. Temperature dependence of spin-lattice relaxation time of NV centers
measured by LESR technique. 1/T; as a function of temperature measured on the
lowermost [LESR (1)] and uppermost lying [LESR (4)] NV center LESR lines at 7.5 T
(filled symbols) and also at room temperature for 15 T (open symbols). LESRs (1)
and (4) correspond to signals 1 and 4 of Fig. 2, respectively. For comparison, we
show previously reported data on diamond samples with similar NV center density:
a full temperature dependence at 2.5 mT (20) and two room temperature results at
0.33T (32) and 8.3 T (44). Gray lines are guide to the eye indicating a residual relax-
ation and a phonon-dominated region.

agreement with our high-field LESR results at 7.5 T and at 15 T. This
indicates that the spin-lattice relaxation is unaffected by the high mag-
netic fields, which is important for the future use of the NV center in
the aforementioned applications.

Our measurement does not directly determine the T (spin deco-
herence time) and T} (spin dephasing time) albeit both are relevant
for spintronics applications, especially to those where the interplay
between coupled spin-polarized carriers and photons is exploited
(45, 46). We nevertheless do not observe a substantial line broaden-
ing although the applied magnetic field is 50 times larger than the
customary 0.3 T in X-band. This is expected for T; as it is caused by
spin-spin interactions (both like and unlike spin-spin interactions),
described by the van Vleck formula (36). The T} could, in principle,
be caused by magnetic field inhomogeneity, but for solid-state sys-
tems, the dephasing time is dominated by impurities or by unre-
solved hyperfine interactions (47), both of which are independent of
the magnetic field. We, therefore, expect that both T, and T} can be
well estimated by pulsed ESR experiments in low fields, where such
measurements are possible (32). This is very promising for the ex-
pected TASER applications as the cooperativity factor would be lim-
ited by a short T.

A conveniently long T is required to preserve a high level of popu-
lation inversion as, otherwise, this process would deplete the inverted
population. This potentially makes the diamond NV center in a high
magnetic field a possible candidate for a coherent terahertz source (a
TASER) or terahertz amplifier with ample technical possibility for
magnetic field tuning and modulation, which may be eventually ad-
vantageous for conventional and quantum communication and vari-
ous condensed matter applications. We outline and critically assess the
possible construction of a diamond NV-based TASER in the Supple-
mentary Materials. However, exploiting the true capabilities of this
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system requires substantial additional work to properly describe the
TASER-relevant cooperativity factor (21) in a high magnetic field.

In summary, we showed that the diamond NV centers can op-
erate as sources of coherent terahertz emission when subjected to
a high magnetic field. This effect is achieved by pumping the sam-
ple with visible light and achieving a population inversion. The
dependence of the pumping efficiency on the respective orienta-
tion of the NV axis and the magnetic field was observed using a
sensitive method, light-induced ESR. The observation was ex-
plained by considering the spin Hamiltonian of the NV center and
also by the variation of the light polarization with respect to the
NV axis. The LESR technique was also used to determine the spin-
lattice relaxation time, T7, at 7.5 T and at 15 T, and it showed that
the dominant relaxation mechanisms are unaffected by the mag-
netic field.

MATERIALS AND METHODS

All experiments presented here were carried out on a single crystal
diamond plate (type 1b produced by high-pressure/high-temperature
method, supplied by Element Six Ltd.) of a hexagonally cut shape
(diameter about 5 mm) with NV center concentration of about 12 ppm
which was produced by electron beam irradiation and subsequent
thermal annealing. More details on sample preparation and quantita-
tive analysis are given in (32) and in the Supplementary Materials. The
block diagram of the high-frequency light-induced ESR spectrometer
is shown in Fig. 5. It is based on an HFESR spectrometer operating in
the 0.052 to 0.420 THz frequency range described in (30). This instru-
ment works with phase-locked loop stabilized, frequency-multiplied
microwave (of near-terahertz) sources at a number of discrete frequen-
cies. Detection is based on a liquid helium-cooled InSb hot-electron
bolometer used in a homodyne single-ended mixer configuration. The
detector is part of a millimeter-wave, quasi-optical bridge, which al-
lows for the phase-sensitive detection of reflected radiation from
the sample.

