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The carbon vacancy is a dominant defect ki-8iC, and the “EI5” electron-paramagnetic-resonaitteR
spectrum originates from positively charged carbon vacari®ie® at quasicubic sites. The observed state for
EI5, however, has been attributed to a motional-averaged state wit@stheymmetry, and its true atomic
structure has not been revealed so far. We here report low temperau®ek) EPR measurements on EI5 and
show that this center has@,-symmetric structure due to Jahn-Teller distortion. We also perforabeidito
calculations of the hyperfine tensors for EI5, and obtained a good agreement between experiment and theory in
not only their principal values but also their principal axis directions. A good agreement was also demonstrated
for the EI6 centethexagonal-sit&/.") in this paper. The transition from EiG,,) to EI5(C3,) was found to be
thermally activated and its activation energy was measured as 0.014 eV.
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[. INTRODUCTION largely complicated and exhibited a lower symmé&tkow-
ever, the structure of the low-temperature configuration of

In silicon carbide(SiC), there are a variety of intrinsic g5 has not been definitely determined so far, because of its
defects not only in radiation-damageslectron, neutron, ion, complexity.

etc) samples but also in as-grown sub;trété’@ege defects _In this paper, we report a complete analysis of the low-
are of great importance for the doping efficiency, semi-gmperature spectrum of EI5 and show that the EI5 center
insulating mechanism, and performance/reliability of SiC de+y a5 distorted to &, structure, as consistently with the pre-
vices. Among dominant intrinsic defects, vacancies of C okijous theoretical studf.The EI5 spectrum was measured
Si, and in particular, C vacanci€¥c) are important because sing the echo-detected EPR technique of pulsed EPR in the
of their high thermal stability up to 1000-1500 “©.In  X_hand (9—10 GH2 range, which made it possible to ob-
4H-SIC, their positively charged states give rise to “EIS” andggpye a complete angular dependence of this spectrum free
‘El6” ek_ac_tron-paramagneﬂc-respnar_w(eEPR) spectr&®  from any disturbances of other signals. We also calculate the
which originate fromV." at quasicubiak) and hexagonal pynherfine(HF) tensorsincluding the directions of their prin-

(h) sites, respectivel§.” The V™ centers at different in-  ¢ipal axesup to the third neighbor atom@NN) of the de-
equivalent lattice sitefwe here denote them a&."(k) and  fects byab initio supercell methods. The calculated HF ten-
Vc'(h)] exhibited remarkably different Jahn-TellgdT)  sors and JT distortion for EI5 were found to reproduce very
distortions>~" For EI6 orV,"(h), four surrounding Si atoms well experimental data. We also found that our calculations
(Si;_y were rearranged to separate @i bit further from  fit nicely to the experimental data for EI6 &."(h). The

Si; 3 4[Fig. 1(a)], keeping theCs, symmetry? The amount of ~ obtainedCy;, structure for EI5 can explain reasonably the
this distortion, which is manifested by the deviationddthe  thermally activated reorientation behavior. The activation en-
Si; 3 4dangling bondDB) directions, see Fig.(&)] from the  ergy for this reorientation was experimentally estimated to be
tetrahedral anglé~109.2°), increased at low temperatures, 0.014 eV, which indicates an “electronic bond switching”
resulting in a strong temperature dependence of the EI6 spesimilar to the cases of vacancies in silicon.

trum. However, EI5 oN"(k) exhibits no largely distorted

structure[Fig. 1(b)] and no strong temperature dependehce, Il. EPR STUDIES
despite theab initio calculations having predicted that EI5
should deform considerably and have Gy,-symmetric The EI5 and EI6 centers were created by 3-MeV electron

structure® Therefore we previously attributed the observedirradiation in commercial p-type 4H-SiC(000) wafers
C,, configuration for EISFig. 1(b)] to a motional-averaged (room-temperature carrier concentratierl X 10*%/cn) at
state due to thermally activated reorientatiéFhis was sug- 850 °C with a dose of & 10'8 electrons/cri This high-
gested by the fact that below 50 K, the EI5 spectrum becam&mperature irradiation enables us to observe EI5 and EI6

