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Circularly polarized zero-phonon transitions of vacancies in diamond at high magnetic fields

D. Braukmann,! E. R. Glaser,2 T. A. Kennedy,2 M. Bayer,l’3 and J. Debus'-"
lExperimem‘elle Physik 2, Technische Universitdt Dortmund, 44227 Dortmund, Germany
2Naval Research Laboratory, Washington, DC 20375, USA
3loffe Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia

® (Received 18 March 2018; published 29 May 2018)

We study the circularly polarized photoluminescence of negatively charged (NV ™) and neutral (NV®) nitrogen-
vacancy ensembles and neutral vacancies (V°) in diamond crystals exposed to magnetic fields of up to 10 T. We
determine the orbital and spin Zeeman splitting as well as the energetic ordering of their ground and first-excited
states. The spin-triplet and -singlet states of the NV~ are described by an orbital Zeeman splitting of about
9 eV /T, which corresponds to a positive orbital g-factor of g, = 0.164 under application of the magnetic field
along the (001) and (111) crystallographic directions, respectively. The zero-phonon line (ZPL) of the NV~
singlet is defined as a transition from the 'E’ states, which are split by g; ug B, to the 14, state. The energies of
the zero-phonon triplet transitions show a quadratic dependence on intermediate magnetic field strengths, which
we attribute to a mixing of excited states with nonzero orbital angular momentum. Moreover, we identify slightly
different spin Zeeman splittings in the ground (gs) and excited (es) triplet states, which can be expressed by a
deviation between their spin g-factors: gg s = gs,¢s + Ag with values of Ag = 0.014 and 0.029 in the (001) and
(111) geometries, respectively. The degree of circular polarization of the NV~ ZPLs depends significantly on
the temperature, which is explained by an efficient spin-orbit coupling of the excited states mediated through
acoustic phonons. We further demonstrate that the sign of the circular polarization degree is switched under
rotation of the diamond crystal. A weak Zeeman splitting similar to AgugB measured for the NV~ ZPLs is
also obtained for the NV zero-phonon lines, from which we conclude that the ground state is composed of two
optically active states with compensated orbital contributions and opposite spin-1/2 momentum projections. The
zero-phonon lines of the V? show Zeeman splittings and degrees of the circular polarization with opposite signs.
The magnetophotoluminescence data indicate that the electron transition from the ' 75 states to the 'A ground state
defines the zero-phonon emission at 1.674 eV, while the ' 7, — 'E transition is responsible for the zero-phonon
line at 1.666 eV. The ' 75 (\E) states are characterized by an orbital Zeeman splitting with g, = 0.071 (0.128).
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I. INTRODUCTION

The neutral and negatively charged nitrogen-vacancy cen-
ters in diamond have been studied in recent years on account
of possible applications in quantum information processing,
spin electronics, quantum sensing, and biophotonics [1-3].
Particular focus has been drawn to their optical properties. For
negatively charged nitrogen vacancies (NV ™), the ground state
forms a two-level quantum system thus serving as a quantum
bit, whose state can be controlled coherently by electron spin
resonance [4]. The coherent manipulation of a single electron
spin quantum-bit associated with an NV~ center could, for
example, be exploited to detect very weak magnetic fields [5],
while fluorescent nanodiamonds inside living cells could create
new possibilities for quantum-based imaging in life sciences
[6].

In general, the NV center consists of a substitutional nitro-
gen atom, which is paired with a vacancy in the diamond lattice.
The NV~ center embraces six electrons that are localized at
the vacancy [7]. The ground and first-excited states of the NV~
center are spin-triplet states. The optical transition between
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excited and ground states is a pure electronic transition without
phonon support; accordingly, it is denoted as a zero-phonon
line (ZPL) and, for the NV, it has an energy of about 1.946 e V.
In the case of a localization of five electrons at the vacancy
the nitrogen-vacancy center is neutral (NV®). Its ground and
excited states are spin-doublet states yielding a ZPL at about
2.156 eV [8,9]. When only a vacancy without association to
a nitrogen atom is present in the diamond lattice, a neutral
vacancy V° can be formed. It exhibits two ZPLs at about 1.665
and 1.673 eV [10].

Although considerable achievements in different fields of
fundamental research and applications have been obtained,
optical properties of the nitrogen vacancies and neutral vacancy
in diamond in the presence of large magnetic fields, which
exceed hundreds of milliteslas typically applied in electron-
spin resonance experiments, have rarely been studied. A single
spectrum of the NV~ singlet-state ZPL at 1042 nm (1.19 eV)
was measured at 5 T [11], the temperature dependence of an
effective orbital g-factor was studied at 5 T through magnetic
circular dichroism [12], and the Zeeman splitting of the left-
and right-handed circularly polarized NV~ triplet-state ZPL
was measured up to magnetic fields of 150 T at 77 K, from
which an orbital g-factor of 0.22 was evaluated [13]. Recently
the linear polarization properties of the NV~, NV°, and V°
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ZPLs up to 10 T were investigated [14]. Nevertheless, studies
of magneto-optical effects for the NV~ and, in particular,
for the NV® and V° in diamond at high magnetic fields
are underrepresented. Such studies may provide considerable
insight into the fine structure of the vacancies and spin-based
interactions as well as magnetic-field-induced changes of,
for example, linear and nonlinear optical responses of the
vacancies in diamond. The fine structure defines the optical and
electronic properties of solid-state materials and its knowledge
plays a major role in applying magnetic resonance techniques
as well as in realizing optoelectronic devices, in which, for
example, carrier inter- and intraband relaxation processes
affect the optical quantum yield. In the context of determining
the fine structures, the orderings of the singlet NV~ states and
ground states of the neutral vacancy are still under debate. For
the NV~ spin-singlet states, the ZPL emission was attributed
toan 'A; — 'E transition [15], while in Ref. [16] it was related
to the 'E’ — 'A, transition. Revealing the level ordering of the
singlet states is important for describing the photostability of
NV~ centers and their emission efficiency, which depends on
the triplet-singlet intersystem crossing [17]. For the VY, it was
proposed that the ZPL at 1.673 eV is related to the transition
from the ' 75 to the 'E states and the ZPL at 1.665 eV should
correspond to a transition from the ' 75 to the 'A state [10,18]. It
was further indicated that the V° luminescence is unpolarized,
even in the case of polarized exciting light [19], and that the
orbital g-factor is negligibly small [20].

