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In SiC crystal enriched by 28Si isotope with nuclear spin I = 0, two negatively charged silicon
vacancy centers Vg,, Vi1 and Vi were investigated using X-band CW electron paramagnetic
resonance (EPR) spectroscopy combined with tunable Ti-sapphire laser excitation. For the
Vi1 and Vi centers, the EPR line position depends on the optical excitation energy which
demonstrates inhomogeneous broadening of the optical transition correlated with variations in
the zero field splitting.

PACS: 76.30.-v, 61.72.Hh, 61.72.J-, 76.30.Mi, 61.72-y, 78.55.Et, 71.55.Gs

Keywords: electron paramagnetic resonance, photoluminescence, resonant optical excitation, silicon
carbide, silicon vacancy

1. Introduction

SiC crystals are considered as host materials for a number of solid-state defects with peculiar
properties [1-3]. Many of the defects are optically active in visible and infrared regions, and some
have coupled spin-optical properties like spin-dependent photoluminescence [4-6]. Among the
plethora of possible applications, sensors and nodes of quantum information processing networks
are among the most intriguing [3,4,7]. Detailed understanding and control of the properties of the
crystal and of defects appearing in it [8]], are of the utmost importance for further development
towards practical applications. Electron paramagnetic resonance (EPR) being one of the most
informative method to elucidate the structure, symmetry and spin properties of local defects,
was effectively applied to the case of various paramagnetic defects in silicon carbide, and in
particular to Si vacancies [9,10]. In this work, selective optical excitation and conventional EPR
are brought together to address the question of spectroscopic parameter distribution over the
ensemble of Vg, defects beyond the unresolved inhomogeneous linewidth.

2. Materials and Methods

2.1. SiC crystal

A silicon carbide crystal 6H-28SiC was grown by the physical vapor transport method [11,
12] using an isotopically-enriched silicon precursor and single-crystal 6H-SiC substrate with
natural isotope content of 2*Si (I = 1/2,4.7%) and 3C (I = 1/2,1.1%) as a growth seed. The
concentration of the 2Si isotope in the grown crystal was estimated at 1% [13]. To create
Vg~ centers, crystal was irradiated by electrons with 2MeV energy and 10'® em™2 dose, and
subsequently annealed for 30 minutes in Ar atmosphere.

tThis paper is dedicated to Professor Boris Z. Malkin, who made a significant contribution to the field of magnetic
radio spectroscopy in Kazan University, on the occasion of his 85th birthday.
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2.2. EPR with wavelength-tunable laser excitation
A commercial X-band (9.6 GHz) Bruker E580II EPR spectrometer was used.

The standard sample holder was modified to accommodate the SiC crystal and optical fiber.
Optical excitation source was Newport Ti-Sapphire laser equipped with OPO. The laser wave-
length was tunable in the range 850-950 nm and accurately checked with the wavemeter with
the precision of 0.02 nm, laser spectral linewdith was approx. 40 GHz. Laser light was coupled
to 125 pm thick fiber core by a system of mirrors and coupler and guided in the fiber to the
sample continuously.

All EPR measurements were performed at the temperature of 10 K, cooling was provided by
Oxford Instruments helium flow cryostat. To prevent laser induced sample heating, a low power
level of ~ 2mW at the entrance of the fiber coupler was used.

3. Results and Discussion

In 6H-SiC lattice three non-equivalent Si sites exist (two quasi-cubic and one quasi-hexagonal) [14],
hence there are three non-equivalent negatively charged silicon vacancy Vg, centers. These point
defects have been identified optically and are distinguished by their respective zero-phonon lines
(ZPL) as V1 (865nm), V2 (887nm) and V3 (905nm). Additionally, their presence have been
confirmed by EPR spectroscopy, which reveals characteristic orientation dependence of the split-
ting between spin resonance lines, indicating axially symmetric high spin centers (S = 3/2). The
corresponding splitting reaches its maximal value when the static magnetic field B oriented par-
allel to crystal c-axis. At this orientation each pair of EPR signals attributed to the fine structure
of Vg, defects is characterized by the following splittings: Vj (= 0 Gauss), Vi2 (=~ 91 Gauss)
and Vi1 (= 20 Gauss), enumerated according to the ZPL list above [4,15-17]. The ground state
of Vg, defects can described by the following Hamiltonian:

H = gBS,By + D[S? — S(S +1)/3], (1)

where g ~ 2.003 is typical gyromagnetic factor of the Vg, defect family, and D is axial zero-field
splitting parameter. The difference in resonance fields between low- and high-field transition
or the splitting in EPR spectrum (see Fig. 1) is 4D (sample orientation in external magnetic
field is c-axis parallel to the field throughout the text). At non-resonant optical excitation
(A =~ 860nm), the EPR spectrum shows a typical picture of central line at g ~ 2, and two pairs
of lines splitted by 9190.8 G and 19.2 G, attributed to Vo and Vi. The signal from the third
one, the V} defect, is located at the center of spectrum and is poorly separable from the other
paramagnetic centers at g = 2. It is worth noting that the linewidth of transitions is particularly
small ~ 0.3 G due to diluted nuclear spin environment which allows for resolvable splitting of
~ 2.8 G caused by the hyperfine interaction with 2?Si nuclear spins in second coordination shell
of Si site visible at the shoulders of main transitions [18].