1098-0121/2004/1@3)/2352126)/$22.50 235212-1 ©2004 The American Physical Society



T. UMEDA et al. PHYSICAL REVIEW B 70, 235212(2004)

(a) E16(C5,), Vc'(h) (b) EI5(C3), V' (k) (C) EI5(C1), VC'(h)
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dominantly in the substrates. These substrates were measuil@tes at thec axis, which will later be attributed to gand

by both X-band continuous-wav@w) EPR (Bruker E500  Si; 4 HF lines, respectively.

system and pulsed-EPR spectrometer®@ruker E580 In Fig. 2, solid lines show fitted angular patterns for EIS
system. The X-band range was more useful than the W-bandvhich were calculated based on the following spin Hamil-
(95 GH2 rangé- for measuring the angular dependence oftonian:

EPR spectra, as will be demonstrated in this paper. At ) ) _

low temperatures, however, usual cw-EPR spectra were dis-H = ugB -9 S+2,[S-A(Siy) -1 (Sh) = ungnl (Sin) - B],
torted due to saturation and passage effects. Thus we re-here is the Bohr maanetord is the g tensor.S is an
corded the EI5 spectra at 5 K by X-band echo-detected EPI\-Q'I Ms 1S - g g st ?] S | ;
method in which the intensity of the two-pulse Hahn echo® ectrpn—spln oEeratdtS—l_IZ),. A(Siy) is the HF tensor for
(/2 pulse —r— pulse —r—echo,7=1.2 us, the repetition e Sh atom(n=1-4, I(Si) is a nuclear-spin operatat
time=10 ms, the integration window=1,8) was measured - 1/2: mn is the nlgglgar magnetic moment, agq is the

as a function of strength of magnetic fiel8).® Since the nuclearg factor for <Si (gN=—_1.1106. The fitted lines re- _
spin-lattice relaxation timéT,), phase-memory timéT,), produced very well the experimental data. We could also fit

and their temperature dependences differ among differerthe observed line positions for the rotationBin the (1120)
centers, the echo-detected spectra consisting of a predongitane. The spin-Hamiltonian parameters determined from the
nant contribution of EI5 were obtained by selecting the confits are given in Table |. Using these parameters, we also
ditions such as the pulse separation, the repetition rate, arsimulated the angular dependence of the EI5 spectrum at the
the temperature. Pulsed-EPR was also used to measure téband(Fig. 3). The angular dependence at the W band is
spin relaxation times directly in the time domdioy to de-  rather difficult to be resolved due to the overlap among all
termine whether each of the HF lines originates fro®i or  lines, as compared to the case of the X bafid. 2). Fur-

13C (respective natural abundances are 4.7% and )L.1%hermore, other angular maps such as the EI6's map should
by means of pulsed electron-nuclear-double-resonancillly superimpose on this angular map at the W band. This
(ENDOR) techniques. Pulsed-ENDOR spectra were meafact shows that EPR measurements at higher microwave fre-

sured at 5 K by the Mims sequen¢e/2 pulse —r—mx/2
pulse —T—m/2 pulse —r—echo, 7=0.8 us, T=16 us, RF

guencies are not always superior to the conventional X-band
measurements. In Table |, &fiSi HF tensors are close to be

pulse of 10us duration was inserted between the second andxially symmetric with principal valued; andA  , where the

the third pulses, the repetition time=10 yAs

A, principal axis indicates the direction of Si dangling bonds

Figures 2a) and 2b) show angular dependences of EI5 (DB’s). Figure 1c) shows an atomic model for the low-

(labeled by bold typpand EI6 spectrditalic typing) mea-

sured in the(1100) plane at 150 and 5 K, respectively. At
150 K, both spectra revealed the sa@g symmetry with
similar angular patterng®Si HF structures of EI5 originate
from four 1NN Si atoms(Si; and Sj 3 5 of V" [see Fig.
1(b)]. Also EI6 shows Si4 HF structureghowever, Sj HF
structure is out of sight in Fig.)2 For EI6, since the
unpaired-electron distribution concentrates in a&om by
47%? the distribution extends appreciably ta, Siatoms lo-
cated behind $j making it possible to observe thesSiHF

temperature state of EI5 constructed from the spin-
Hamiltonian parameters. This structure Hag, symmetry
with a C, rotation axis and the Siand Sj atoms being

