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Abstract. We report a detailed study of electron longitudinal and transverse spin relaxation
for Li donors in monaisotopic Si over the temperature range 4-20 K UsIng comtinuous wave
pulsed clectron paramagnetic resonance. Comparison of the obtained spin-lattice relaxation t
tor the states of the isolated doner center and lithiem complex LiC) showed that die to the presg
of orhital degencracy, relaxarion 1= faster for single lithium than for the LiQ) complexes with
nondegenerate ground state, For the isolated lithium center in silicon the relaxation is
deseribed b Blume-COrbach process. with the parameters of the spin-orbit coupling - 1 107
compare 1 Lirhach process for L0 comples with spin-crbit coupling parameter - 1.3 107 meV

Introduction

For applicalions based on the spin-dependent phenomens the spin-lattice relaxation times ané
Important parameters. The spin relaxation for Group-% shallow donor spins in Si crvstals s
deseribed by the Orback processes duc to rransitions between the eround singlet state and spine
split excited tripler srate [1] Lithinem is another shallow doner in silicen which occupies interd
posttion and has an inversion structure of levels with the fve-lold degenerate ground state (§
and doublet), that makes it perspective for mere flexible manipulanon of spin states in prom|
applications of spantronics and guantum computation. There are several familiss of ol
paramagmetic resonance (EPR) spectra which can be auributed o izalared 1 donor center; wl
factors g = 2.000. thar were observed in classical work [2] of €5 Watkins and F.5. Ham in
with natural composition ol isotopes. and g < 2.000 of both lithium related centers in monols
45 crystals, that were recenthy repo red in our works [5.4]. Two difTerent sets of g-valugg
described by very different {up to three orders of magnitude) parameters of spin-orbit (50) ¢o
[ 2].5tudy of the spin-lattice relaxation of electrons localized on Li and L) centers. allows
estimare independently the constants of the S0 inleraction,

Here we report a detailed swdy of J-.>11"Irl.1-ft1l'lﬂ| Iy and transverse To spin relaxation Umes
related shallow denors in menoisotopic “*Si over the emperature range 4-20 K using contl
wave (CW) and pulsed EPR technigques. The investigation is concerned with mechanisms
may he respi '||."_'i|t||.L for spin relaxanon of isolated lithium donor with g = 2000 and LiO cam,
moasolepie gy crystals,

Esperimental

The measurements were done on lithivm diffusion doped (10" cm™) w_*'npln:-i oT floating
Menalsoopic e (99.994%, of major isotope) with the oxvaoen content ~2-10" cm™. The s
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ation fimes were determined troum the dependenices of the saturalion factor of

lmes on the micrawave magnatic field in the sample in the temperatire mnoe of 4 -
t= by pulse methods at 6K (X-band) and 15K (W -band). The messurem
o EMN-plus spectromcter usinge helium crvostad FR 4112 1V and Bruker-1 lexsys
I Weband (6 and 94 GHz) EPR spectrometers

bia il ihiscussion
. &
[ Li-doped sinsle crystal of monosolopic  Mirecorded w 1 4 K contain hngs of the
or with a well revolved structure refated 10 the triplet and doublet states (Fie 1)),
e tmperatung mercases brom 4 o 10 K the EPR spectrum ol bithiwm 15 superimpused by e
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| he |\||L-|"I'..'I:-\_|r.'l1._'t_'~ of the s@turation Factor on the mcrowave field tor the 1. and r COTE TS

il specirum of Inthium and for Li) comples are shown in Lig. 20 As can be seen. such
ndence for 1. compenent of the spectrum is not linear, unlike the rest of the lines ol the
wietra, Two slopes of the dependence indicate that the process is described by two sels of the
whisaton times (T=1.2-107 and 1-10%s for T component and 6107 s for T, ) due to the
mogencous distribution of lithium in silicon samples This is confirmed by the fact that there is

oad hase of the line corresponding T, component of the spectrum due to the superposition of the
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spectrum with the line of & greater linewidth, This broadening can be caused by defects located in
the surrounding of lithium center [6].
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Figure 2. Dependences of the saturation factor on the microwave magnetic field in the sample for
T. and (b} T,, compenents of the lithium specteum at T=4K and {¢1 — for Li0y spectium at -1
HI[100],