In this paper, we report on the orbital and spin Zeeman
splittings and circular polarization characteristics of the zero-
phonon lines of ensembles of the negatively charged and
neutral nitrogen vacancies as well as the neutral vacancy in
diamond crystals under application of high magnetic fields
up to 10 T. The orbital Zeeman splitting of the triplet-state
transitions of the NV~ centers coincides with that of the
singlet-state transitions, while the ZPL of the NV? centers
shows a negligible magnetic-field-dependent splitting. Hereby,
we determine that the singlet-state transitions of the NV~
go from the 'E’ states, whose splitting is proportional to
gr = 0.164, to the T4, ground state. For the two ZPLs of
the V© at about 1.666 and 1.674 eV, the Zeeman splittings
have opposite signs and different absolute values indicating
different orbital Zeeman contributions of the !75 and 'E
states. We attribute the ZPL at 1.674 eV to the 'T» — A,
transition and the ZPL at 1.666 eV to the ! 7> — 'E transition.
We observe a quadratic evolution of the triplet NV~ ZPL
energy with increasing magnetic field. We propose that it
results from a mixing of excited states with a nonzero orbital
quantum number. Moreover, slightly different spin splittings
in the ground and excited triplet states are evaluated from the
energies of the ZPLs having the same circular polarization
under optical excitation with opposite circular polarizations.
The circular polarization degree of the NV~ ZPLs depends
significantly on the temperature, which is attributed to an
efficient spin-orbit coupling of the excited states mediated
through acoustic phonons. We further demonstrate that the
sign of the circular polarization degree is switched under
rotation of the diamond crystal. Also, the circular polarization
degree is enhanced by about 10% through excitation with
laser light that is linearly polarized along the (001) NV~
center axis.

The paper is organized as follows: In Sec. II, the diamond
crystal samples and the experimental setup are described. In
Sec. III, the magnetic field dependence of the ZPL energies of
the NV—, NV°, and VO for different circular polarization con-
figurations are shown. Moreover, the magnetic-field-induced
degrees of the circular polarization as well as the dependence
of the circular polarization degree on the crystal orientation and
on the sample temperature are presented. In Sec. IV, the fine
structures of the different vacancies are discussed with respect
to the magneto-optical results, and reasons for the impacts on
the degrees of the circular polarization are described.

II. EXPERIMENTAL DETAILS

We studied a transparent rose-cut diamond crystal grown by
chemical vapor deposition with an NV center concentration of
about 0.14 ppm (2.5 x 10'® cm™3), denoted as sample 1, and
a yellow rectangular-prism-shaped diamond crystal, sample
2, which had an NV center concentration of about 2.9 ppm
(5.1 x 10" cm™3). The latter was grown by high-temperature
high-pressure synthesis, electron-irradiated at an energy of
2 MeV, and subsequently annealed [21]. The rose-cut diamond
was optically addressable along the (001) direction, while the
rectangular-prism-shaped diamond was excited along the (111)
direction.

In the optical measurements the diamond crystals, stress-
free mounted on a rotation holder inside a variable-temperature
insert of a split-coil cryostat, were exposed to helium gas
allowing for temperature variations between 6 and 300 K and to
magnetic fields ranging from —10 to +10 T. The magnetic field
B was applied along the aforementioned optically accessible
axes of the crystals. The error in aligning the crystal axes
with respect to the magnetic field direction was about £1°.
The crystal surfaces were masked by a black polycarbonate
layer with a hole of 0.5 mm diameter for the laser excitation.
The illumination of a sample was checked by an intermediate
image using a cross slit and microscope. Typically, the laser
spot diameter was 400 um and by use of the cross slit its
central part with an area of about 100 x 100 m? was selected.
For the excitation of the vacancies, either a diode-pumped
solid-state laser (Coherent Verdi V10) with an emission energy
of Ee. =2.33 eV or a continuous-wave single-frequency
ring dye laser (Coherent 899-29) equipped with Rhodamine
6G, Ecc = (1.95—2.23) eV, was used. In both cases the
power density of the laser spot at the sample surface was
kept at about 25 mW /cm? using a variable neutral-density
filter. Any fluctuations in the laser power were permanently
monitored and were considered in the intensity normalization
of the photoluminescence (PL) spectra. A notch-filter, which
was installed after the dye-laser output mirror, suppressed
the pump-laser beam (2.33 eV), thus avoiding any additional
excitation of the vacancies.

The circular (linear) polarization of the laser beam was
controlled by a Glan-Thompson prism followed by an achro-
matic quarter-wave (half-wave) retarder plate. The circularly
polarized emission from the vacancies was in turn analyzed by
an achromatic quarter-wave plate and a linear polarizer. Finally,
the emission was dispersed by a triple monochromator working
in the additive mode with a total focal length of 1.5 m and was
detected by a liquid-nitrogen-cooled silicon charged-coupled
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FIG. 1. PL spectra measured in different polarization configura-
tions at 10 T (solid lines) and O T (dashed lines) for the (a) NV~ triplet
transitions, (b) NV~ singlet transition, (c) NV° ZPL, and (d, e) V°
ZPLs. The exciting laser light (Ee = 2.33 eV) and magnetic field
were directed along the (001) axis of the rose-cut diamond crystal,
sample 1. Note that the scaling of the x axis is different in each panel.

device (CCD) camera [22]. The spectral resolution of the
monochromator was about 20 eV. The singlet transition of the
NV~ centers, whose emission lies in the infrared spectral range
at 1.19 eV, was detected by a liquid-nitrogen-cooled InGaAs
CCD camera.