The sample is placed on a piezo-controlled single-axis goniometer
(attocube systems AG) and is inside a liquid helium variable tem-
perature insert (VTI) inside a superconducting solenoid with fields
up to 16 T (Oxford Instruments). The sample chamber is isolated
from the VTI and is embedded in helium exchange gas. Microwaves
propagate back and forth to the sample from the top in a corrugated
waveguide which is covered by a 1-inch (2.54-cm) clear diameter
polyethylene (PE) window. Optical access to the sample was also ob-
tained from the top. The original PE window was first replaced by a
5-mm-thick BK7 glass but it caused more than 50% decrease in mi-
crowave power reaching the sample. We found that a thin (%300 pm)
sheet of Mylar (also known as BoPET i.e., biaxially oriented polyeth-
ylene terephthalate) is a good compromise, excellent for vacuum iso-
lation and it causes less than 10% microwave loss for our frequency
range, while it is transparent in the visible-light range resulting in
only 5 to 10% of optical power loss.

The sample is at the bottom of a 2-m-long corrugated waveguide
that efficiently directs the millimeter waves toward the sample. The
waveguide ends in a hollow brass tube with an approximate diame-
ter of 5 mm. The system is equipped with a frequency-doubled
Nd:YAG laser working at A = 532 nm with a maximum output pow-
er of 150 mW. Guiding the light was achieved by constructing a pre-
cise optics breadboard with four mirrors and pinholes, which were
fixed to the probe head. The light passes through a Mylar window
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Fig. 5. High-field/high-frequency ESR setup with optical excitation. Micro-
waves are directed through a corrugated waveguide and the reflected waves are
detected using a bolometer. The signal from the bolometer is fed into a lock-in
amplifier which modulates the external magnetic field. Its down-mixed output is
fed into a second lock-in amplifier, controlling the visible laser chopping, eventu-
ally producing the light-induced ESR signal.

that introduces a 5 to 10% loss in the visible spectrum. The main loss
in optical power reaching the sample is caused by the beam diver-
gence and the resulting reflections from the walls of the waveguide.
After careful alignment of the mirrors, the maximum power passing
through the brass tube was 20 mW. This incident power equals an
intensity of 1 W/cm®.

A magnetic field, parallel to the DC magnetic field, is modulated
with an amplitude of 0.05 mT at 20 kHz, which is customary in ESR
spectroscopy. The bolometer output signal is detected phase-sensitively
with a lock-in amplifier (Stanford Research Systems, SR830). This out-
put provides the conventional HFESR signal. To obtain the light-
induced ESR signal, the laser light is modulated with an optical
chopper (Stanford Research Systems, SR540). Then, the demodulated
output signal from the first lock-in amplifier is fed into a second lock-
in amplifier (SR830) which controls the chopper. The second demodu-
lated output produces the light-induced ESR signal as demonstrated in
(37, 48).

Supplementary Materials
This PDF file includes:

Supplementary Materials and Methods
Supplementary Text

Figs.S1to S9

60f8

$202 ‘60 Jequeldss uo Ssous oS Jo Awspeoy UeLebuniH ay) JO 811usD UOITeWIo U | pue AzeldiT e BI108ous 105 MMM//:SAdNY WoJ) papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

Tables S1 to S4
References

REFERENCES AND NOTES

1.

15.
16.

20.

21.
22.

23.

24,
25.

26.

Kollarics et al., Sci. Adv. 10, eadn0616 (2024)

M. Beck, M. Klammer, S. Lang, P. Leiderer, V. V. Kabanov, G. N. Gol'tsman, J. Demsar,
Energy-Gap dynamics of superconducting NbN thin films studied by time-resolved
terahertz spectroscopy. Phys. Rev. Lett. 107, 177007 (2011).

. N. Kida, M. Tonouchi, THz spectroscopic evidence for a charge-density-wave formation in

a charge-ordered manganite Prg7 Cag3 MnOs. Phys. B 329-333, 842-843 (2003).

. K. Grishunin, T. Huisman, G. Li, E. Mishina, T. Rasing, A. V. Kimel, K. Zhang, Z. Jin, S. Cao,

W. Ren, G.-H. Ma, R. V. Mikhaylovskiy, Terahertz magnon-polaritons in TmFeOQgs). ACS
Photonics 5, 1375-1380 (2018).

. P.Kusar, V. V. Kabanov, J. Demsar, T. Mertelj, S. Sugai, D. Mihailovic, Controlled

vaporization of the superconducting condensate in cuprate superconductors by
femtosecond photoexcitation. Phys. Rev. Lett. 101, 227001 (2008).