From the obtained dependences of the saturation factor on the microwave magnetic field |
were determined the spin-spin and spin-lattice relaxation rimes, Measured T times are 6.5%]
and 4.87 107 for LiD spectrum and the T, component of the Li spectrum, respectively,

Since with temperature increasing £ and 1, components of PR spectra overlap with the |
of LiC) complex the temperature dependences of the spin-lanice relaxation time are shown onl
the [, component. At 6 K the spin-lattice refaxation limes were obtained by pulse meth
remaining temperatures we used the method of saturation of the W EPR lines (Fig.3) Tt cull
seen that results obtained by both methods are in good agreemem for the Li0) complex
temperatures 4 k and 6 K spin relaxation times for T, compuonent of the lithium spectrum d
cerrespond to the dependence behavior at higher temperatures. Indesd, rmethod of CW saly
shows higher values of the spin relaxation rate because due o the nonuniform distributl
lithium the rmost slowly relaxing centers already saturated and do not contribute 10 measured wl
It the saturation is pulsed. due to the application of short pulzses the spectrum excitation
greater than the range of fields in which there are lines of the entire spectrum, Thereforg
rmpossible to determine accurately which state corresponds to the measured relaxation time.

Comparison of the obmined spin-latice relaxation times for the states of the isolated
center and the Li0 comples which have a different structure of the ground states showed that
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tee of the orbital degeneracy. relunation is faster tor single lithium than in the compleses
yen. for which the ground state 15 not degenerate [3],
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Llemperaiure dependences of the spin-lattice relasanon mtes for T, compenent of the
Lid (b [100], The selid lines dencte the Blome-Orbach and Orbach

NS, Fespoectiels

1 SPECIrm a2

the solmed lithiwm impuriny the relaxanon raee as a function of temperature 1 i< well
thed by the Blume-Chrbach process [7].

¢ is the silicon density, v is the sound selovity, b is the parameter of the electron-phonon
wction. which in owr case 1s proportional w A A with A deseribing separation of states caused
Magnetic field or strains and the parameters of the SO coupling v =1 1 meN for Li donor
th are in agreement with those deseribing the experimental g-factors measured in 3
i the same tove the 110 donor with orbital n mclegenerate pround state, for which the Crbach
Poess | 1] with relaxation rate ¢ '« is important “ote also. thar 4 = 1.5 107 meV as well
gther measured parameters tor 1,0 compleses are i wood agreement with those nbhramned from
cal specira "| W-hand medasurements show that |a specirun can by |'l|‘:|:-.;g:'1.;_'\_! at E"|'|1_1|'3;-|
erature (15 Ky which aused by fow spin-relaxation rite at high magnetic ficld. Therefore ane
hugeest that strains arc less imporant even tor N-hand measurements Comparing the S0
ling parameters for Lioand LiCy centers one can conclude that tor lithium compleses the S0

oution comes ot trom lithoom but om anothier componen of the Jefect {uaraen in tha

g studied ﬂ["ill relaxation times {or | doners in [‘,’1:,‘-:1|::im.‘-:|,'l'|,'\'ii_' 81 over the temperatre range +
K. Companison of the obtained spin-lattice relaxation times for the states of the isolated donor
ter and lithium complex Li0y showed that due 1o the presence of arbital degeneraey. relaxation is
ter for isolated lithium than the complexes L0, far which the ground state is not degenerate. For

lithium doner the relaxation is well described by Blume-Orbach process. whereas the Orbach
wess s dominant inthe spin relaxation of the LiO center. Investigations of the spin relaxation
es also allowed us o measure parameters of the spin-orbil coupling, which are - 1107 meV and
[.3-10™ meV for isolated Li center and the Li0) complex, respectively.