The phase reversal between low and high field transition is due to laser induced hyperpolar-
ization of the Mg = +3/2 spin sublevels [19].

In the following experiments, the detailed observation of laser-induced changes in the EPR
lines will be addressed using resonant optical excitation. High-resolution optical spectroscopy
measurements performed elsewhere allowed us to target a specific laser wavelength to resonantly
excite one or the other center. In the condition of near-resonant optical excitation at ZPL of V2
(or Vko) its EPR line intensity and position were changing according to the wavelength sweep,
as depicted in the Fig. 2 below. A similar effect was observed for excitation into ZPL of V3 (or

2 Magnetic Resonance in Solids. Electronic Journal. 2024, Vol. 26, No 2, 24218 (7 pp.)
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Figure 1. X-band (f = 9.74 GHz) EPR spectrum of SiC sample recorded at 10 K under non-resonant
860 nm laser excitation. Vi and Vio centers are identified by specific splitting between low-
and high-field transitions, zero-field parameter D is derived from this splitting. Note that D
is negative for Vj;.
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Figure 2. Resonance field shift and line intensity change of low-field Vi, transition while sweeping laser
excitation around the optical resonance transition.

V1) In this work we focus on the shift in resonance field that we attributed to the variation
in observed zero field splitting D. For the detailed study of high-resolution optical spectroscopy
and light-induced changes in the intensity of EPR signal, the reader is referred to the work [5].
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Figure 3. EPR intensity and zero-field splitting parameter D plotted vs excitation wavelength for (top)
Vi1 and (bottom) Vi centers. Straight lines (non-resonant excitation) are indicating the value
of D for excitation with laser sufficiently detuned from the optical transition of each center.

Both high- and low-field transitions were monitored and fitted together by Eq. 1 to distinguish
changes in splitting between EPR lines from mere line shift. The changes in transition field
values are minimal, only 0.3 G resonance field shift over 0.3nm wavelength sweep, therefore
special care was necessary to confirm the change in the line splitting. Combined experimental
data on the changes in D and relative EPR line intensity plotted versus optical excitation are
presented in Fig. 3 for two Vi1 and Vio centers. We note that sweeping the laser excitation near
resonant optical transition allows addressing sub-ensembles of paramagnetic centers which are
not accessible directly by optical excitation or by EPR alone. It is remarkable that the double-
resonance technique employed here allows resolution of 100 kHz at the level of 40 GHz-width
excitation. The following Figure 4 represents a reconstruction of the Vi, and Viy ensembles
by plotting normalized EPR intensity of transitions versus D, from which the characteristic
width, or histogram of zero-field parameter distribution, is derived. It is interesting to note that
ensemble distribution linewidth of Vi is 3 times larger than for Vis center. We suppose this
difference is related to spin density distribution for both centers and suppose that needle-like
configuration of Vj; [18] is more susceptible to the local strain, which causes larger ensemble
broadening.

4 Magnetic Resonance in Solids. Electronic Journal. 2024, Vol. 26, No 2, 24218 (7 pp.)
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Figure 4. EPR intensity plotted over zero-field splitting parameter D for (top) Vi1 and (bottom) Vi
centers. The solid line are gaussian fits allowed for estimation the width of the ensemble
distribution.

4. Conclusion

We have studied a SiC crystal of 6H grown polytype in a 2?Si-depleted environment that
allowed for narrow EPR transition of 0.3 G in linewidth and resolvable hyperfine splittings. We
demonstrated selective subensemble excitation of Vi, centers and revealed correlation between
inhomogenous broadening of the optical and EPR transition. A reduction of EPR linewidth
is observed, namely, from ensemble-broadened value of ~ 1 MHz (in case of non-resonant ex-
citation) down to ~ 100kHz (in case of near-resonance one). Finally, it appears that further
advance on the research initiated by this article will be interesting, towards the demonstration
of excitation transfer between subensembles, and understanding of their spatial arrangement
within the crystal, in a manner somewhat similar to reconstruction of nuclear spin environment
in other solid-state defects [20].
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