. J.Ravnik, M. Diego, Y. Gerasimenko, Y. Vaskivskyi, I. Vaskivskyi, T. Mertelj, J. Vodeb,

D. Mihailovic, A time-domain phase diagram of metastable states in a charge ordered
quantum material. Nat. Comm. 12, 2323 (2021).

. S.S. Dhillon, M. S.Vitiello, E. H. Linfield, A. G. Davies, M. C. Hoffmann, J. Booske, C. Paoloni,

M. Gensch, P. Weightman, G. P. Williams, E. Castro-Camus, D. R. S. Cumming, F. Simoens,
I Escorcia-Carranza, J. Grant, S. Lucyszyn, M. Kuwata-Gonokami, K. Konishi, M. Koch,

C. A. Schmuttenmaer, T. L. Cocker, R. Huber, A. G. Markelz, Z. D. Taylor, V. P. Wallace,

J. A. Zeitler, J. Sibik, T. M. Korter, B. Ellison, S. Rea, P. Goldsmith, K. B. Cooper, R. Appleby,
D. Pardo, P. G. Huggard, V. Krozer, H. Shams, M. Fice, C. Renaud, A. Seeds, A. Stoehr,

M. Naftaly, N. Ridler, R. Clarke, J. E. Cunningham, M. B. Johnston, The 2017 terahertz
science and technology roadmap. J. Phys. D Appl. Phys. 50, 043001 (2017).

. D.H.Auston, K. P. Cheung, J. A. Valdmanis, D. A. Kleinman, Cherenkov radiation from

femtosecond optical pulses in electro-optic media. Phys. Rev. Lett. 53, 1555-1558 (1984).

. D.W. Faries, K. A. Gehring, P. L. Richards, Y. R. Shen, Tunable far-infrared radiation generated

from the difference frequency between two ruby lasers. Phys. Rev. 108, 363-365 (1969).

. U.Welp, K. Kadowaki, R. Kleiner, Superconducting emitters of THz radiation. Nat.

Photonics 7,702-710 (2013).

. N. Orihashi, S. Suzuki, M. Asada, One THz harmonic oscillation of resonant tunneling

diodes. Appl. Phys. Lett. 87, 233501 (2005).

. J.H.Booske, R. J. Dobbs, C. D. Joye, C. L. Kory, G. R. Neil, G.-S. Park, J. Park, R. J. Temkin, Vacuum

electronic high power terahertz sources. IEEE Trans. Terahertz Sci. Technol. 1, 54-75 (2011).

. R.Kohler, A. Tredicucci, F. Beltram, H. Beere, E. Linfield, A. Davies, D. Ritchie, R. lotti,

F. Rossi, Terahertz semiconductor-heterostructure laser. Nature 417, 156-159 (2002).

. G.Williams, Filling the THz gap—High power sources and applications. Rep. Prog. Phys.

69, 301-326 (2006).

. A.Fisher, Y. Park, M. Lenz, A. Ody, R. Agustsson, T. Hodgetts, A. Murokh, P. Musumeci,

Single-pass high-efficiency terahertz free-electron laser. Nat. Photonics 16, 441-447
(2022).

T. H. Maiman, Stimulated optical radiation in ruby. Nature 187, 493-494 (1960).

A. Gruber, A. Drabenstedt, C. Tietz, L. Fleury, J. Wrachtrup, C. Borczyskowski, Scanning
confocal optical microscopy and magnetic resonance on single defect centers. Science
276,2012-2014 (1997).

. N.B. Manson, J. P.Harrison, M. J. Sellars, Nitrogen-vacancy center in diamond: Model of

the electronic structure and associated dynamics. Phys. Rev. B 74, 104303 (2006).

. A.P.Nizovtsev, S.Y.Kilin, F. Jelezko, T. Gaebal, I. Popa, A. Gruber, J. Wrachtrup, A quantum

computer based on nv centers in diamond: Optically detected nutations of single
electron and nuclear spins. Opt. Spectrosc. 99, 233-244 (2005).

