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Abstract
Electron and nuclear spins in solids, coherently coupled to photons, provide prom-
ising resources for quantum information processing and sensing. Obtaining infor-
mation about short-lived excited states is critical for realizing ultrafast all-optical 
spin control methods. After a brief review of early magnetic resonance studies of 
excited states, the following representative examples of the use of magnetic reso-
nance spectroscopy to study excited states in wide-gap materials, semiconductors 
and nanostructures based on them will be considered: (1) optically detected mag-
netic resonance (ODMR), electron spin echo, electron-nuclear double resonance in 
the excited state on the example of self-trapped excitons in ionic-covalent silver hal-
ide crystals and nanocrystals, (2) ODMR and level anticrossing (LAC) spectroscopy 
of localized heavy-hole excitons in semiconductor quantum wells and superlattices, 
(3) LAC and ODMR in excited states of spin centers in diamond and silicon carbide, 
(4) the use of LAC and cross-relaxation for all-optical sensing with submicron spa-
tial resolution.

1  Introduction

Following the invention of electron paramagnetic resonance (EPR) in 1944, there 
was a growing interest in the detailed study of excited states using magnetic reso-
nance. Specifically, it was desirable to study excited states with the high resolu-
tion of EPR which has been successfully applied to the study of ground states. In 
the attempt to detect the microwave absorption directly in the excited states one 
is generally hampered by the fact that the number of ions that can be maintained 
in these excited states by optical excitation, is far too small; i.e., the combination 
of factors such as pumping power available, optical absorption, and lifetime of 
the excited state results in a number of ions in the excited state being below the 
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sensitivity of conventional EPR techniques. However, it has been realized that if 
the excited state in question is fluorescent, one can seek to monitor a change in 
the fluorescence intensity from this level when the microwave frequency coin-
cides with its Zeeman splitting, rather than monitor the absorption of microwave 
power. Because optical rather than microwave photons are detected, sensitivity 
several orders of magnitude higher can be achieved.

The idea of double microwave-optical resonance was suggested by Brossel 
and Kastler [1] and the first observation of optically detected magnetic resonance 
(ODMR) in the excited state has been done by Brossel and Bitter [2]. It represents 
the magnetic resonance in the 3P1 state of the mercury atom detected by observ-
ing the σ-polarized fluorescence. Thus, ODMR started from the study of excited 
states. The double resonance method allowing the investigation of excited atomic 
states has been extended by A. Kastler to ground states, giving birth to the optical 
pumping method [3] that is now widely used. The review of early works in the 
field of ODMR in gases that formed the basis of ODMR can be found in Ref. [4].

The first observation of ODMR in solids has been made in the excited 2E state 
of Cr3+ in Al2O3 crystals [5]. It is to be noted that the excited state lifetime in 
this case is ca. 3  ms and it was relatively easy both to create a sufficient num-
ber of centers in the excited state and to reorient the spins at EPR. Nowadays 
excited states with lifetime in the nanosecond range can be studied by ODMR [6, 
7]. Early works on ODMR in the excited state of transition and rare earth ions in 
crystals are described in Ref. [8].

A special role in ODMR studies belongs to photo-excited triplet (S = 1) states 
that have long lifetime (in the millisecond range) because the deexcitation into 
singlet ground state is spin-forbidden. The initial splitting of the S = 1 spin levels 
allows ODMR measurements in zero magnetic field, which is widely investigated 
in biological molecules [9–12]. Excited triplet states were also studied for ions 
with electron configuration ns2 (i.g. Ga+, Ge2+) [13, 14] and self-trapped exci-
tons in ionic crystals [15, 16], triplet excitons in semiconductors such as GaS and 
GaSe [17, 18] and in opto-electronic and photovoltaic materials and devices [19].