The circular polarization degree of the PL emission, which
is given by the third Stokes parameter [23], is defined by

Iﬂexc _ Iﬂexc
+

T =T 1
Pe If“ 4 [T (H
Here, I,(-) is the intensity of the o ™)-polarized PL under
linearly polarized excitation, which is marked by the upper
index. For the magnetic-field-induced circular polarization
degree, we alternatively use the definition

o POt 4prT 1 (If -1 I —1IC
pl="—F"—=z"F—=+"—=] O
IF+1F I+ 1C

2 2

which represents the mean value of the circular polarization
degrees obtained for both circularly polarized excitations
[24]. In the following the circular polarization configurations
are indicated by the notation (0exc,07), where oo and o
designate the circular polarizations of the exciting and detected
light, respectively. The sign of 1 and y is determined by the
sign of the photon angular momentum projection on the optical
axis.

III. RESULTS

The PL spectra of the oppositely circular-polarized zero-
phonon transitions of the negatively charged and neutral
nitrogen vacancies as well as neutral vacancy are shown by
the solid lines in Fig. 1 measured at a temperature of 6 K. The
strength of the magnetic field is B = 10 T and its direction
is along the (001) axis of the rose-cut diamond crystal. By
comparison, nonpolarized spectra recorded at zero magnetic
field are depicted by the gray dashed lines.

The zero-phonon lines of the NV~ ensemble are shown
for the four different circular polarization configurations in
Fig. 1(a). The o*-polarized ZPLs (red and blue lines) are
shifted to higher energies, while the o ~-polarized ZPLs (black
and green lines) are shifted to lower energies in comparison to
the ZPL energy of Ezp (B = 0T) = Ezp(0) = 1.94780 eV
obtained at 0 T. The energy shifts amount to about +50 and
—35 peV, respectively. The singlet state transitions (SSTs)
of the NV~ show a similar behavior; the energy difference
between the oppositely polarized lines is about 80 ueV [see
Fig. 1(b)] [25]. In contrast to the NV~ related lines, the ZPL.
of the NV does not split significantly in a magnetic field of
10 T for any of the polarization configurations, as depicted
in Fig. 1(c); the ZPL peak energy remains at 2.15842 eV.
Besides the NV centers, the zero-phonon transitions of the
VO demonstrate notable Zeeman shifts, as one can see in
Figs. 1(d) and 1(e) for its low-energy ZPL at 1.66586 eV
and its high-energy one at 1.67390 eV. For the latter ZPL,
we observe an energy shift to high (low) energies in the o™
(o 7) polarization. The low-energy ZPL, however, shows an
opposite magnetic field dependence, where the o *-polarized
(0~ -polarized) lines are shifted to low (high) energies.
Note that the line shapes can be best described with Voigt
functions with approximately equal Gaussian and Lorentzian
contributions. The low-energy V® ZPL has a low-energy flank
making the line shape asymmetric. With increasing magnetic
field the line profiles do not change significantly.

To gain further insight into the magnetic field dependencies
of the circularly polarized zero-phonon transitions, we study
the Zeeman splitting of the oppositely polarized ZPLs under,
in most cases, circularly polarized excitation. We define the
Zeeman splitting as the difference between the energies Ezpy. 4
and Ezp. _ of the right- and left-handed circular-polarized
ZPLs: AEz = Ezpr + — EzpL . As one can see in Fig. 2(a),
the Zeeman splitting of the NV~ spin-triplet ZPLs, for sample
1 in the (001) geometry, evolves linearly and is inversely sym-
metric around B = 0 T; a zero-field splitting is negligible. At
B=49T AE;=@87x2)peVand,at B=—-9T, AE; =
(—84 &£ 2) ueV, for both circular excitation polarizations.
Thus, the oppositely circular-polarized NV~ ZPLs are split in
an external magnetic field by about 9.5 ueV/T. A comparable
Zeeman splitting of about 9.1 ueV /T is obtained for the SSTs
of the NV~ centers, as shown for linearly polarized excitation
in Fig. 2(b). In contrast to that, the N VY ZPL does not show a
significant splitting with rising magnetic field [see Fig. 2(c)].
A weak splitting of 1.2 (0.7) ueV/T, for ot - (0 -)polarized
laser light, can be deduced from the experimental data.

The Zeeman splitting of the low-energy V® ZPL is depicted
in Fig. 2(d), while in Fig. 2(e) AE; of the high-energy V°
ZPL is shown. In both cases, the Zeeman splitting tends to
zero at 0 T; i.e., a zero-field offset is negligible and the
opposite excitation polarizations result in similar AE7z(B)
dependencies. A notable discrepancy, however, shows up in
opposite and different gradients of the Zeeman splittings of
—7.4 and +4.1 peV/T for the low- and high-energy ZPL,
respectively. Note that the AEz(B) dependence of the high-
energy ZPL could be described as slightly asymmetric around
0 T, which can result from a weak negative zero-field offset
of —5 peV. A significant asymmetry is seen for the AEz(B)
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FIG. 2. Zeeman splitting of the ZPLs emitted by the (a, b) NV~ and (c) NV centers as well as the (d, e) neutral vacancies, for sample

1 in (001) geometry, and by the (f) NV~ centers, for sample 2 in (111) geometry, measured at o, (open circles) and o

(open squares) or

exc exc

Texe (Open triangles) polarized excitation; 7 = 6 K, Ec . = 2.33 eV. The solid lines are fits according to Eq. (4). The difference between the
ZPL energies Ezpr (B) with respect to the averaged zero-field value Epp (0) for the NV~ centers of (g) sample 2 and (h) sample 1; T = 6 K,
E.«. = 2.20 eV. The fits of the data points, for the co-circularly polarized configurations, are shown by the dashed lines in (h); the fits are based

on the equation a B> + B B. The error does not exceed the symbol size.

dependence of the NV~ centers, for sample 2, as is shown in
Fig. 2(f). It is due to a large zero-field offset of 6 = +21 ueV.
The Zeeman splitting is given by 9.7 ueV/T for both circular
excitation polarizations, which practically coincides with the
splittings obtained for the NV~ centers’ ZPLs in sample 1.