mirror symmetric with respect to thHd120) plane. The prin-
cipal coordinate system of thggtensor is also consistent with
this Cy;, structure. The DB’s of Siand S) atoms are tilted to
approach each other, indicating the formation of a3}
atomic pair. Also §j and Sj DB’s moved likewise. These
behaviors are quite consistent with the theoretical prediction
that the pseudo-JT distortion ®."(k) induces the SiSi,

structure(see Fig. 2 These characteristics of EI5 and EI6 and Si-Si, pairs, resulting in the,;, distorted structuré.in

are fully consistent with th&/.* models shown in Fig. 1. At

fact, the principalA values indicated an excellent agreement

5 K, however, the angular pattern of EI5 becomes greatlypetween the experiment and previous theoretical calculation
complicated. The central line of EI5 split into three lines, andby Bockstedteet al® (Table ).

four pairs of Sj_, HF lines split into 12 pair§see Fig. 2o)].

This Cy, structure can also explain the reorientation effect

In addition, S} 3 4HF lines are separated into two sets of HF observed at higher temperatures. Since ;giatoms are
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FIG. 2. (Color onling Angular dependence of EI5 and EI6 spectra(@t 150 K and(b) 5 K, which were measured by cw EPR
(9.452 GHz and echo-detected EPR.665 GH2, respectively. In this figure, magnetic fieRl was rotated in th€1100 plane from the

[000] (0°) to the[lla)] (90°) direction, and the spectra for 90° were displayed. Solid and dashed lines are simulated angular patterns for
EI5 and EI6, respectively, using the spin-Hamiltonian parameters in Table I.

Cs-symmetry related, there should be three equivalent typesiemory timeg of each resonance line&, B, andAB label for
of atomic-pair formation(Si;-Si,, Sik-Si;, Si-Si, pair9.  the Sk, Sk, and Sj ;3 4 HF lines, respectively. The relative
Thus at higher temperatures when the thermally activateihtensities ofA andB arep,=2/3 andpg=1/3, and asepa-
reorientation can occur among the three configuration, thé&ation betweenA and B is 6w=2.1x10" s [=gug/#
EI5 center will exhibitCs, symmetry. X 0.12mT)]. The T, values were experimentally estimated
We further examined a dynamics of the reorientationfrom two methods. One was deduced from measurements of
through EPR and pulsed-EPR measuremgfitg. 4). In this  the cw-EPR linewidthAw(=1/T,), whereAw was estimated
figure, low-field-side Si4 HF lines measured foBlI[0001] by a half width at half maximum oA, B, AB lines minus a
are plotted as a function of temperature. The transition fron$tatic width(0.032 mT). This static width was observed at
the C,, to Cy,, configuration started at around 40 K, then 5 K. Another method was the direct measurementsdby
gradually proceeded, and finally,SBi; , Si, HF lines were ~ two-pulse Hahn echo decay of pulsed EPAS shown in the
separated with an intensity ratio of 1:2:1. In this temperaturdSet of Fig. 3, the data obtained by the two methods coin-
range, it was found that the linewidth of the,$i, HF line is cided excellently. We confirmed that the tran85|t|on frévB
strongly correlated to the reorientation. Above 40 K, thet(?A"’mdl_3 IS trlgg(_ar_ed when—zl/&u_(4.7>< 10%s), as con-
linewidth decreased with increasing temperature, indicatin@'s’tent with the original theory.Also in accordance with our
the motional narrowing effect. Conversely, below 40 K, the. xpectation, t_he I|fet|_me ShOWS. a the.rm‘?‘”y activated behav-
narrowing of Si, and Sj HF lines was observed with de- or .(SO"d line in the flggre and its activation gnergEa was
creasing temperature, because the characteristic lifetime timated to be approximately 0.014 eV Th'sg energy is close
the reorientatior(7) increased and then suppressed the life-2 th_at .observed fol* in Si (0201 to 0'02. e. _Therefore,
time broadening. These behaviors are common to the reorf> S|m|IarI¥ to the case of S'.’ the reorientation ShO.UId be
entation observed in charged vacanciescaused by electronic bond swﬂchm&h_lamely, an unpal_red
(V*/G1 center andv-/G2 centel® or a neutral vacancy- electron just hops between electronic levels of equivalent

phosphorous paii(V+P)°, E centet™® in silicon. We evalu- configurations. This picture is in line with our reorientation

ated 7 by applying the same treatment as the previousmOdeI'

