PRL 115, 247602 (2015)

PHYSICAL REVIEW LETTERS

week ending
11 DECEMBER 2015

Optically Addressable Silicon Vacancy-Related Spin Centers in Rhombic Silicon Carbide
with High Breakdown Characteristics and ENDOR Evidence of Their Structure
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We discovered a family of uniaxially oriented silicon vacancy-related centers with § = 3/2 in a thombic
15R-SiC crystalline matrix. We demonstrate that these centers exhibit unique characteristics such as optical
spin alignment up to the temperatures of 250 °C. Thus, the range of robust optically addressable vacancy-
related spin centers is extended to the wide class of rthombic SiC polytypes. To use these centers for
quantum applications it is essential to know their structure. Using high frequency electron nuclear double
resonance, we show that the centers are formed by negatively charged silicon vacancies Vg~ in the
paramagnetic state with S = 3/2 that is noncovalently bonded to the neutral carbon vacancy VY in the

nonparamagnetic state, located on the adjacent site along the SiC symmetry ¢ axis.
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Spin centers in silicon carbide (SiC) have recently been
put forward as favorable candidates for quantum spin-
tronics, sensorics, and quantum information processing
because of the unique properties of their electron spins,
which can be optically polarized and read out [1-11].
Optical control of the spin states of the single defect was
realized on the well studied Vg;~-related center with ground
spin state S = 3/2 in 4H-SiC [10]. Similar centers also
exist in 6H-SiC polytype and can be used in quantum
magnetometry [6] and masers [8]. Pronounced semicon-
ducting properties of SiC allow one to fabricate an effective
p-n junction, thus allowing the electrical readout of the
Vs~ spin state [12].

The first solid state system on which optical detection
and manipulation of the single spin was shown is the
negatively charged nitrogen-vacancy (NV~™) center in
diamond. Control of the single spins became possible
because NV~ centers possess high optically detected
magnetic resonance (ODMR) contrast and their spin align-
ment persists at elevated temperatures [13,14]. A precise
atomic structure of the center was elucidated [15,16],
enabling controllable fabrication of NV~ centers with a
desired topology [17,18]. This allows one to control
interactions between electron spins of the centers and
the environment, which is a basis for NV~ -based quantum
registers [19,20] and quantum sensors [21,22].

Therefore, for the successful development of SiC-based
applications, two major issues have to be addressed:
exploration of the spin centers with high breakdown char-
acteristics and identification of the microscopic model of
these spin centers. We focused our efforts on these two tasks.

We used SiC single crystals of 15R polytype that
were grown by the physical vapor transport method. The
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PACS numbers: 76.70.Hb, 61.72.Hh, 76.30.Mi, 76.70.Dx

concentration of uncompensated nitrogen was ~10'¢ cm™.

Vacancies were created by irradiation of the crystals with
1.4 MeV electrons with a fluence of 10'® cm~2. The crystal
structure was confirmed by Raman spectroscopy and pre-
sented in the Supplemental Material [23,27,28].

First, we characterized 15R-SiC samples by measuring
photoluminescence (PL) and continuous wave X-band
(~9.3 GHz) electron paramagnetic resonance (EPR). The
PL spectrum was recorded under continuous illumination at
A =532 nm, T = 10 K, and it exhibits four zero phonon
lines (ZPL) that we labeled as V1-V4 [Fig. 1(a), Table I].
EPR spectra [Fig. 1(b)] were recorded under continuous
light illumination at 4 = 785 nm. The magnetic field was
oriented parallel to the ¢ axis of the crystal (B||c). Without
optical excitation the signals were near the noise threshold.
Under optical excitation, EPR signals were clearly observ-
able up to the temperature 7 = 250 °C. EPR spectra consist
of three pairs of transitions labeled V2, V3, V4. To
determine the correspondence between PL and EPR spectra
we used resonant optical excitation at the ZPL wavelength
and measure the time resolved EPR response (see the
Supplemental Material [23]). All VI1-V4 centers in
15R-SiC have their own optical fingerprint; however,
resonant excitation into the V1 line (4 = 863.2 nm) did
not give rise to the EPR signal; thus, the V1 center is EPR
silent and we do not discuss it in what follows. For each of
the V2, V3, V4 signals we observed phase reversal for one
of the two transitions in each pair of lines. Such behavior in
the emission or absorption mode of the microwave power
can be explained by induced spin alignment of the spin
sublevels of the centers under optical excitation.