ODMR was applied to study the excited state of F-centers in alkali halide crys-
tals. The F-center, i.e., an electron captured by an anion vacancy, is one of the 
simplest defects encountered in solids; moreover, it is a prototype of more com-
plex localized electron states. Fast relaxation of the crystal lattice in the vicinity 
of the excited F-center leads to the formation of a relaxed excited state (RES) 
that emits light. The nature of this state was under debate for many years. Due to 
existence of spin memory in the optical pumping cycle of F-centers, EPR in both 
the ground and excited states could be detected by monitoring magnetic circular 
dichroism (MCD) in absorption [20]. Another way to study ODMR in the relaxed 
excited state of F-centers via photoluminescence intensity is based on the exist-
ence of a spin-dependent non-radiative deexcitation channel [21]. The studies of 
alkali halide crystals with different cations including isotope enriched crystals 
allowed to clarify the spatial extension of the RES wavefunction [22]. They led 
to the conclusion that the RES wavefunction of the F-center is rather a localized 
2s-like state than a diffused 2p-like state, which was confirmed by calculations 
reported in Ref. [23].
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In the present paper, we consider several characteristic examples of the use of 
magnetic resonance spectroscopy methods for studying short-lived excited states 
in ionic-covalent silver halide crystals and nanocrystals, GaAs/AlAs superlattices, 
spin-1 and spin-3/2 centers in diamond and silicon carbide and their use for all-opti-
cal sensing.

2 � Self‑Trapped Excitons in Silver Halide Crystals and Nanocrystals

2.1 � ODMR in Bulk AgCl Crystals

Silver halides have unique features in solid state physics because their properties are 
considered to be of borderline nature between ionic and covalent bonding. In sil-
ver chloride, a self-trapped exciton (STE) is created upon ultraviolet irradiation of a 
crystal at low temperatures. A hole is self-trapped on Ag+ ion in a dx

2-y
2-type orbital 

as the result of a Jahn–Teller distortion of the Ag coordination sphere along a cubic 
axis. Although this self-trapped hole (STH) is largely located at a Ag+ ion, its wave 
function also contains contributions from the 3s and 3p orbitals of the neighboring 
Cl− ions in the plane perpendicular to the distortion axis. In forming the self-trapped 
exciton, the hole is expected to weakly bind an electron [24]. Recombination of the 
STE contributes to the broad luminescence band of AgCl crystals at low tempera-
tures, which peaks at about 500 nm and originates from the triplet state of STE and 
recombination in distant pairs formed by a shallow electron center (SEC) and STH, 
as demonstrated by ODMR [25, 26]. The decay time of the triplet STE in AgCl 
is ~ 4 ms.

The 95 GHz ODMR spectra measured in AgCl crystal at B//[100] in magnetic 
field and in zero field by monitoring the luminescence intensity are shown in Fig. 1. 
An EPR signal corresponding to the triplet to singlet transition was found as shown 
in Fig.  1a. The resonant transitions and ODMR lines of STE, STH and SEC are 
marked in (b). The splitting in the zero-field spectrum (c) is attributed to the hyper-
fine interaction term AzzSzIz of the triplet spin with the 107Ag and 109Ag nuclear 
spins.

As was shown in Refs. [26–28] the positions and the angular dependence of 
95 GHz ODMR lines of the STE considerably deviate from those calculated with 
a simplified S = 1 spin Hamiltonian, which was used to treat the ODMR data at 
conventional X- and Q-band frequencies. At the high magnetic field at which the 
W-band experiments were carried out, the triplet state of the STE cannot be con-
sidered as isolated from its accompanying singlet state. In the first high-frequency 
ODMR experiments the exchange splitting J between the triplet and singlet states 
of STE was derived, indirectly, via an analysis of the resonance fields of the ODMR 
transitions by taking into account the magnetic-field-induced mixing between the 
singlet state (S = 0) and the triplet state (MS = 0) sublevel of the triplet state S = 1 
[27]. This explains why the splitting of the 95  GHz EPR lines of STE in AgCl 
(Fig. 1b) does not differ by a factor of two in parallel and perpendicular orientations.

The energy levels of recombining electron and hole centers can be described by a 
spin Hamiltonian
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where the first two terms represent the Zeeman interaction of the electron and the 
hole forming STE. The third term describes the electron–hole spin–spin interaction 
and the last term describes their exchange interaction. For STE in AgCl D has axial 
symmetry with the axis along one of <100> crystal axes. The principal values of 
the g-tensor for the hole are ghz = gh|| and ghx = ghy = gh⊥, the g-factor of the electron 
ge is isotropic. Hyperfine interactions are not included.