. . : ) It should be noted that similar EPR results have been also
9-11
works>—** According to the notations in Ref. 10, we defined obtained in 61-SiC22 In this polytype, there are two in-
7=pa(T2)g =pe(To)a for lifetime broadening regime, equivalentk sites(k;,k,) and two EPR spectra of Kyl and

Ky2 have been assigned ¥."(k; ») (however, the corre-
7= 4(T)) agdr” spondence of each Ky1/2 and edglp was not given For

: : : Ky2, the HF tensors of $i, have been obtaine@able ),
X[1-(pa-pp)2l} f tional , : 4
[1=(pa=pe)7J} for motional narrowing regime, which are quite close to those of EI5 except smalfeof
where T, is a transverse spin relaxation timier phase A(Si; 4. Despite the good agreement in the HF tensors be-
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TABLE I. Spin-Hamiltonian parameters for E[&,;) or V' (k) obtained by our EPR experiment aabl initio calculations. Also shown
are HF tensors of the previous theoretical calculatmnly principal values were reportg(Ref. 6 and EPR results for Ky1/Ky2 centers or
VC+(k1'2) in 6H-SIC (Ref. 12. Principal values of the HF tensoféyy ) are expressed in mT using a conversion factor that 1 mT
=28.02 MHz. We show the principal directigpolar anglesd and ¢) only for the mainA; axis, because the HF tensors are nearly axial
symmetric(see also Fig. 1 for the definition of the coordinate sy$térhe theoretical calculation predicted negative principal values for all
HF tensors, however, this table displays only absolute values for comparison with experimental yaddeand 7242 indicate 3- and
3p-orbital densities on each Si atom, estimated from the following relatiogRa?=A,(MT)/163.93; 7282=Aanisd MT)/4.08; Ao
=[A(Sip)+2A | (Sin)1/3; Aanis=[A((Si) —A | (Sin)]/3; &?+ %=1 (Ref. 5. Finally, a comparison between our experiment and calculation is
also demonstrated for EI6 MC+(h).

X(1) Y(L) Z(l 6(°) #(°)2 7(%) 77 a*(%) 7 B4(%)
EI5 (Cyp) at 5 K, our EPR
g 2.0056 2.0048 2.0030 22.7 0
A(Siy) 4.44 4.36 6.46 7.7 0 19.9 3.1 16.8
A(Siy) 3.25 3.19 4.74 121.5 180 14.7 2.3 12.4
A(Siz 4) 3.85 3.81 5.52 103.2 +67.4 16.5 2.7 13.8
V() (Cyp), our calculation
A(Siy) 4.17 4.11 6.13 54 0
A(Siy) 3.74 3.69 5.44 117.0 180
A(Siz 4 3.80 3.75 551 105.7 +61.0
V() (Cyp), previous calculation by Bockstedét al. (Ref. 6
A(Siy) 4.35 4.07 7.03
A(Siy) 3.32 3.10 5.53
A(Siz 4 3.89 3.68 5.74
Ky1l, Ky2 (both Cy}) in 6H-SIC at 4.2 K, EPR by Bratust al. (Ref. 12
g (Kyl) 2.0058 2.0023 2.0025 31 0
g (Ky2) 2.0048 2.0037 2.0022 35 0
A(Siy) 4.33 4.33 6.57 7.7 0 21.4 3.1 18.3
A(Siy) 3.16 3.16 471 122.0 180 14.8 2.2 12.6
A(Siz 4 3.93 3.93 5.59 102.7 +52 16.2 2.7 13.5
EI6 (C3y) at 5 K, our EPR
g 2.0026 2.0026 2.0052 0 0
A(Siy) 10.61 10.61 15.48 0 0 47.3 7.5 39.8
A(Siz 3.4 1.40 1.40 2.11 98 0, +120 6.9 1.0 5.9
A(Sis 6.7 0.70 0.70 0.87 -16 0, x120 1.9 0.5 1.4
V' (h) (Cs,), our calculation
A(Siy) 9.89 9.89 15.27 0 0
A(Siz 3.4 0.59 0.59 1.21 98.8 0, +120
A(Sis 6,9 0.92 0.92 1.17 -18.2 0, *120

aThere is another equivalent orientation for the defect that is given by adding 180° t¢ tfakie, because of the symmetry dfi-siC
crystals. For EI6Cgz,), ¢ was automatically determined by the restriction of €& symmetry.