The afore-described Zeeman splitting does not indicate
changes, which affect in the same manner the energies of the
circularly polarized transitions. Therefore, we now take a look
at changes in the absolute energies of the ZPLs with respect to
the averaged value of their zero-field energies; in particular, for
the NV~ centers we obtain peculiarities. For sample 2 at strong
magnetic fields, see Fig. 2(g), one spectrally distinguishes
four NV~ ZPL peaks according to the different circular
polarization configurations. For a specific circular polarization
in the detection, the switching of the excitation polarization
yields two peak energies differing by (19 £5) ueV from
each other (see red and blue as well as black and green
symbols). At zero field the peak energies, for the co-circular
polarization configurations, demonstrate a difference of at most
15 peV, which nearly agrees with the offset evaluated from
the AEy(B) dependence shown in Fig. 2(f). One may also
identify a weak nonlinearity in the magnetic field dependence
of the o ~-polarized ZPL energies (black and green symbols).
Clearly visible is a nonlinear evolution of the ZPL energies
for sample 1, as shown in Fig. 2(h). Using a parabolic o B>
combined with a linear BB magnetic field dependence the
fitting of the data points yields « = (0.4 £ 0.1) ueV/T?, and
B = 1.7(=8.1) ueV/T for the o *-polarized (o~ -polarized)
ZPLs. The convex parabolic curvature can be modeled only by
apositive proportionality factor «; thus, the linear contributions
differ in their signs and magnitudes. Besides that, since the
parabolic curvatures are similar, they cancel each other out in
the Zeeman splitting determination. It is further worthwhile
to mention that a zero-field offset for sample 1 is negligibly
small; it is less than 5 ueV.

In the following the circular polarization degrees of the
vacancies’ ZPLs are described. In Fig. 3(a) the circular
polarization degree p under linearly polarized excitation,
according to Eq. (1), is shown for magnetic field strengths
varying between —9 and 49 T. For the NV~ in sample 2
(light blue pentagons) and high-energy-V® ZPL in sample 1
(black triangles), one observes that the o7 (B) dependencies
are symmetric around O T, which have maximum positive
values of about +4% at negative fields and minimum values
of about —3% at positive fields. By comparison, the circular
polarization degrees, for the NV~ (green dots) and NV (red
squares) in sample 1, deviate significantly from zero in the
absence of an external magnetic field taking values of —5%
and —8%, respectively. Their linear field dependencies tend
to zero at —9 T and have slopes of about —0.6%/T and
—0.7%/T, respectively. Moreover, in Fig. 3(c), p7 is depicted
for the low-energy-V° ZPL and singlet-state transition of the
NV~ measured in sample 1. Both evolutions do not differ
significantly from 0% in the whole magnetic field range from
—9 to +9 T. One can attribute a weak positive slope to the
dependence of the circular polarization degree of the V° ZPL.

The circular polarization degree p¢ under circularly polar-
ized excitation, determined by Eq. (2), is shown as a function
of the magnetic field in Fig. 3(b). The dependencies for the
NV~ in sample 2 and V° in sample 1 are quite similar to their
o7 (B) evolutions. The main difference is their deviation from
zero at 0 T by +2% and +4%, respectively. pg, for the NVO
in sample 1, does not show any strong changes with magnetic
field staying at about +2% (see open squares), which is in
contrast to the respective p7 values. In the case of the NV~
centers in sample 1, p¢ also remains at +2% for B < 0 T and
decreases slightly with rising positive magnetic fields.

In Fig. 4(a) the circular polarization degree pl is shown
as a function of the sample rotation angle around the (001)
axis of sample 1. The exciting laser light is linearly polarized

195448-4



CIRCULARLY POLARIZED ZERO-PHONON TRANSITIONS ...

PHYSICAL REVIEW B 97, 195448 (2018)

004 C T T T T T T T 008 T T T T T - T T
QQ‘OQOQQQOGQ NV #2 | © 0.01 L (© NV~ SST #1
0.00 reeqa AT O 240
Og-® VO o o#1 AO‘Q 1 0.04 “‘ QQQQQ - T l) 1
'ioi-’ 20.04 L (mm] E.. high i A A Q@ t:cf 0.00 0 T TT
0-® e Qv 'ﬁa;o'g:lsw.gigaﬂogn‘ Vi #1_ ﬁﬁﬁg
0.08 | NV”ED‘:‘D %% 000} O Y igm. i % %&} ]
' ] A N L ]
20.12} (a) =a L (b) asa] 00 &Iré %*
-10 -5 0 5 10 -10 -5 0 5 10 -10 -5 0 5 10
Magnetic field (T) Magnetic field (T) Magnetic field (T)

FIG. 3. Magnetic field dependencies of the circular polarization degrees (a) p and (b) pg for the NV~ NV°, and high-energy-V° ZPLs
measured in the (001), sample 1, or (111), sample 2, geometry; T = 6 K, Ecxc = 2.33 eV. (c) p7 for the NV~ SST and low-energy-V® ZPL in
sample 1, (001) direction. Unless shown otherwise, the experimental error does not exceed the symbol size.

perpendicular to the (001) direction. At O T the angular
dependence demonstrates a variation between pI = +0.1 and
—0.1 with a periodicity of 180°. A fit with a sine function
according to p7 (¢) = A sin(2¢ + ¢) + b with an amplitude
A =0.088 £0.004, a phase angle ¢yp = (90 £ 1)°, and an
offset » = 0.016 £ 0.003 describes the data well (see black
curve). The presence of an external magnetic fieldof B=6T
along the (001) direction only weakly affects the amplitude
A =0.075%0.005 and offset b = 0.011 = 0.004 of p (¢)
(see the green-colored dots and curve). However, a remark-
able shift in the phase, ¢o = (79 £2)°, is observed. The
latter indicates a magnetic-field-induced phase shift of A¢y =
(11 £2)°.