For distant pairs of recombining centers STH-SEC the exchange interaction J = 0 
and EPR spectra of individual centers are detected via photoluminescence. Increas-
ing J causes a splitting of the triplet and singlet states. Two different experiments 
allowed to confirm the existence of the singlet state of STE in AgCl and to measure 
very precisely the triplet-to-singlet exchange splitting, namely, W-band (95  GHz) 
ODMR [27, 28] and multiquantum Q-band (35 GHz) ODMR [29, 30].

Numerous multiquantum transitions corresponding to the absorption of up to 
seven microwave quanta were found in the 35  GHz ODMR spectra of AgCl in a 
wide magnetic field range from 0.5 to 4 T at a high (> 500 mW) microwave power 
(see Fig. 2a). A part of the ODMR spectrum with the energy level scheme and EPR 
transitions corresponding to absorption of n 35 GHz quanta is presented in Fig. 2a. 
All transitions were unambiguously identified. The assignment of the observed 
ODMR lines to the multiquantum transitions of the STE was confirmed by ODMR 
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Fig. 1   a Energy levels and 95  GHz ODMR transitions of STE in AgCl crystal at B // [100]. b CW 
ODMR spectrum of self-trapped excitons (STE), self-trapped hole (STH) and shallow electron center 
(SEC). c Zero-field ODMR spectrum of the STE recorded by scanning the frequency. T = 1.2 K
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measurements at slightly different microwave frequencies, i.e. with the different 
energy of the microwave quanta. Two singlet-to-triplet transitions corresponding to 
the absorption of 4 and 5 microwave quanta are shown in Fig. 2b where the calcu-
lated positions of resonances are marked by arrows. Radiofrequency multiphoton 
resonances were observed in atomic systems in the beginning of the fifties (see [4] 
and references therein) but in this case the radiofrequency field was not so small as 
compared to the static magnetic field as in our observations.

Thus, application of high-frequency (95  GHz) and multiquantum (35  GHz) 
ODMR allowed to reveal the ordering of the singlet and triplet levels of the STE in 
AgCl and to measure their splitting with very high accuracy: |J|= 5.370 ± 0.002 cm−1.

2.2 � ODMR in AgCl and AgBr Nanocrystals

In KCl and KBr crystals heavily doped with silver (1–3%) self-organized AgCl and 
AgBr nanocrystals are formed [30]. It was found that ODMR spectra of triplet STE 
in AgCl nanocrystals are different from bulk AgCl, i.e. they have much smaller value 
of the fine structure splitting parameter D and the g-factor anisotropy for both the 
isolated STH and the STH forming the STE is substantially reduced (see [31] and 
references therein). It was supposed that the vibronic coupling at the interface brings 
about weakening or suppression of the Jahn–Teller effect in sufficiently small-sized 
nanocrystals (L < 10 nm for AgCl in KCl).

Formation of the AgBr nanocrystals in the KBr matrix was confirmed by the 
appearance of a characteristic peak of the exciton emission in the luminescence 

Fig. 2   a 35  GHz ODMR spectrum of AgCl crystal measured as variations of the photoluminescence 
intensity at 1.7 K, B//[100] and microwave power 500 mW. b Unambiguous assignment of the multi-
quantum transitions corresponding to absorption of 4 and 5 microwave quanta 35 GHz. Arrows show the 
calculated positions of the corresponding transitions for two values of the microwave frequency
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spectra and its blue shift relative to the exciton emission in bulk AgBr, which 
appears because of spatial confinement effects. 35  GHz ODMR spectra of bulk 
AgBr and AgBr nanocrystals are compared in Fig. 3a.