To determine the symmetry of the centers, we measured
angular dependencies (see the Supplemental Material [23]),
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FIG. 1 (color online). (a) PL spectrum of the Vg~ -related
centers in 15R-SiC. (b) EPR spectra measured at temperatures
T =303 K, T =479 K, T =523 K. The insets show the light-
induced inverse population of the spin sublevels of V2, V3, and
V4 centers.

that can be fitted well by spin Hamiltonian with parameters
summarized in Table I:

.. 1
H:g/,tBBO-S—i—D[S%—gS(S-i—l)], (1)

where the first and the second terms correspond to the
Zeeman interaction and fine structure splitting, respec-
tively, up is the Bohr magneton, g is electron g factor, and
S is the projection of the total spin on the symmetry axis of
the center. Without an external magnetic field (B = 0) the
ground state is split due to the presence of the crystal field
D and for S = 3/2 spin state the zero-field splitting (ZFS)
between Mg = +1/2 and Mg = +£3/2 sublevels is equal to
2D. The spin state S =3/2 is confirmed by ODMR
measurements that we discuss later. Observed angular
dependencies show that all three centers are oriented along
the ¢ axis and have Cj, point-group symmetry.

The optical polarization of observed centers can be
created at high temperatures up to 7 = 250 °C. This
indicates that the spin system is well isolated from the
crystalline lattice vibration. In this aspect, these centers are
similar to the NV~ centers in diamond, with one important

TABLE 1. ZPLs wavelength, values of D, g, and T, T,
relaxation times measured at room temperature.

Center ZPL (nm) D (MHz) g T, pus T, us
V2 886.5 69.6£1  2.005(1) 80 10
V3 904 58+1 2.005(3) 120 10
V4 917 25.14+£1  2.005(3) 105 9

distinction—the ZFS of each V2, V3, and V4 center is
stable over the whole temperature range, while for the
NV~ centers, a huge thermal shift was observed [13,29,30].

To establish the optical polarization scheme of the V2,
V3, and V4 centers we used high frequency W-band
(94 GHz) electron spin echo detected EPR (ESE) and
electron nuclear double resonance (ENDOR). We deter-
mined that ZFS is positive for each center, and established
the scheme of the optically polarized spin sublevels (see the
Supplemental Material [23]). Optical polarization schemes
for V2, V3 centers and for the V4 center are different, and
are shown in Fig. 1 (inset).

Another important characteristic is the coherence time of
the spin centers, which we measured using a pulsed X-band
EPR technique (see the Supplemental Material [23]). Spin
lattice relaxation times (7';) and spin-spin relaxation times
(T,) are summarized in Table I. Spin-spin relaxation times
are shorter than 7, = 120 us reported for the single Vg;™-
related center in 4H-SiC [10]. The main mechanism
leading to the decoherence seems to be a dipole-dipole
interaction between the paramagnetic spin centers created
by irradiation [31]. In Ref. [10] the vacancies were created
in the high purity 4H-SiC sample by irradiation with a low
fluence of electrons (< 5 x 10" cm™2).

We further demonstrate that the Vg;~-related centers in
15R-SiC can be optically addressed and read-out with high
fidelity at room temperature by means of standard ODMR.

The ODMR spectrum shows the relative change of
the photoluminescence intensity APL/PL as a function
of applied radio frequency (Fig. 2). Resonances at
v =13.1 MHz, v = 50.6 MHz, and v = 138 MHz were
observed and agree with ZFS of the V3, V4, and V2 centers
determined from our EPR measurements.

Using the spin Hamiltonian from Eq. (1), we calculated
that the ground states of the centers have a spin state
S =3/2. Calculated frequency dependencies of the
ODMR signals at different strengths of magnetic fields
(B||c¢) coincided well with observed spectra (Fig. 2). We
believe that changing the excitation energy and the optical
registration window can lead to the further increase of the
ODMR contrast. We made trial measurements of V4 ODMR
signals in 15R-SiC under laser excitation at A = 808 nm,
and observed about five times more intense signals than for
the similar centers in other polytypes (1.2% for V4 centers).