. L.M.Pham, D. L. Sage, P. L. Stanwix, T. K. Yeung, D. Glenn, A. Trifonov, P. Cappellaro,

P.R. Hemmer, M. D. Lukin, H. Park, A. Yacoby, R. L. Walsworth, Magnetic field imaging with
nitrogen-vacancy ensembles. New J. Phys. 13, 045021 (2011).

A. Jarmola, V. M. Acosta, K. Jensen, S. Chemerisov, D. Budker, Temperature- and
magnetic-field-dependent longitudinal spin relaxation in nitrogen-vacancy ensembles in
diamond. Phys. Rev. Lett. 108, 197601 (2012).

J. D. Breeze, E. Salvadori, J. Sathian, N. M. Alford, C. W. M. Kay, Continuous-wave
room-temperature diamond maser. Nature 555, 493-496 (2018).

A. Sherman, O. Zgadzai, B. Koren, I. Peretz, E. Laster, A. Blank, Diamond-based microwave
quantum amplifier. Sci. Adv. 8, 6527 (2022).

H. Kraus, V. A. Soltamoyv, D. Riedel, S. Vaeth, F. Fuchs, A. Sperlich, P. G. Baranov,

V. Dyakonov, G.V. Astakhov, Room-temperature quantum microwave emitters based on
spin defects in silicon carbide. Nat. Phys. 10, 157-162 (2014).

G. Davies, M. F. Hamer, Optical studies of the 1.945 eV vibronic band in diamond. Proc. R.
Soc. Lond. A 348, 285-298 (1976).

J.H.N. Loubser, J. A. van Wyk, Electron spin resonance in the study of diamond. Rep. Prog.
Phys. 41,1201-1248 (1978).

Y. Mita, Change of absorption spectra in type-ib diamond with heavy neutron irradiation.
Phys. Rev. B 53, 1136011364 (1996).

29 May 2024

27.

28.

29.

30.

31.

32.

33.
34.

35.
36.
37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

J. A. Larsson, P. Delaney, Electronic structure of the nitrogen-vacancy center in diamond
from first-principles theory. Phys. Rev. B77, 165201 (2008).

G.Thiering, A. Gali, Ab initio calculation of spin-orbit coupling for an NV center in
diamond exhibiting dynamic Jahn-Teller effect. Phys. Rev. B 96, 081115(R) (2017).

J. Harrison, M. Sellars, N. Manson, Optical spin polarisation of the N-V centre in diamond.
J. Lumin. 107, 245-248 (2004).

B. N&fradi, R. Gaal, T. Fehér, L. Forr, Microwave frequency modulation in continuous-wave
far-infrared ESR utilizing a quasi-optical reflection bridge. J. Magn. Reson. 192, 265-268 (2008).
B. Nafradi, R. Gaal, A. Sienkiewicz, T. Fehér, L. Forré, Continuous-wave far-infrared ESR
spectrometer for high-pressure measurements. J. Magn. Reson. 195, 206-210 (2008).

S. Kollarics, F. Simon, A. Bojtor, K. Koltai, G. Klujber, M. Szieberth, B. G. Markus, D. Beke,

K. Kamaras, A. Gali, D. Amirari, R. Berry, S. Boucher, D. Gavryushkin, G. Jeschke,

J. Cleveland, S. Takahashi, P. Szirmai, L. Forré, E. Emmanouilidou, R. Singh, K. Holczer,
Ultrahigh nitrogen-vacancy center concentration in diamond. Carbon 188, 393-400 (2022).
C. P. Slichter, Principles of Magnetic Resonance (Spinger-Verlag, ed. 3, 1996).

S. Felton, A. M. Edmonds, M. E. Newton, P. M. Martineau, D. Fisher, D. J. Twitchen,

J. M. Baker, Hyperfine interaction in the ground state of the negatively charged nitrogen
vacancy center in diamond. Phys. Rev. B 79, 075203 (2009).

C.P.Poole, Electron Spin Resonance (John Wiley & Sons, ed. 2, 1983).

A. Abragam, Principles of Nuclear Magnetism (Oxford Univ. Press, 1961), vol. 29, pp. 860-861.
M.-K. Lee, M. Segal, Z. G. Soos, J. Shinar, M. A. Baldo, Yield of singlet excitons in organic
light-emitting devices: A double modulation photoluminescence-detected magnetic
resonance study. Phys. Rev. Lett. 94, 137403 (2005).