! Solid State Phenomena Vol. 242 325

tee of the orbital degeneracy. relunation is faster tor single lithium than in the compleses
yen. for which the ground state 15 not degenerate [3],

1 _ )
| "
ﬂ‘| i ‘4
" "
l
1] - ' — . . _ "
T K 1 -
[al (b

Llemperaiure dependences of the spin-lattice relasanon mtes for T, compenent of the
Lid (b [100], The selid lines dencte the Blome-Orbach and Orbach

NS, Fespoectiels

1 SPECIrm a2

the solmed lithiwm impuriny the relaxanon raee as a function of temperature 1 i< well
thed by the Blume-Chrbach process [7].

¢ is the silicon density, v is the sound selovity, b is the parameter of the electron-phonon
wction. which in owr case 1s proportional w A A with A deseribing separation of states caused
Magnetic field or strains and the parameters of the SO coupling v =1 1 meN for Li donor
th are in agreement with those deseribing the experimental g-factors measured in 3
i the same tove the 110 donor with orbital n mclegenerate pround state, for which the Crbach
Poess | 1] with relaxation rate ¢ '« is important “ote also. thar 4 = 1.5 107 meV as well
gther measured parameters tor 1,0 compleses are i wood agreement with those nbhramned from
cal specira "| W-hand medasurements show that |a specirun can by |'l|‘:|:-.;g:'1.;_'\_! at E"|'|1_1|'3;-|
erature (15 Ky which aused by fow spin-relaxation rite at high magnetic ficld. Therefore ane
hugeest that strains arc less imporant even tor N-hand measurements Comparing the S0
ling parameters for Lioand LiCy centers one can conclude that tor lithium compleses the S0

oution comes ot trom lithoom but om anothier componen of the Jefect {uaraen in tha

g studied ﬂ["ill relaxation times {or | doners in [‘,’1:,‘-:1|::im.‘-:|,'l'|,'\'ii_' 81 over the temperatre range +
K. Companison of the obtained spin-lattice relaxation times for the states of the isolated donor
ter and lithium complex Li0y showed that due 1o the presence of arbital degeneraey. relaxation is
ter for isolated lithium than the complexes L0, far which the ground state is not degenerate. For

lithium doner the relaxation is well described by Blume-Orbach process. whereas the Orbach
wess s dominant inthe spin relaxation of the LiO center. Investigations of the spin relaxation
es also allowed us o measure parameters of the spin-orbil coupling, which are - 1107 meV and
[.3-10™ meV for isolated Li center and the Li0) complex, respectively.




326 Gettering and Defect Engineering in Semiconductor Technology XVI

| -

T pe—

Acknowledgements

We would Tike to thank AN, Tyevshking MLW. Thewalt, 111, Morton and V. A, Burdow fof
valuable discussions. and acknowledee financial support from the “Dynasty” Foundation, RFBR
torants 13-02-31637 and 15-42-02254), and Russian Ministry of Education and Science through
projects 2014134 and RFMEFIS84 14X 0008,

References

[I] T.G. Castner.Phys. Rev., 133 816 {1967),

[2] G.D. Watkins, F.S. Ham. Phys, Rev, B | 4071 (19707,

13] A A Eehevskin, el al., Solid State PhenomenaVols. 205-206, pp 191-200 (2014},
[4] A A Ezhewskii e al., Phyvsica B 404, 3063 (2009)

[ZR. L. Aggarwal, L. P Fisher V. Mourzine, AL k. Ramdas, Phys, Rev, 138, AB93- A893 (1964),
[6] A.A, Ezhevskii, ot al.Semiconductors Vol 47 pp. 168-173, (2012

[71 M. Blume, R, Orbach, Phyvs Res o 1270 15387 (1962).