In order to advance our understanding of the observed
spin system and to foster its usability we suggest the
microscopic model of the centers. Currently, two possible
models are under consideration for analog centers in
hexagonal SiC polytypes. The first model suggests that
the Vg~ -related centers are the low symmetry configura-
tion of the Vg~ with S = 3/2 [32,33]. The second model
suggests that these centers are the Vg~ with S =3/2,
perturbed by the presence of the neutral carbon vacancy V
in the nonparamagnetic state, located adjacently to the Vg;~
along the ¢ axis [8].
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FIG. 2 (color online). The lower spectrum shows the ODMR
signal of the V2, V3, V4 detected under laser excitation
A =785 nm in the 0.05 mT external magnetic field applied to
compensate the influence of Earth’s magnetic field. the vertical
bar indicates the ODMR contrast. Experimental frequency
dependence of the ODMR signals as a function of magnetic
field are shown for each center. Dashed lines are the calculated
dependence using Eq. (1).

In what follows we discuss ESE and ENDOR spectra
measured in 15R-SiC (Fig. 3), and show that observed
Hyperfine (HF) interactions strongly evidence in favor of the
second model, i.e., the Vg~ — V% model with § = 3/2. The
microscopic structure of the center is shown in Fig. 4.

To begin, we measured W-band ESE spectra of the V2,
V3, and V4 centers for two orientations (#) of the magnetic
field B with respect to the ¢ axis [Fig. 3(a)]. Similarly to the
case of 4H-SiC and 6H-SiC, we observed two types of HF
interactions in the ESE spectra. The first type of the HF
interactions occurs with the '3C nucleus located in the
nearest neighbor (NN) shell to the Vg~ site. They are
strongly anisotropic and reflect the tetrahedral symmetry of
the nuclear spin locations. The HF lines arising from these
interactions are shown in Fig. 3(a): '3C, denotes the
interaction with the carbon atom oriented along the ¢ axis
and '3C,_, denotes the interactions with atoms located in
the basal plane with the bonds inclined by the angle
6 = 71° relative to the ¢ axis. The HF structure arising
from such interactions is characterized by Ay =30.2 G
(84.6 MHz) and A, =12 G (33.6 MHz), which match
closely previously reported values for the Vg;~ centers in
4H-SiC and 6H-SiC [34-37]. The second type of the HF
interactions occurs with the 2°Si nucleus located in the next
nearest neighbor (NNN) shell to the Vg~. These inter-
actions with A = 2.97 G are shown in the inset in Fig. 3(a).
Changes in the orientation of the magnetic field did not
induce the line shifts; only the strong anisotropy of the
linewidth was observed.

Our discussion is based on the ENDOR spectra of the V2
centers. Figures 3(b) and 3(c) show the ENDOR spectra
recorded by monitoring the intensity of the ESE, following
microwave /2 pulses, as a frequency function of the pulse,
applied between the second and third microwave pulses
[38]. Allowed dipole magnetic transitions with AMg =
+1:3/2<>1/2 are indicated by If (low field) and =3 /2<«> —
1/2 are indicated by hf (high field).
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FIG. 3 (color online). (a) Optically induced ESE spectra
measured at two angles @ between the B and ¢ axis: § = 0°
and = 12.5°. (b),(c) ENDOR spectra measured for the If and hf
transitions indicated in (a). Transitions corresponding to the f; +
1/2|A;| and f; + 3/2|A;| for HF interactions with the axial NN
Si atom with respect to V0 are indicated by one and two asterisks,
respectively. 2Si; and 29812_4 indicate ENDOR lines correspond-
ing to the presence of 2°Si atoms in the NN shell of the V%.

Observed HF interactions with silicon and carbon nuclei
can be described by adding ZSA;I; + ZSAI; + ZSA, I,
terms to the spin Hamiltonian [Eq. (1)]. Here, A; and A, are
tensors, which describe the HF interaction with the ith Si
and kth C atoms located at different neighbor shells of the
Si sites, A jis a tensor that describes the HF interaction with
the jth Si atoms located at different neighbor shells of
the C sites.

ENDOR transition frequencies determined by the selec-
tion rules AMg =0 and AM; = %1 are given by [39]:
venpori = h'[Mla; + b;i(3c0s*0 = 1)] = g, Bl (2)
where a; and b; are isotropic and anisotropic parts of the
HF interaction with the ith nucleus, 6 is the angle between
the external magnetic field B and the HF interaction tensor,
GnitniB/ B is the Larmor frequency f;, g,;, and u,,; are the g
factor of nucleus i and its Bohr magneton (g, is negative
for 2°Si and positive for *C). For axial symmetry the HF

247602-3



PRL 115, 247602 (2015)

PHYSICAL REVIEW LETTERS

week ending
11 DECEMBER 2015

[+ Si |§| VSi_

C - axis

FIG. 4 (color online). The 15R-SiC structure with two hexgonal
(h1, h2) and three quasicubic (k1, k2, k3) sites for silicon.
Vacancies are shown as squares. Carbon and silicon atoms in the
NN shell of the Vg~ and V2 are labeled as C;_, and Si;_y,
respectively. The structure of the V2 center is indicated as
(VSi_ — Vg)/, and (Vsi_ — VOC)//.

interaction in terms of the principal values is given by
A" :a+2b, Al:a—b.