tween EI5 and Ky2, theig tensors are largely different. The and EI6. Since about 32% of the defect wave function should
reason for this discrepancy may be due to different energyextend to Si or C atoms located outsidg_gatoms, the EI5
band structures inH4- and 64-SiC and theg tensor reflects  spectra clearly revealed super HF structures from such atoms
not only the wave function but also electronic levels of the(see Fig. 5. Using pulsed ENDOR, we identified fodfC
defect state. super HF linegC,_y,) and two?°Si super HF linegSi, ). As
Using the linear combination of atomic orbitdlCAO)  similarly to the Si_; HF lines for El6(see Fig. 2,°> we found
approximatior?:®5910 the unpaired-electron densitieg”  three Si atomgSi, and Sj) in the EI5’s HF structures which
were estimated to be 19.9% on Si4.7% on Sj, and 16.5%  possibly correspond to $Sand S ; atoms of EI5 center, re-
on Sk, (Table ). The unpaired electron distributes equally spectively. The split to §iand Si; HF lines is consistent
on the two pairs of SiSi, and Si-Si;. We note that the total with the C,,, symmetry of this center. In th€;, configura-
value of 7 for Si;_, (67.6% is identical to that for EI6 tion observed above 40 K, these super HF structures are av-
[V (h)] at 5 K® because of the same type of origin for EI5 eraged out into two HF satellites with ti@, symmetry that
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FIG. 3. (Color onling Simulation of angular dependence of EI5 Cy si

at the W band(94.9 GH2 in the (1100 plane, using spin- C Si\
Hamiltonian parameters in Table I.

Ci
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344.2 344.4 344.6 344.8 345.0

have been reported as satellifeandg, respectively, in Ref. Magnetic Field (mT)

> (and are also seen in Fig).2 FIG. 5. (Color onling Super HF structures for EIBC;;) mea-

sured by echo-detected EPR at 9.665 GHz. We have identified their
lll. THEORETICAL CALCULATIONS origins(Si or C) by pulsed ENDOR. Also shown in the figure is the
mjmber of atoms corresponding to each super HF (Mg which

In the previous section, we have seen a good agreement o ) )
was deduced from a relative intensity of the HF line.

principal A values for EI5(C;;,) between our EPR analysis

and the previous theoretical wotkdowever, principal axes investigatedV."(k) and V"(h) as well byab initio quasi-

of HF tensors are also the key to construct an atomic modejtatic supercell calculations at 0 K to verify our models.

of the defect, because these parameters directly indicate a We have used a density-functional theory in the local-
three-dimensional structure of the defect. Therefore we havgensity approximatiolf (DFT-LDA), as implemented in the
plane-wave supercell cod&HI98MD) to obtain the opti-
mum geometry? Ceperley-Alder exchange correlation

o

10 functional® and norm-conserving Troullier-Martin pseudo-

s ne © © potentiald® were used. To determine the HF constants of a
100 - defect an extremely accurate geometry is required. We have
o 1/1= v exp(-E JkT) . . )
E E = 0014V cgrned out comprehensive convergence tests on the basis
2 0% 4 0 size, on the number of relaxed atoms around the defect, on
- v=7.6x10°(Hz) the K-point sets, on the shape and size of the supercell for

9 I Vc"(k). The minimum-energy configuration was sought by

10 0 20 40 60 80 100 relaxing the atoms around the defect until all the forces were

1T (10°K™) Stz §i2 below 0.0005 Hartree/Bohr. According to our calculations,

10K V" has an electronic configuration ¢d,)%(a,")* under the
M 20 crystal field of 4-SiC. The symmetry of/." can be kept to
be C;, or be lowered toC,}, due to a pseudo-JT effect in-

b —/‘-/\’\v*/’—k
5 Mh/A\ 22 volving a nearbye state®”17 With constraint to either of

these two symmetries we calculated the minimum energy for

@
E
£
% ﬂ/\\\;m V. (k). We have tested the basis size from 36 Ry up to
5 _,_/\;_,J\\MGO 64 Ry kinetic energy cutoff, the relaxation of atoms from
@ Mm 2NN up to 5NN, thek-point sets from  up to 4
a / \ Monkhorst-PackMP) sets!® the supercell size from 72 up to
Si Sizaa 80 216 atom supercells. We have found that a 96 atom supercell
N using a 36 Ry cutoff, 5NN relaxation, and & BIP set pro-
3.5 340 35 3IBO 35S vides convergent results for the geometry and energy differ-