In Fig. 4(b) the temperature dependence of the circular
polarization degree is shown exemplarily for the NV~ centers
measured in sample 2 in the (111) geometry at B = —10 T.
The circular polarization degree under circularly polarized
excitations decreases from —6% between 1.8 and 10 K to
about —2% at 250 K. Here, the sign of pJ is opposite to that
of the values shown in Fig. 3(b), which is due to different
in-plane rotation angles of the diamond crystal used in the
measurements. The evolution of pJ(T) can be modeled by
a polynomial function of third order (oc 73) (see light blue
curve). It is worthwhile to mention that the circular polarization
degrees of the NV~ and NV° ZPLs, for sample 1 in the (001)
geometry, demonstrate similar temperature dependencies. The
VO ZPLs lose their circular polarization degrees more rapidly

NV™(001)
(111) (111)

y

1Dy (111

210

180 150

Sample rotation angle ¢ (°)

with rising temperature; in the inset of Fig. 4(b) the respective
ZPLs measured at different temperatures are shown. The ZPLs
strongly broaden with increasing temperature; from 6 to 140 K
the linewidths of the ZPLs enhance by more than one order of
magnitude.

The dependence of the circular polarization degree p
on the excitation energy is presented in Fig. 4(c), for B =
—9 Tand T =6 K. p remains at about —6%, for tuning
the excitation energy between 1.95 and 2.22 eV. Thus, the
variation in the excitation energy has a negligible impact on
the circular polarization degree. Note that the degree of the
circular polarization does also not depend on the laser power
(not shown here).

IV. DISCUSSION

Let us start with the description of the known spin-triplet
structure of the negatively charged nitrogen vacancy. We
further discuss the changes in the energies of the NV~ ZPLs
induced by high external magnetic fields. Afterwards, we
extend the discussion to the NV® and V? in order to characterize
their fine structures and circular polarization features.

A. Negatively charged nitrogen-vacancy centers, NV~

An NV~ center consists of a substitutional nitrogen atom
associated with a vacancy in an adjacent lattice site possessing
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FIG. 4. (a) Angular dependence of the degree of the NV~ ZPL circular polarization, p7, at B = 0 T (open circles) and 6 T (green dots) in

(001) geometry, sample 1; T = 6 K. The solid lines are fits based on a sine function. The experimental error does not exceed the symbol size.
The orientation of the NV center axes (red arrows) is shown in the panel on the right-hand side. (b) Temperature dependence of the circular
polarization degree pJ for the NV~ ZPL in sample 2, (111) geometry; B = —10 T. The solid line is a third-order polynomial fit. Inset: PL
spectra of the V® ZPLs at 6 K (blue curve), 140 K (green curve), and 290 K (red curve); B = 0 T. (c) Excitation energy dependence of p¢ for
the NV~ insample 2; B=-9T,T =6 K.
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FIG. 5. Level structure schemes of the (a) NV~, (b) NV, and (c) V° at high magnetic fields, when the Zeeman energies exceed other
intraband splittings, which is approximately the case for B > 3 T. The states are denoted by the orbital and spin momentum projections
following the notation |m,mg). Zero-phonon transitions are indicated with single-arrowed dashed lines; dashed red and blue lines indicate
o t-polarized and o ~-polarized transitions, respectively; dashed black lines mark linearly polarized transitions.

Csy symmetry. The six localized electrons of the NV~ center
form a discrete level structure [26]. Four of the six electrons
are distributed over the defect level a; as well as the p-like
orbitals e, and ey, whose energies lie within the diamond
band gap. The lowest occupation of these orbitals defines
the spin-triplet ground state *A,, which is characterized by
an orbital singlet state, whose orbital angular momentum
projection along the NV~ axis vanishes. The ground states
differ in the spin momentum projection mg, which can take
the values £1 or zero. Accordingly, they are denoted by A,
or *Ayg. The six excited states with triplet character, which
are involved in the zero-phonon transitions, are characterized
by an orbital angular momentum quantum number of |L| = 1.
They are created by the excitation of an electron to either the e,
or e, orbital; their orbital functions are composed of superpo-
sitions of the states e. = Fay(e, £iey) resulting in |E1) =
|aje+ — era;), where the subindex + denotes the orbital
angular momentum projection m; = =1 [27]. In combination
with the spin states |mg) = | = 1) and |0), the excited triplet
states are given by A, = 1/V2(EL) | + 1) F|1EL)| — 1),
Ei2=1/V20E_)| = 1) F |EQ)| + 1), and E, , = |aey,, —
ex,ya)|0) with zero orbital angular momentum. In the presence
of strain, spin-orbit, and spin-spin interactions at B = 0 T, the
lowest-energy pair of states is E > followed by E, , and A ,,
for increasing energy [28].

By applying a sufficiently large external magnetic field B,
where the Zeeman energy exceeds the energy splitting due to
strain, spin-orbit and/or spin-spin interactions, the states are
split in accordance with their spin and orbital components of
the Zeeman Hamiltonian:

Hz = upgsB-S+ upg B -L+ OB?). A3)

Here, g5 and g, indicates the spin and orbital g-factor, respec-
tively, up is the Bohr magneton, and S is the spin operator. It is
known that the spin g-factor is similar to that of a free electron,
while the orbital g-factor is much smaller, taking values in the

range of 0.1 [12,29,30]. The effect of a strong external magnetic
field on the ordering of the excited and ground states of the
NV~ center is schematically shown in Fig. 5(a). The states with
spin momentum projection +1 are at highest energy, whereas
those with mg = —1 shift to lowest energy. For the excited
states, each of the respective doublets is further split due to the
orbital contribution. In this scheme the states are denoted by the
orbital and spin momentum projections, following the notation
|mp,mg). First, a ZPL describes a spin-conserving transition;
the polarization of the emitted photon is determined by the
orbital angular momentum projection only. Its change by +1
(—1)yields ac *-polarized (o ~-polarized) photon. Second, the
ZPL energy does not contain the spin splitting energy. As far
as one can presume an equal spin splitting for the ground and
excited states and equal quadratic Zeeman Hamiltonian terms,
the Zeeman splitting evaluated from the experimental PL data
is given by

AEz = upgrB +34. (€]

At high magnetic fields one can identify particularly the
orbital contribution of the excited states to the zero-phonon
transitions. This is also the case for the spin-conserving singlet-
state transitions of the NV~ centers [see Fig. 5(a)].