V. Stepanoyv, F. H. Cho, C. Abeywardana, S. Takahashi, High-frequency and high-field
optically detected magnetic resonance of nitrogen-vacancy centers in diamond. Appl.
Phys. Lett. 106, 063111 (2015).

R. Epstein, F. Mendoza, Y. Kato, D. Awschalom, Anisotropic interactions of a single spin
and dark-spin spectroscopy in diamond. Nat. Phys. 1, 94-98 (2005).

T.P. M. Alegre, C. Santori, G. Medeiros-Ribeiro, R. G. Beausoleil, Polarization-selective
excitation of nitrogen vacancy centers in diamond. Phys. Rev. B 76, 165205 (2007).

L. Rondin, J.-P. Tetienne, T. Hingant, J.-F. Roch, P. Maletinsky, V. Jacques, Magnetometry
with nitrogen-vacancy defects in diamond. Rep. Prog. Phys. 77, 056503 (2014).

T.D. Ladd, F. Jelezko, R. Laflamme, Y. Nakamura, C. Monroe, J. L. O'Brien, Quantum
computers. Nature 464, 45-53 (2010).

B. G. Markus, M. Gmitra, B. Ddra, G. Csész, T. Fehér, P. Szirmai, B. Nafradi, V. Zélyomi,

L. Forro, J. Fabian, F. Simon, Ultralong 100 ns spin relaxation time in graphite at room
temperature. Nat. Commun. 14, 2831 (2023).

B. Fortman, L. Mugica-Sanchez, N. Tischler, C. Selco, Y. Hang, K. Holczer, S. Takahashi,
Electron-electron double resonance detected NMR spectroscopy using ensemble NV
centers at 230 GHz and 8.3 T. J. Appl. Phys. 130, 083901 (2021).

S. Hallstein, J. D. Berger, M. Hilpert, H. C. Schneider, W. W. Riihle, F. Jahnke, S. W. Koch,

H. M. Gibbs, G. Khitrova, M. Oestreich, Manifestation of coherent spin precession in
stimulated semiconductor emission dynamics. Phys. Rev. B 56, R7076-R7079 (1997).

M. Lindemann, G. Xu, T. Pusch, R. Michalzik, M. R. Hofmann, I. Zuti¢, N. C. Gerhardt,
Ultrafast spin-lasers. Nature 568, 212-215 (2019).

A. Portis, Spectral diffusion in magnetic resonance. Phys. Rev. 104, 584-588 (1956).

P.A. Lane, L. S. Swanson, Q-X. Ni, J. Shinar, J. P. Engel, T. J. Barton, L. Jones, Dynamics of
photoexcited states in Ceo: An optically detected magnetic resonance, ESR, and
light-induced ESR study. Phys. Rev. Lett. 68, 887-890 (1992).

G.Thiering, A. Gali, Theory of the optical spin-polarization loop of the nitrogen-vacancy
center in diamond. Phys. Rev. B 98, 085207 (2018).

J. Goree, Double lock-in detection for recovering weak coherent radio frequency signals.
Rev. Sci. Instrum. 56, 1662-1664 (1985).

S. D. Subedi, V. V. Fedorov, J. Peppers, D. V. Martyshkin, S. B. Mirov, L. Shao, M. Loncar,
Laser spectroscopic characterization of negatively charged nitrogen-vacancy (NV-)
centers in diamond. Opt. Mater. Express 9, 2076-2087 (2019).

A. Savvin, A. Dormidonoyv, E. Smetanina, V. Mitrokhin, E. Lipatov, D. Genin, S. Potanin,

A. Yelisseyev, V. Vins, Nv-diamond laser. Nat. Comm. 12,7118 (2021).

T-L. Wee, Y.-K. Tzeng, C.-C. Han, H.-C. Chang, W. Fann, J.-H. Hsu, K-M. Chen, Y.-C. Yu,
Two-photon excited fluorescence of nitrogen-vacancy centers in proton-irradiated type
ib diamond. J. Phys. Chem. A 111, 9379-9386 (2007).

R. Chapman, T. Plakhotnik, Quantitative luminescence microscopy on nitrogen-vacancy
centres in diamond: Saturation effects under pulsed excitation. Chem. Phys. Lett. 507,
190-194 (2011).