Magnetic Field (mT) ence between th€,;, or Cs, symmetry configurations. Ac-

cordingly, it was found that th€,;, configuration is lower in

FIG. 4. (Color onling Temperature dependence &1Si HF gnergy by 0.06 eV than that of ti@&, configuration which is

structures for EI5 measured at 9.452 GHz. These spectra were o i ith lier findin@ Thi he
tained by integrating cw-EPR spectra 81[0001]. The inset plots in line with an earlier finding. This supports t 1n Struc-

the lifetime of the reorientatiofr) calculated fromT,. Circles de-  Ur€ for'VC+(k) at low temperatures. Since the energy differ-
note the data obtained from dire€s measurements using pulsed €Nces is much larger tha,(=0.014 eV for the thermally
EPR, whereas the other symbalsiangles, pluses, and crosses activated reorientation, thus the reorientation occurs directly
represent data derived through cw-EPR linewidth measurements féfom one C,;, configuration to another one, without passing
Si» 3.4 Sk 4 and Sp HF lines, respectively. The solid line represents the Cs, configuration. Our calculations found, however, that
the linear fit using the fitting parameters shown in the figure. Vc'(h) hasCs, symmetry even at 0 K. To calculate the HF
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constants ol/." we have used the supercell code CP-PAW,density on the first three neighbor C atoms of &,: prin-
which is based on the projector augmentation wave methodipal A values=0.29, 0.31, 0.67 mB&nd on one neighbor C
in determining the true wave function close to the nutlei. atom for each Si, atom along thec axis (C,: principal A
We have used the same supercell and MP set as with thealues=0.28, 0.30, 0.50 mTwere also large, although they
FHI98MD code. Two projector functions were used for eachhave not been observed in experiments. We have found that
angular momentum. The tests on HF constants have showthe HF constants of 3NN atoms other thag 5iare below
that even 30 Ry kinetic energy cutoff provides convergen.02 mT, as consistent with EPR measurements.
results with using the appropriate projectors.

_ ForV:'(k), the cqlcu]ated HF tensors including both prin- _ V. SUMMARY
cipal values and principal axes are compared to the experi-
mental ones in Table I. It is immediately obvious that the We have revealed th€;;-symmetric atomic structure for
calculated and measured HF of the 1NN Si atd®,3, the EI5 centefV."(K)], which was observable below 40 K,
coincide very well in both principal values and axes. For theby means of the optimized X-band echo-detected EPR mea-
outer shell ofVc, the calculations found that Sshows de- surements. This structure was characterized by pairing of
tectable HF interactions(principal values=0.24, 0.27, four SiatomgSi;-Si, and S§-Si,) of V¢ due to JT distortion.
0.45 mT) and Sj; does too(principal values=0.44, 0.45, We also carried out the first-principle calculations and dem-
0.59 mT). These values are in the same order of the observednstrated that the HF tensaisoth principal values and axes
HF splittings for Si (Sis) and Sj; (Sig ;) (note that the ex- for V."(k) were in good agreement with those in our EPR
perimental values are not principal values and hence onlgxperiments. Also this paper demonstrated a good correspon-
their orders should be discusgedmong the 12 2NN C dence between the EI6 center and theoretical calculation for
atoms around the vacancy, the spin density on eight C atomé."(h), ensuring the reliability of our calculations. Above
are detectable according to the calculations. That is in linél0 K, the EI5 center transformed from tl& ,-symmetric
with the experimental observation in Fig. 4. center to theCy,-symmetric one. This phenomenon was at-

Finally, we also calculated the principalvalues as well tributed to a thermally activated reorientation\¢f' (k). The

as their directions for the case MC+(h). The results are presence of such reorientation was consistent with the atomic
summarized in Table I. The calculated HF tensors are agaistructure ofV.'(k) determined here. The activation energy
in agreement with the experimental values of EI6 centerfor this reorientation was found to be 0.014 eV, which indi-
even for the 3NN atoméSis ¢ ), which demonstrates a high cated “electronic bond switching” behavior the same as ob-
reliability of our calculations. In the calculation, the spin served for vacancies in silicon.
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