In bulk AgBr, the ODMR spectrum is dominated by the lines of the SEC at 
g = 1.49 and the localized holes (h) at g = 2.08. The shape of the ODMR line 
of shallow donors in bulk semiconductors is usually analyzed from the point 
of view of exchange interactions in recombining donor–acceptor pairs with a 
random distribution of interpair distances. The shape of the ODMR spectrum 
of SEC in AgBr nanocrystals (highlighted in (a)) can also be accounted for by 
a distribution of interpair separations in recombining electron–hole pairs and 
the corresponding distribution of the exchange splittings J. Since the maximum 
separation between the recombining centers is limited to the nanocrystal size, 
there exist no distant pairs in nanocrystals. Therefore, the minima of the ODMR 
amplitude are expected at the magnetic fields corresponding to g-factors of the 
isolated SEC and hole centers. The resonance fields B corresponding to the EPR 
transitions at 35.2 GHz, calculated using the spin Hamiltonian Eq. (1) for vari-
ous exchange interactions J in the recombining pairs of hole centers (g = 2.08) 
and SEC (g = 1.57), as well as the relative number N of the recombining pairs as 
a function of J, obtained from the shape of the ODMR spectrum, are shown in 
Fig. 3b. With the assumption that J depends exponentially on the interpair sepa-
ration and with the Bohr radius of SEC measured by ENDOR [25], the interpair 
separation can be obtained from the value of J. Supposing that the center of the 

Fig. 3   a ODMR spectrum recorded by monitoring the microwave-induced variations of the total emis-
sion of bulk AgBr crystals and AgBr nanocrystals in KBr. T = 1.8  K; ν = 35.2  GHz; P = 300 mW; 
fm = 80 Hz. b Resonance fields B corresponding to the EPR transitions at 35.2 GHz calculated as a func-
tion of the exchange splitting J for a pair of the recombining centers with spins 1/2 and g values of 2.08 
(a hole) and 1.57 (an electron). The right-hand curve shows the relative number N of the recombining 
pairs as a function of J determined from the ODMR spectrum. c Size distribution of AgBr nanocrystals 
obtained from the ODMR spectrum
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wave function of SEC is located at the center of the nanocrystal and the holes 
are localized near the interface, the size distribution of the AgBr nanocrystals 
in KBr was obtained [32, 33]. The size distribution of AgBr nanocrystals in the 
sample under study is shown in Fig. 12c. The mean nanocrystal size is estimated 
to be about 5.5 nm, which is in good agreement with the estimates made on the 
basis of the blue shift of the exciton emission peak.

2.3 � Electron‑Nuclear Double Resonance and the Wave‑Function Distribution 
of STE in AgCl

STE in AgCl were studied by electron spin echo (ESE) [26]. ESE-detected EPR 
spectrum and electron-nuclear double resonance (ENDOR) of STE and SEC in 
undoped AgCl crystal are shown in Fig. 4. The ESE-detected EPR (Fig. 4a) is 
obtained by monitoring the amplitude of the ESE signal created at time τ after 
a (π/2) −  τ −  π microwave pulse sequence. The π/2 pulse length is 100  ns, 
τ  = 650 ns, and the repetition rate of the pulse sequence is 33 Hz. The electron-
nuclear double resonance (ENDOR) spectra (Fig. 4b) were recorded at 94.9 GHz 
and 1.2 K with B along the cubic axis, which is perpendicular to the distortion 
axis of the STE (STE⊥): the upper spectrum was obtained by monitoring the 
high-field EPR transition of STE⊥, which corresponds to the transition between 
the MS = 0 and MS = −  1 sublevels of the triplet, and the lower spectrum was 
recorded via the low-field transition of STE⊥, which corresponds to the tran-
sition between MS = 0 and MS =  + 1. Typical pulse lengths were: π/2 = 100  ns, 
τ between 400 and 900  ns, T = 700  μs and the length of radio-frequency (RF) 
pulse = 600 μs.

ENDOR studies of SEC were presented in Ref. [34]. The dynamical proper-
ties of the excited singlet and triplet states of the STE were studied in Ref. [28].

Figure  5 shows the radial dependence describing of the electronic part of the 
envelope function of STE (a) and the density of the envelope function of SEC (b) 
in AgCl. The ENDOR study has demonstrated that the lowest triplet state of the 
STE consists of a very diffuse electron attracted by a strongly localized STH [35]. 
The spatial distribution of the STE can roughly be divided into three regions. At 
distances larger than about 18 Å, the wave function of the STE is completely deter-
mined by the shallow electron, which occupies a hydrogen-like 1s orbital. At dis-
tances between 18 and 9 Å, the electron is still dominant but its density distribution 
deviates from the spherical symmetry and reflects the D4h symmetry of the central 
STH. At distances shorter than about 9 Å, both the central hole and the shallow elec-
tron have a contribution to the wave function of the STE.

The electron in STE is mainly contained in a hydrogen-like 1s orbital with a 
Bohr radius of 15.160 Å, but near its center the electron density deviates from 
spherical symmetry and reflects the D4h charge distribution of the hole. From a 
comparison with the results of an ENDOR study of the self-trapped hole, it is 
concluded that the microscopic and electronic structure of a self-trapped hole is 
not significantly altered by the attraction of a shallow electron [26].
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3 � ODMR and Level Anticrossings of Heavy‑Hole Excitons in GaAs/
AlAs Superlattices

In GaAs/AlAs superlattice (SL), both type-II and type-I band ordering can be 
obtained [36].

Excitons are formed by an electron with spin S = ½ and a heavy hole (hh) with 
MJ =  ± 3/2. In type-I structures, the electron and the hole are both confined in 
the same GaAs layer. In type-II SL the electrons and the holes are spatially sepa-
rated in the adjacent AlAs in GaAs layers, respectively, and their envelope func-
tions overlap at interfaces. Excitons that are formed by these electrons and holes 
recombine at the interfaces and are very sensitive to the interface microstructure.

A transmission electron-microscopy (TEM) micrograph of a cross-section of a 
typical SL is shown in Fig. 6a. The type of band ordering depends on the GaAs 
and AlAs layer thickness. This is illustrated by map shown in Fig. 6b. Insets show 
the valence and conduction band structure of type-II and type-I regions and exci-
ton recombination transitions. X and Г denote the states of holes (sold lines) and 
electrons (dashed lines). Position of the sample E913 that was especially grown 
with a composition gradient is also shown. In this SL a transition between type-II 

Fig. 4   a ESE-detected EPR spectrum of STE in undoped AgCl crystal recorded with B||[001] at 
94.9 GHz and 1.2 K, during continuous UV irradiation. b ENDOR spectra in the triplet state of the STE 
in AgCl
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and type-I band ordering can be monitored simply by changing position of the 
excitation spot on the sample.

The lifetime of hh-excitons in type-II SLs is of the order of microseconds and 
ODMR can be easily observed [37, 38]. The energy levels and EPR transitions cor-
responding to the hole and electron spin flips in the hh-exciton are shown Fig. 7a. 
In the low field regions strong signals of the exciton level anticrossing (LAC) are 
detected. ODMR studies of a number of type-II SLs showed that the exchange split-
ting Δ of hh-excitons depends mainly on the SL period and increases with decreas-
ing period [30].

Variations of the ODMR and LAC signals measured at different points of the 
sample E913 grown with the composition gradient are presented in Fig.  7b. One 
can see that in the type-II-type-I transition region ODMR signals disappear and 
LAC signals shift to much higher fields. The disappearance of ODMR is explained 
by a decrease in the exciton lifetime below 100  ns and the shift of LAC signals 

Fig. 5   The radial dependence of the density of the envelope function describing the shallow electron 
center (a) and the electronic part of self-trapped exciton (b). The regions of the three classes of nuclei are 
marked. Most of the indicated densities are derived from the silver ENDOR spectrum, however, in the 
remote region and part of the intermediate region densities obtained from the chlorine ENDOR spectrum 
are included. The solid line illustrates the exponential radial dependence in the remote region. The interi-
onic lattice distance d equals 2.7532 Å at 0 K
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corresponds to an increase in the exchange splitting for type-I excitons. Since the 
LAC is not connected with microwave-induced transitions it can be observed for 
excitons with lifetimes in the nanosecond range that is typical for type-I SLs [30, 
39].