For the NV~ centers measured in the (001), sample 1,
and (111), sample 2, geometries, the Zeeman splittings of the
1.948- and 1.190-eV ZPLs practically coincide, as demon-
strated by the linear fits according to Eq. (4) in Fig. 2. Their
mean value is (9.5 £0.3) ueV/T, which corresponds to a
positive orbital g-factor of g; = 0.164 & 0.006. Hereby, it is
important to underline that the energy of the o*-polarized
ZPL of the SST exceeds that of the o ~-polarized line. As a
consequence for the ordering of the levels, electrons relax from
the g, pup B-split states of the 1E” doublet radiatively to the 14,
level, as illustrated in Fig. 5(a). Since the Zeeman splitting of
the ZPLs from the singlet-state transitions is similar to that of
the ZPLs in which triplet states are involved, possible variations
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in the ground- and excited-state spin splittings cannot account
for the deviation of the evaluated g -factor from the previously
reported g-factors of 0.1(0) [12,29,30]. The reason for the small
g1 value could be drawn from the observation of the nonlinear
magnetic field dependence of the absolute ZPL energies. In that
case, the gradient of Ezpp (B) is reduced at low magnetic fields
so that the orbital g-factor appears smaller than that measured
athigh B fields. The previously reported orbital g-factors were
mainly evaluated from electron-spin resonance experiments
performed at hundreds of milliteslas. By comparison, a gz -
factor of 0.22 was obtained from the Zeeman splitting of the
oppositely circular-polarized NV~ ZPLs at 150 T [13]. One has
to note that an absolute error was not given to the latter value,
although spectrally broad absorption lines were measured and
their energies demonstrated fluctuations above approximately
30T

The quadratic evolution of the ZPL energies at intermediate
magnetic field strengths may result from a mixing of excited
states with nonzero orbital angular momentum. By analogy
with that, such a field-induced mixing of orbital states also
manifests itself as a quadratic variation of the hole Zeeman
splitting in semiconductor quantum dots, which does not affect
the circular polarization degree of the PL due to the undisturbed
rotational symmetry of the respective Hamiltonian [31]. Only
in sample 1 is the quadratic ZPL energy evolution present,
while it is not the case for sample 2. One may claim that, for
sample 1 with B || (001), the transverse component of the mag-
netic field with respect to the NV~ symmetry (111) axis yields
a mixing of the excited states with L % 0 [12]. Owing to the
nonzero energy offset § = 20 ueV at 0 T we moreover propose
that strain and axial spin-spin interaction eliminate the excited-
state mixing in sample 2 [28]. The offset, in turn, may result
from the high NV center concentration, which is one order of
magnitude larger than that in sample 1. Besides that, the mag-
netic field was directed along the crystal axes within a small er-
ror of +1°; therefore, a spatial misalignment can be neglected.

Furthermore, one observes four spectrally separated ZPLs
in the different circular polarization configurations already at
zero magnetic field in sample 2 and at high fields in sample 1.
Of particular interest are the deviations between the energies
of the ZPLs having the same circular polarization under optical
excitation with opposite circular polarizations. This deviation
depends about linearly on the magnetic field with a slope of
(1.1 £0.2) ueV/T, for both samples, while at 10 T it takes
values of about 8 ueV (17 ueV), for sample 1 (2). It can be
attributed to a difference in the spin splittings of the ground
and excited states. In order to describe the experimental data,
one has to assume that the spin splitting of the excited states
(es) is larger than that of the ground states (gs), which is
in contrast to Refs. [29,30]. In terms of the spin g-factor, it
means that gg os = gs,6s + Ag with values of Ag = 0.014 and
0.029 in the (001), sample 1, and (111), sample 2, geometries,
respectively. Additionally, one can conjecture that the excited
states with positive (negative) mg are predominantly excited
by o T -polarized (o ~-polarized) light.

Circular polarization properties. As shown in Fig. 4(a), the
circular polarization degree p7 significantly depends on the
crystal orientation, which also alters the linear polarization
degree of the NV~ ZPL [14]. Next to the angular dependence
of p7 the symmetry axes of the NV~ center are depicted along

the (001) direction. Due to crystallographic properties of the
diamond crystal, the NV~ center appears in four orientations
only, namely, along the (111), (111), (111), and (111) direc-
tions [14,32]. When exciting along the (001) direction, one
has to consider the two-dimensional (2D) projection about
the (001) axis, which resembles a rectangular cross [compare
Fig. 4(a)]. As one can see, pJ is maximal at about 135° and
315°. At these angles the polarization plane of the exciting
laser light is parallel to the 2D projection of the NV~ centers
oriented along the (111) and (111) directions. Since the dipoles
of the NV~ centers are oriented perpendicular to the symmetry
axes of the center [33], such an excitation is not efficient [28].
However, in this geometry the polarization plane of the exciting
laser is parallel to the dipole moments of the NV~ centers
oriented along the (111) and (111) directions; hence, these
centers can efficiently be excited. This leads to the conclusion
that the emission of those centers is mainly o™ polarized.
Vice versa, the NV~ centers, which are efficiently excited at
a sample rotation of 45°, orientation along (111), and 225°,
orientation along (111), predominantly emit o ~-polarized
ZPLs. At sample rotation angles of 0°, 90°, 180°, and 270°
all NV~ centers are excited; thus, the emission does not have a
preferable polarization and p7 is close to zero. It is worthwhile
to mention that the NV~ centers, whose excitation leads to o *-
polarized (o ~-polarized) ZPL emission, are inclined towards
(away from) the optical z axis. pJ, as shown in Figs. 4(b) and
4(c), has also an opposite sign compared to the data depicted
in Fig. 3(b). Accordingly, the sign and values of both degrees
of the circular polarization depend on the angular-dependent
efficiency of the NV~ center excitation.