All lines observed in the spectra in Fig. 3(b) can be
attributed to the HF interactions between V;~ electron spin
and ¥Si nuclear spin. To reveal this, we need to consider
Eq. (2), which predicts that interaction with each ith
nucleus induces two sets of ENDOR transitions located
at the distances of 3/2A; and 1/2A; for the If EPR line,
—3/2A; and —1/2A; for the hf EPR line, from the Larmor
frequency f;. Thus, the ENDOR lines observed are due to
the HF interactions with 2°Si, because the f; of the >°Si
(I = 1/2, abundance 4.7%) is about 28.2 MHz [marked by
arrows in Figs. 3(b) and 3(c)]. HF interactions of the Vg~
electron spin with 2°Si nuclear magnetic moments in the
NNN shell observed in the ESE spectra can also be seen
in the ENDOR spectra [Fig. 3(b)], labeled 2°Si (NNN).
The position of these lines corresponds to the positive
spin density of the electronic wave function on the silicon
nucleus.

Unexpectedly, we also observed ENDOR signals that
arose due to the negative spin density on the Si nucleus.
These strongly anisotropic signals labeled as 2°Si; and
»Si,_, are shown in Fig. 3(c). As discussed earlier,
interactions between Vg~ and 2°Si located in NNN and
more distant shells are almost isotropic, meanwhile, inter-
actions with 13C located in the NN shell are anisotropic. In
the ENDOR spectra the HF interactions characterized by
the negative spin density on 2°Si exhibit anisotropic
dependence typical of the HF interactions between '3C
located in the NN shell and Vg~. To explain such
anisotropy, we need to identify Si atoms that have the
same symmetry as the C atoms. Such a configuration can be
found only at the tetrahedron vertices around the carbon
site. The position of the ENDOR lines labeled as 2°Si; and
»Si,_, in Fig. 3(c) agrees well with the proposed con-
figuration and reflects the HF interactions with axial (Si;)
and basal (Si,_4) nuclear spins (Fig. 4). The line corre-
sponding to the HF interactions with axially oriented Si
nuclei for transitions with M ¢ = 3/2 is marked in Fig. 3(b)
by two asterisks. The constants of the HF interactions

are relatively large Ay =2.2 MHz (~0.8 G) and A| =
1.3 MHz (0.5 G) and describe well the anisotropy of the
linewidth observed in the ESE.

These HF interactions characterized by the negative spin
density on the »°Si nuclei can be explained if the spin
density is located on four Si nuclei placed around non-
paramagnetic neutral V2. This implies that the V2 center is
formed by both nonparamagnetic Vg and paramagnetic
S =3/2 Vg;~. Negative spin density is caused by the spin
polarization (similar to the core polarization for transition
metals [40,41]), and arises from an exchange interaction
with § = 3/2 that leads to the partial decoupling of coupled
covalent bonds of the V@ site. The presence of the VY
distorts the crystal lattice, which in turn lowers the
symmetry of the Vg;~. Because the V2 center is charac-
terized by the largest ZFS we can conclude that Vg~ and
V% are located closer to each other than in the case of V3,
V4 centers.

The duplication of lines observed in the ENDOR spectra
can be explained by the presence of two similar centers
with slightly different parameters of the HF interactions.
Based on our experiments we suggested the model of the
V2 centers shown in Fig. 4. The model represents two
possible configurations (V= — V2)r, and (V= — V&)1,
depending on the positions of the vacancies in the lattice.

In conclusion, we studied three optically addressable
vacancy-related centers in 15R-SiC. These centers with
distinct ZPL and ZFS were characterized by long spin
coherence times at room temperature and strong ODMR
contrast. Their optical spin alignment persisted up to
250 °C. The ENDOR studies allowed us to determine
the model of the Vg;~-related centers. This knowledge is
important for understanding the processes leading to
decoherence [42] and effective and precise production of
Vi~ -related centers. The presented results extend the
concept of optically addressable Vg;~-related centers to
the rhombic polytypes of SiC, and pave the way for SiC-
based quantum applications and quantum registers based
on coupled electron spins in 15R-SiC.
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