The two radiative levels of type-II exciton are split in zero field into [110] or [110] 
dipoles and the order of these levels depends on the type of the interface—direct 

Fig. 6   a Cross-sectional TEM photograph of an MBE grown type-II GaAs/AlAs SL. The excitons can be 
localized at one of the opposite interfaces. b Map displaying the border between type-I SLs and type-II 
SLs with the lowest conduction band states Xz and Xxy. Insets show the valence and conduction band 
structure of type-II and type-I GaAs/AlAs superlattice. Thin lines show energy of Γ (solid lines) and X 
(dashed lines) states in the bulk materials, thick lines correspond to the superlattice states

Fig. 7   a Energy levels and resonance transitions in a type-II GaAs/AlAs SL together with the ODMR 
spectrum recorded by monitoring circular polarization of luminescence. b ODMR and LAC signals 
measured at different points of the sample E913 grown with the composition gradient. One can see that 
in the type-II–type-I transition region ODMR signals disappear and LAC signals shift to higher fields
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(AlAs on GaAs) or inverted (GaAs on AlAs) [36, 40]. Measurements of LAC in 
linear polarization of luminescence in two specially designed type-II SLs, in which 
recombination occurs at one of the opposite interfaces, it was established that the 
lowest excitonic radiative level has [110] symmetry at the direct interface and [110] 
symmetry at the inverted interface [41, 42]. This allowed to analyze interfaces in 
different type-II SLs and to study exciton localization depending on the growth 
conditions.

Measurements of LAC in linear polarization of luminescence in type-II SLs 
showed that LAC signals from two classes of excitons appear in different magnetic 
fields. This implies that the excitons localized at opposite interfaces differ in the 
exchange splitting as shown in Fig. 8.

This is caused by the asymmetric composition profiles of the opposite interfaces 
[43]. Due to different surface segregation rates of Ga and Al, Ga penetrates into the 
AlAs layers forming the saw-like composition profile shown in Fig. 8a. The calcu-
lated band structure for excitons recombining at the opposite interfaces is presented 
in Fig. 8b. Figure 8c shows LAC signals (thick black line) and the result of decom-
position into LAC of excitons recombining at direct and inverted interfaces (thin 
lines) together with the corresponding energy levels.

4 � NV Centers in Diamond

A nitrogen-vacancy (NV) defect in diamond is a complex consisting of a nitro-
gen atom replacing carbon in the diamond lattice and a vacancy in an adjacent 
site  (Fig.  9a). Diamond with NV defects was the first solid-state system where 
manipulation of the single spin was realized at room temperature [44–46] and is 
actually widely studied. Upon optical excitation a strong spin alignment, i.e. spin 

Fig. 8   a Composition profile of AlAs layer grown on GaAs. b Calculated band structure of GaAs/AlAs 
SL and two classes of exciton recombination. c Linearly polarized luminescence in magnetic field (thick 
black line), its decomposition into LAC of excitons recombining at opposite interfaces and correspond-
ing energy level schemes
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polarization of the center into the mS = 0 sublevel through optical pumping, is gen-
erated in the triplet (S = 1) ground state 3A with the zero-field splitting (ZFS) of 
2870 MHz due to spin selective shelving into a metastable state 1A (Fig. 9b). Due to 
the strong thermal isolation of the NV defect spin system from the diamond lattice, 
the spin–lattice relaxation does not strongly influence the non-equilibrium distribu-
tion of the spin sublevel populations generated by the optical pumping. As a result, 
ODMR both in the ground and excited states of the NV defect can be observed by 
monitoring the photoluminescence (PL) intensity. However, short lifetime of the 
excited state requires high microwave power for ODMR measurements [6]. NV 
defect in diamond is one of the most prominent objects for quantum information 
applications [47].

Fig. 9   The structure and the optical pumping cycle of NV center in diamond

Fig. 10   a Zero-field ODMR spectra of the NV defects and the NV–Ns pairs, recorded in zero magnetic 
field at 25 °C and 260 °C. Arrows mark the values of frequencies at which temperature-scanned ODMR 
spectra shown in b  were recorded. For comparison dashed line in b shows the central part of the usual 
ODMR spectrum ODMR at T = 25 °C
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In Ref. [48] the temperature dependence of the axial zero-field splitting param-
eter, D, of the NV defect ensemble was observed. The temperature induced effects 
provide an opportunity to develop a new method of magnetic resonance detection 
[49]. Figure  10a shows the ODMR spectra of the NV–Ns pairs recorded at zero 
magnetic field at 25 and 250 °C. ODMR recorded at B = 0 and fixed frequency by 
scanning temperature from 25 to 250 °C is shown in Fig. 10b. The values of fixed 
frequencies are marked by arrows in (a) and are indicated in (b). The central part 
of a conventional ODMR spectrum measured at 25 °C is shown in (b) for compari-
son. These measurements allowed concluding that all these spectra belong to the 
same paramagnetic molecular system—the fact that is not obvious from the standard 
ODMR measurements.

5 � Silicon Vacancy Related Defects in SiC

The unique quantum properties of NV-centers in diamond have motivated efforts 
to find defects with similar properties in silicon carbide (SiC), which can extend 
the functionality of such systems. Atomic-scale defects in bulk and nanocrystal-
line SiC are promising for quantum information processing, photonics, and sens-
ing [50]. There are two families of spin centers in SiC with unique mechanism of 
an optical spin alignment of the spin sublevels. The first family, is a silicon-carbon 
divacancy of the neighboring positions with covalent molecular bond and having a 
triplet ground state (S = 1). The second family of the centers, is a negatively charged 
silicon vacancy VSi in the paramagnetic state that is bonded to the neutral carbon 
vacancy VC

0 in the non-paramagnetic state, located on the adjacent site along the 
SiC symmetry c axis and having quartet ground and excited states (S = 3/2). They 
exhibit unique characteristics such as optical spin alignment up to 250 °C [51–57]. 
Depending on the temperature, crystal polytype, and crystal position, two opposite 
schemes have been observed for the optical alignment of the populations of the spin 
sublevels of the high-spin ground state of the Si vacancy in SiC upon irradiation 
with unpolarized light at the zero-phonon lines (ZPLs) [50]. The structure of some 
vacancy-related S = 3/2 centers in four polytypes of SiC is shown in Fig. 11. The V2 
center is highlighted and will be discussed below.

Zero-field ODMR spectrum of V2 center 4H-SiC recorded by monitoring lumi-
nescence intensity is shown in Fig. 12a. The two peaks belong to the ground state 
(GS) with zero field splitting of about 70 MHz and the excited state (ES) with zero 
field splitting of about 410 MHz [58]. To observe ODMR in the excited state it was 
nesessary to apply a very high rf power (40 dBm) since the radiative lifetime of the 
excited state is several nsec. It was found that the ES splitting strongly increases 
with decreasing temperature whereas the GS splitting does not change as shown in 
Fig.  12b. Although there is still no complete explanation for this effect, it can be 
assumed that it arises due to thermal expansion of the lattice. The difference in the 
behavior of ES and GS splittings may be due to the different spatial extention of 
these states.

Figure 13a shows the energy levels and LAC points for both the ground and 
excited states of V2 centers in 6H-SiC. Transitions from the excited state 4E to 
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Fig. 11   Fragments of crystal lattice of four SiC polytypes: hexagonal 4H-SiC and 6H-SiC and rhom-
bic 15R-SiC and 21R-SiC. The plane of the drawing coincides with the (11–20) crystal plane. A pos-
sible model—the spin center family is shown: these spin centers have quadruplet spin ground and excited 
states with S = 3/2. V2 centers which will be considered below are highlighted

Fig. 12   a ODMR spectrum of V2 center in 4H-SiC at zero magnetic field at RT. The two peaks belong to 
the ground state (GS) zero field splitting at around 70 MHz and the excited state (ES) zero field splitting 
at around 410 MHz [59]. b Temperature dependence of the zero-field spin splittings in the ground and 
excited states obtained from the ODMR measurements. 2D = 1120–2.4 MHz/K
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the ground state 4A can occur through two ways: (1) the radiative transition with 
spin conservation in the form of phosphorescence, which is shown in the upper 
part of Fig.  13, and (2) the nonradiative transition without spin conservation 
from the excited state 4E to an intermediate metastable state (the so-called inter-
system crossing) with the subsequent transition from the metastable state to the 
ground state 4A. In this case, since the transitions are spin-selective, the popula-
tions of the spin center are aligned after several cycles of optical excitation (usu-
ally, within a sub-microsecond time interval). In particular, for V2 in 6H-SiC, 
lower levels with S =  ± 1/2 are populated, whereas the levels with S =  ± 3/2 are 
depleted. The lifetime in the excited state is ~ 6 ns.

Fig.13   a Optical pumping scheme and energy levels in magnetic field for V2 centers in 6H-SiC. LAC 
points are marked. b LAC signals of the ground and excite states of V2 defects in 6H-SiC recorded with 
modulation of magnetic field. The positions of the excited state LAC signals depend on temperature 
because of the temperature dependence of the zero-field splitting
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LAC signals of the ground and excite states of V2 defects in 6H-SiC mesured 
at 1.5 K and 262 K are shown in Fig. 13b. The ES LAC lines shift to lower fields 
with increasing temperature. This implies that in 6H-SiC the zero-field splitting 
in ES of V2 centers decreases with temperature similar to 4H-SiC. Temperature 
dependences of the zero-field slitting in the excited state of V2 centers in 4H- and 
6H-SiC are shown in Fig. 14a, b, respectively.

Both ODMR and LAC in the excited state of vacancy-related centers in SiC can 
be used for temperature sensing with spatial resolution. The detection of the ODMR 
signal may be difficult because it would require the application of highly intense 
rf fields. On the contrary, a variation of the photoluminescence (PL) intensity at 
LAC when the ODMR signal is not detectable has been clearly demonstrated using 
GaAs/AlAs superlattices. Observation of LAC is much easier than ODMR, it does 
not require strong microwave field that produce additional heating of the sample. 
The use of LAC allows temperature to be measured entirely optically. In addition, it 
allows to study large samples and to scan them with a high spatial resolution using 
confocal microscopes.

In 15R-SiC cross-relaxation resonances (CRR) were observed via PL intensity at 
room temperature in addition to LAC signals [57]. Figure 15 illustrates a possibil-
ity of all-optical quantum thermometry based on cross-relaxation of spin-levels of 
a “bright” S = 3/2 center with a “dark” S = 1 center and multicenter entanglement 
under ambient conditions in 15R-SiC. Besides the ground state (GS) and excited 
state (ES) LACs additional lines were found at magnetic fields above 16 mT. These 
resonances lines are much narrower as compared to LAC and also shift to higher 
fields with increasing temperature. A possible explanation for the nature of these 
lines is cross-relaxation with other paramagnetic centers in the crystal (e.g., centers 
with S = 1 [57, 58, 60]), for which optical pumping at room temperature does not 
create a population inversion. As a result, these centers have different spin tempera-
tures and a cross-relaxation process between the spin levels of S = 3/2 centers and 
the triplet center is observed. Considering the narrowness of the CRR lines, this 
effect can be used for a purely all-optical thermometry.

Fig.14   Temperature dependence of positions of the excited state LAC signals of V2 centers in 4H-SiC 
(a) and 6H-SiC (b). Inset in a illustrates the use of LAC for temperature sensing
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Measuring local temperature with a spatial resolution on the order of a few 
nanometers has a wide range of applications in the semiconductor industry and in 
material and life sciences. For example, probing temperature on the nanoscale with 
high precision can potentially be used to detect small, local temperature changes like 
those caused by chemical reactions or biochemical processes. Application of LAC in 
the excited state and cross-relaxation resonances of vacancy-related defects in SiC 
seems to be promising for all-optical thermometry with high spatial resolution.

6 � Conclusions

ODMR emerged as a method for studying excited states using magnetic resonance. 
It has been widely used to investigate excited states of intrinsic and impurity defects 
and excitons in ionic crystals and semiconductors, as well as in nanostructures based 
on them, to investigate triplet excited states in organic molecules, to elucidate the 
nature of spin-dependent recombination. It has now developed into a powerful, 
highly sensitive method for probing and manipulating single spins.

We have outlined the several representative examples of the use of magnetic 
resonance spectroscopy to study excited states: (1) ODMR, ESE, ENDOR in the 
excited state of self-trapped excitons in ionic-covalent silver halides crystals and 
nanocrystals. (2) ODMR and LAC spectroscopy of localized heavy-hole excitons 
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in semiconductor quantum wells and superlattices. (3) LAC and ODMR in excited 
states of spin centers in diamond and silicon carbide.

Application of LAC and cross-relaxation spectroscopy seems to be especially 
useful for applications of short-lived excited states in all-optical sensing with spatial 
resolution.
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