Moreover, the magnetic-field-dependent phase shift in the
angular dependence of p7 is similar to that observed for
the angle dependence of the linear polarization degree Py,
of the NV~ ZPL (see Ref. [14]). The phase shift may result
from the magnetic torque of the external field acting on the
magnetic moments of the NV~ center electrons [34,35], so that
they tend to align in such a way that the total magnetic energy
is minimized. Such a rotation of the magnetic moments could
lead to a rotation of the angular dependence of the linear and
circular polarization degrees, while it is more effective for the
linear polarization degree, which demonstrated a phase shift of
A¢y = (27 £ 1)° [14]. Besides that, one may assume that the
phase shift follows from a mixing of states with different mag-
netic moments under the application of a magnetic field specif-
ically oriented with respect to the NV~ center symmetry axes.

Due to the switching of the sign of the circular polarization
degree pI through the rotation of the crystal, the slopes of
the p7(B) dependencies could be compared to pZ, which
is measured at circularly polarized excitation. For the NV~
ensemble in sample 2, the slopes of the o7 and pJ dependencies
are in absolute terms 0.0021/T and 0.0035/T, respectively.
By comparison, for the NV~ centers in sample 1, the corre-
sponding slopes are 0.0053/T and 0.0014/T. In all cases, the
dependencies tend to negative values for B >> 0, which shows
that the o ~-polarized excited states of the NV~ center are more
likely to be occupied than the o*-polarized states, and vice
versa for negative magnetic fields. It underlines the ordering
of the level structure evaluated from the Zeeman splitting.
The difference between the slopes of pZ, for both samples,
may be related to different level splittings and longitudinal
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spin relaxation times due to differently strong spin-based
interactions [36].

The decrease of the circular polarization degree at high
temperatures is most likely due to electron-phonon coupling.
As shown in Ref. [14], an acoustic-phonon-mediated coupling
between the NV~ centers and adjacent lattice sites is mainly
present in the crystals studied, since the ZPL energy and
linewidth depend weakly on the temperature; a dynamic Jahn-
Teller effect plays a minor role. In comparison to the linear
polarization degree of 10% measured at room temperature,
the circular polarization degree tends to zero. The small p at
high temperatures, see Fig. 4(b), can be attributed to the more
efficient coupling of phonons to the excited levels with nonzero
orbital and spin momenta. This effective spin-orbit coupling
plays a dominant role for the states involved in the circularly
polarized ZPLs. In that context, one has to note that the Zeeman
splittings are smaller than the thermal energy kg 7T for the whole
range of magnetic field strengths applied, even at T = 6 K.
Therefore, it may make sense to study in the future the circular
polarization degrees at temperatures below 1 K to exclude
efficient contributions from electron-phonon interactions. In
that case one may be able to observe a saturation of the circular
polarization degree. In order to examine the impact of strain
and crystal-field splittings on the circular polarization degree,
one needs, for instance, to apply uniaxial stress in a controlled
manner. The weak dependence of pJ on the excitation energy,
see Fig. 4(c), further highlights that the excitation selection
rules are not lifted due to a nonresonant excitation through the
phonon sidebands.

The practically zero circular polarization degree obtained
for the singlet-state transitions of the NV~ centers, see
Fig. 3(c), is probably due to a spin relaxation time being much
shorter than the lifetime of the metastable ' E’ levels, i.e., an
electron relaxation between the ' E’ levels is negligible so that
athermalization into the energetically lowest excited state does
not occur.

B. Neutral nitrogen vacancy centers, NV®

Let us now discuss the level structure of the NV centers.
The NV° consists of five electrons, from which three are
distributed over the molecular orbitals a;, ey, and e,. They
form the ground state > E as well as the excited state > A, which
is involved in the emission of the ZPL at about 2.16 eV. As
depicted in Fig. 5(b), the excited state A is a spin doublet, and
due to the odd number of electrons it is split in two states with
+1/2 and —1/2 spin-momentum projection numbers [8,9].
The ground state E is additionally contributed by the orbital
momentum of the e, and e, orbitals. One can propose two
possible arrangements of the ground states.

Incase (i), one should be able to distinguish at high magnetic
fields between four states with respect to their different mg =
+1/2andm; = £1. Accordingly, one should observe left- and
right-handed circularly polarized ZPLs separated in energy by
the orbital Zeeman splitting. As shown in Fig. 2(c), the Zeeman
splitting, for both circularly polarized excitations, is negligibly
small; the average effective g-factor can be approximated to
0.017 £ 0.002. The weak magnetic-field-dependent splitting
of the NV® ZPLs may hint at a small orbital Zeeman splitting
of the ground states. In contrast to the NV~ center, for

which the orbital contribution to the Zeeman splitting results
solely in a splitting of the excited states, since the ground
states have m; = 0, the orbital Zeeman splitting of the NV°
ground state would lead to an inverted Zeeman splitting of
the ZPLs. This means that the o ~-polarized transition should
be energetically higher than the o *-polarized ZPL and, as a
consequence, the Zeeman splitting should be negative. This is,
however, not observed. Moreover, pJ is about zero and does
not show any significant magnetic-field-dependent changes
(slope of 0.0003/T). The high circular polarization degree
pl is instead due to the above-described directional and
polarization-dependent excitation efficiency.

Therefore, we conclude that (ii) the ground state is com-
posed of two states with compensated orbital contributions
and opposite spin-1/2 momentum projections, as is sketched
in Fig. 5(b). In such a scenario, the zero-phonon emission is
not associated with a change of the orbital angular momentum
projection and is therefore linearly polarized. A Zeeman split-
ting should be absent; the Zeeman splitting observed may stem
from different spin Zeeman splittings of the ground and excited
states, as in the case of the NV~ ensemble. This fine structure
of the ground states reconciles more likely with the circular po-
larization degrees measured. Note that a contribution from the
state “A, with 3/2 angular momentum to the circular polariza-
tion features could not be outlined by our stationary PL experi-
ments; time-resolved PL may indicate a possible involvement.

C. Neutral vacancies, V°

The neutral single vacancy V°, which is predominantly
found in nonannealed diamonds with rather low nitrogen
concentration [37], has four electrons located at the vacancy.
Due to the 7,; symmetry these electrons occupy the molecular
orbitals a; and , [10]. The configurations a|#; and a|t; give
rise to a variety of states; here, we focus on the optically
active transitions. The ground states 'A and 'E as well as the
first-excited state ! 7> are spin singlets. Note that, in contrast
to the spin-degenerate states, like the spin quintet state A,
which was studied with magnetic resonance methods [10], the
optically active singlet states were rarely investigated. The ZPL
at about 1.674 eV should stem from the transition between
the ! 75 excited to the 'E ground state and the ZPL at about
1.666 eV should result from the transition between ! 75 and the
1A, ground state [10,18].

Our results on the Zeeman splittings of the low- and high-
energy VY ZPLs indicate an ordering of the ground states
that is opposite to the above-mentioned one [see the level
structure of the V in Fig. 5(c)]. The high-energy ZPL of the
neutral vacancy exhibits a positive splitting of 4.1 ueV /T; thus,
the o "-polarized transition is highest in energy. The splitting
describes the orbital Zeeman splitting of the ! T, states, to which
we can attribute an orbital g-factor of g; = 0.071. For the
low-energy V® ZPL, the splitting amounts to —7.4 ueV/T.
The electrons relax from the excited state |0,0) to the higher-
lying | 4+ 1,0) and lower-lying | — 1,0) ground states; thus, the
observed negative splitting corresponds to a positive orbital
g-factor of g; = 0.128 for the 'E states. It is interesting that
the values of the g-factors differ from each other and from the
orbital g-factor of the NV~ centers. Furthermore, our g-factor
for the excited ! 75 state is about four times larger than the value
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of about 0.017, which was determined by magnetic circular
dichroism measurements [20]. It was claimed that the orbital
angular momentum of the ' 7, states is strongly reduced by
the dynamic Jahn-Teller effect [38]. In contrast to the ZPLs
of the NV~ centers [14], the significant temperature-induced
broadening of the V0 ZPLs, see inset in Fig. 4(b), indicates a
strong electron-phonon coupling, which may be attributed to a
dynamic Jahn-Teller interaction [39]. One may assume that in
our crystals the quenching of the orbital magnetic moment is
less efficient due to more homogeneous vacancy environments
or the strong magnetic field counteracts the bending distortion
of the VO axes, which results from the dynamic Jahn-Teller
effect. Besides that, if one assumes that the orbital g-factor
is defined by the overlap integral of the vacancy envelope
wave function with orbitals centered at the neighboring carbon
ions, one can qualitatively state that g; increases with the
overlap integral or, respectively, with increasing average radius
of the envelope function [40]. One may thus propose that the
spatial distribution of the envelope function of the '7; states
is comparably narrow and is weakly affected by nonspherical
distortions of the ion orbitals.

Moreover, we like to note that the V° ZPL energies change
linearly with increasing magnetic field, and the ZPL energies,
for oppositely circular-polarized excitation, coincide with each
other (not shown here). The latter is obviously due to the
fact that the ground and excited states are spin singlets. The
former indicates the absence of a state mixing, although neither
the ground nor the excited states are split at zero B field. It
may arise from the large energetic separation of about 8§ meV
between the 'E and 'A states.

Finally, we take a look at the circular polarization prop-
erties of the VO ZPLs. p7 and p? for the high-energy ZPL
demonstrate similar absolute values and similar absolute slopes
of 0.0038/T and 0.0037/T, respectively. The small values of
the circular polarization degrees mirror the orbital Zeeman
splitting of the excited states defined by g, = 0.071. The
similarity of pT with p? is due to the fact that, for the VO,
the linear polarization degree is small and practically isotropic
against crystal rotations [ 14]. It could stem from the absence of
astatic dipole moment due to a symmetric electron distribution.
For the low-energy V® ZPL, the circular polarization degree

demonstrates an opposite slope as a function of the magnetic
field strength. This is in agreement with the observed negative
Zeeman splitting. Despite the larger orbital g-factor, g; ('E) >
g.(!T»), the absolute values of pT are small. Reasons for
this weak circular polarization may be provided by future
experiments involving pump-probe Faraday rotation which
gain insight into the polarization dynamics.

V. CONCLUSION

Our detailed circular polarization-dependent magneto-
optical studies provide insights into the fine structures of the
NV~,NV? and V?in diamond crystals. We evaluate the orbital
g-factors for NV~ and V° ensembles by analyzing the Zeeman
splittings of their ZPLs at magnetic fields of —10 T < B <
410 T. The circularly polarized ZPLs of the NV~ spin-singlet
states result from 'E’ — A, transitions. The ground state 'A
of the neutral vacancy V° lies about 8 meV lower than the
IE doublet. Furthermore, the energies of the NV~ spin-triplet
ZPLs evolve quadratically with rising magnetic field strengths
thus indicating a mixing of excited states with nonzero orbital
angular momentum. The spin Zeeman splittings of the ground
and excited NV~ triplet states deviate by about 1% from
each other. Moreover, their circular polarization degree pJ de-
creases significantly with rising temperature as a consequence
of efficient spin-orbit coupling. The sign and value of pJ can
be changed strongly by rotating the diamond crystal around the
(001) axis, while they are not affected by tuning the excitation
energy from 2.22 down to 1.95 eV, i.e., close to the NV~ ZPL
energy. Therefore, even with nonresonant excitation, enhanced
circular polarization degrees can be achieved by choosing
appropriate crystal orientations. Also, the studied ensembles
of vacancies provide an enhanced statistical averaging of their
optical properties which may be obscured by random variations
of single vacancies.
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