P. P. Man, Wigner active and passive rotation matrices applied to NMR tensor. Concepts
Magn. Reson. 45A, e21385 (2016).

B. C. Rose, G. Thiering, A. M. Tyryshkin, A. M. Edmonds, M. L. Markham, A. Gali, S. A. Lyon,
N. P. de Leon, Strongly anisotropic spin relaxation in the neutral silicon vacancy center in
diamond. Phys. Rev. B 98, 235140 (2018).

A. Reiserer, N. Kalb, M. S. Blok, K. J. van Bemmelen, T. H. Taminiau, R. Hanson,

D. J. Twitchen, M. Markham, Robust quantum-network memory using decoherence-
protected subspaces of nuclear spins. Phys. Rev. X 6,021040 (2016).

70of 8

$202 ‘60 Jequeldss uo Ssous oS Jo Awspeoy UeLebuniH ay) JO 811usD UOITeWIo U | pue AzeldiT e BI108ous 105 MMM//:SAdNY WoJ) papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

58. J.-P.Tetienne, L. Rondin, P. Spinicelli, M. Chipaux, T. Debuisschert, J.-F. Roch, V. Jacques,
Magnetic-field-dependent photodynamics of single NV defects in diamond: An

application to qualitative all-optical magnetic imaging. New J. Phys. 14, 103033 (2012).

59. M. L. Goldman, A. Sipahigil, M. W. Doherty, N.Y. Yao, S. D. Bennett, M. Markham,
D. J. Twitchen, N. B. Manson, A. Kubanek, M. D. Lukin, Phonon-induced population
dynamics and intersystem crossing in nitrogen-vacancy centers. Phys. Rev. Lett. 114,
145502 (2015).

60. M. L. Goldman, M. W. Doherty, A. Sipahigil, N.Y. Yao, S. D. Bennett, N. B. Manson,

A. Kubanek, M. D. Lukin, State-selective intersystem crossing in nitrogen-vacancy centers.

Phys. Rev. B 91, 165201 (2015).

61. N.Liang, J. Yan, T. Zhai, Hybrid microcavity lasers: Principle, design, and practical
application. Laser Photonics Rev. 17,2300343 (2023).

62. V.Rogalin, . Kaplunov, G. Kropotov, Optical materials for the THz range. Opt. Spectrosc.
125, 1053-1064 (2018).

Acknowledgments: R. Gaal is acknowledged for technical expertise and help, A. Janossy and
A. Sienkiewicz are acknowledged for enlightening discussions and assistance with the

Kollarics et al., Sci. Adv. 10, eadn0616 (2024) 29 May 2024

experimental setup. Funding: This work was supported by the Hungarian National Research,
Development and Innovation Office (NKFIH) Grants 2022-2.1.1-NL-2022-00004, K137852, TKP
2021-NVA-04, and the V4-Japan Joint Research Program (BGapEng, 2019-2.1.7-ERA-NET-
2021-00028). A.G. acknowledges the NKFIH grant no. KKP129866 of the National Excellence
Program of the Quantum-Coherent Materials Project, the EU QuantERA Il MAESTRO project, and
the Horizon Europe EIC Pathfinder QuMicro project (grant no. 101046911). Author
contributions: All authors discussed the results and approved the manuscript. S.K. and F.S.
conceived the project. SK, B.G.M, RK, G.N, KK, and FS. carried out the experimental work. SK.,
G.T,AG, LF,and FS. analyzed the data and supported the results with theoretical work. L.F. and
F.S.acquired the funding and supervised the research. Competing interests: All authors declare
that they have no competing interests. Data availability: All data needed to evaluate the
conclusions in the paper are present in the paper and/or the Supplementary Materials.

Submitted 27 November 2023
Accepted 26 April 2024
Published 29 May 2024
10.1126/sciadv.adn0616

8of8

$202 ‘60 Jequeldss uo Ssous oS Jo Awspeoy UeLebuniH ay) JO 811usD UOITeWIo U | pue AzeldiT e BI108ous 105 MMM//:SAdNY WoJ) papeojumod



	Terahertz emission from diamond nitrogen-vacancy centers
	INTRODUCTION
	RESULTS
	DISCUSSION
	MATERIALS AND METHODS
	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments


