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Electron-spin phase relaxation of phosphorus donors in nuclear-spin-enriched silicon
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We report a pulsed electron paramagnetic resonance study of the phase relaxation of electron spins bound to
phosphorus donors in isotopically purifi8Si and natural abundance S7'Si) single crystals measured at
8 K. The two-pulse echo decay curves for both samples show quadratic dependence on time, and the electron
phase relaxation tim@&), for 2°Si is about an order of magnitude shorter than that"#8i. The orientation
dependence ofy, demonstrates that the phase relaxation is caused by spectral diffusion due to flip-flops of the
host nuclear spins. The electron spin echo envelope modulation effe€iSiiare analyzed in the frequency
domain.
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Group-V impurities in silicon have been studied exten-state electron can be excited by absorbing a phonon if the
sively in semiconductor physics. Experimental techniquegphonon energy is comparable to the transition energy from
such as infrared absorption, photoluminescence, and electréhe A; ground state to th& or T, excited states. When re-
paramagnetic resonan¢EPR) have revealed detailed prop- turning to the ground state, the electron is subject to a spin-
erties of the impurity centers. EPR is particularly convenienflip at a certain probability. Thid; process, known as an
for the identification of defect structures since the hyperfinéOrbach process, also limify over the temperature range
(hf) interaction is a sensitive probe of the spatial distributionfrom 10 to 20 K2*®While T, is dominated by the Orbach
of the electron wave function. For instance, Feher and lateprocess down to 6 K, and extends exponentially with
Hale and Mieher applied an electron nuclear double£ooling!**?Ty starts to deviate frorif, and becomes insen-
resonancéENDOR) technique to this system, and measuredsitive to the temperature below about 10K Since our
hf interactions between the donor electron spins and theiPin echo experiments require each pulse sequence to be re-
neighboring host nuclear spihé These experimental works, Peated at time intervals much longer thign we found 8 K
together with theoretical investigatioddhave deepened our t0 be an appropriate temperature, low enoughTigrmot to
understanding of shallow donor impurities. be limited by T; but high enough to ensure a reasonable

Recently, Kane and others gave a new perspective to th@easuring time. _ _
donors in Si, a playground for solid-state quantum informa- A Cz-grown single crystal of“Si, enriched to 99.23%,
tion processing, since nuclear and electron spins in semicorrad a rectangular shape with its long axis in fh&0] ori-
ductors can be regarded as well-isolated two-level systemgntation. The sample contained X80'® P/cn? with the
qubits>~7 If the donor electrons are qubit§’Si nuclei that compensation of 1.8 10'° B/cm?. Further information on
have spin-1/2 and occupy 4.67% of the lattice sites in natuthis crystal is provided in Ref. 13. R'Sj sample was cleaved
ral Si ("¥Sj) are decoherence sources as their flip-flops profrom a commercial high-quality wafer containing 0.8
duce fluctuations of the local fields. Inde€dSi-depleted, X 10 P/cn? with a negligible amount of compensation.
isotopically controlled?®Si:P exhibited the coherence time The net donor concentrations of both samples were kept low
two orders of magnitude longer th&ASi:P8° demonstrat- so that the dipolar or exchange interactions between donors
ing that such nuclear spin-diluted Si would be indispensablevould be suppresséd.l® Pulsed experiments were carried
for building a practical Kane-type quantum computer. On theout using a Bruker Elexsys E580 spectrometer, and samples
other hand, a study of the decoherence caused by the spectvadre kept in an Oxford ER4118CF cryostat. Temperature
diffusion arising from nuclear flip-flops requires a material of was controlled with an Oxford ITC503 temperature control-
the opposite class, nuclear spin-enriched Si. This novel mder. The echo-detected EPR spectra, in which the intensity of
terial is also interesting because of its similarity to Ill-V the Hahn echo was measured as a function of the external
materials in that the electrons are localized in a sea ofagnetic field, consisted of two Gaussian-shaped lines sepa-
nuclear spins, and more preferable for our purpose owing toated by 4.2 mT. The splitting is due to the hf interaction
the negligibly small spin—orbit interaction in bulk Si, which with 3'P, and each line is inhomogeneously broadened by the
could otherwise contribute to decoherence. surrounding 2°Si nuclei. The linewidths (FWHM) are

In this paper, we report the phase relaxation tifgefor P~ 0.26 mT for"®Si and 1.2 mT for*®Si. In the following ex-
donor electron spins in isotopically purifiedSi and "¥Si  periments, the external magnetic field was set to the center of
measured at 8 K. The temperature was chosen soTihat the line at higher field§By,=348 mT). T; was measured us-
would not be affected by the spin-flip tinlg. The ground- ing an inversion recovery methotir-t-7/2-7m-recho,
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70 axis). The open square§ ]) representTy, for "@Si, and the open

circles(O) for 2°Si. Note that the unit of the vertical axis differs for
each sample. The inverse square roodgfcalculated based on the
g1ethod of moment is also shown by a dashed (ight axis.
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FIG. 1. The two-pulse electron spin echo decay curves as
function of 72 at =0° and 50°. Note that the unit of the horizontal
axis differs for each sample, and the scale for eéchhe straight
dotted lines are the fits to the echo envelope decay®sif The
oscillation observed iR%Si is ESEEM. See the text.

and thatT, for each sample is much shorter than the respec-
tive T;.

The orientation dependence ©f; given in Fig. 2 shows
Ty to be longest ap=0°, and shortest arourg=50° —60°18
The dependence manifests the fact that the phase relaxation
is caused by?°Si nuclei mutually coupled via the dipolar
interactions. This can be verified by calculating the second

and is 16 ms fof®Si and 4.4 ms foP2'Si. As the temperature
dependence of the Orbach process is given byr;1/

=R exp(-A/kT), whereR is the rate constant and the momentM, of the 2°Si nuclear spin systenM, calculated

valley-orbit splitting energy, the difference i, between i van Vieck's method of moment is the sum of squared

samples could arise in part from a slight difference in thegino|ar fields produced by the nuciand its inverse square
actual sample temperatures. The isotope shift &f unlikely .+ ic 4 convenient measure of the nucl&ar(M,)~2 for a

ftofcauze tEetdlffergncte_ "} since it was ntot ob%eg_ved 'r; olur 100%?°Si crystal is shown in Fig. 2 by a dashed line. Cor-
Infrared photoconductivity measurement on L crystal — yelations between the electron, and the nucleaM, are

within the resolution usetf The presence of compensation :
and dislocation(10% cm?) in theggsi crvetal can glteﬂ' apparent. Asl\_/lz dm_actly reflects the strength of_the nuclear
y 1 dipolar couplings, its orientation dependence is understood

i 16,17 H i _ L .
chang_ngr.] I_Hlowifver, we ﬁand%onclude that this d|ff§r qualitatively as follows: WheiB, is along[111], one of the
ence inT, has little effect on the difference ify presented ¢, nearest-neighbor bonds of the Si atoms is parall&lo

below, based on the previous assumption thatoes not and this pair of nuclei gives rise to the strongest coupling;

Cor_:_t;'bu'[ﬁ toTy. laxati . tigated usi ; | hence,M, takes its maximum. WitlB, along[001], all the
€ phase refaxation was investigated using a two-pu SSipolar couplings between nearest neighbors are frozen since

lsallom %::s\gﬁ? doidr?g%_()T:rsz_Ts_teeChsof’a\%vé]ie;enéhjol?rfgrstglss ]%?' the angle betweeB, and the vector connecting the nearest
y T p P neighbors is a so-called magic angle; henkk, takes its

29q; ;

Si. The duration of ther/2 pulse was 16 nsThe samples minimum. In fact, such an experimeng has been reported
were rotated around thd 10] axis perpendicular t@,. We  for NMR of %C diamond, a material similar #/Si2° As the
define ¢ as the angle betweeB, and [001]; therefore,f |ine shape studies of NMR spectra f6€ diamond and®Si
=0° when Byll[001], #=55° when Byll[111] and §=90° have revealed that they share essentially the same line-
when Byll[110]. Since the echo-detected EPR spectra werdroadening mechanisr, for 2°Si will show the same ten-
independent of the crystal orientation, and no other EPR sigdency as that fot°C diamond if measuretl:?2
nals were found, the alignment of the crystal from an EPR Although the comparison witivl, works qualitatively, it
signal was not applied here. We estimate the uncertainty in provides little information on the actual value ©f;. Theo-
to be less than 5°. Figure 1 shows the echo decay curves gdtical estimation offy, must take the hf interaction between
0=0° and 50°. Although so-called electron spin echo envethe electron and host nuclei into account, as well as the
lope modulationESEEM) obscures the echo envelope de-nuclear dipolar coupling. Generally, to characterize a system
cays, they clearly obey a quadratic decay law, expressed aghere the electron phase relaxation is caused by the spectral
exp—-m7?). A single-exponential term exp2br) is, if  diffusion due to flip-flops of the host nuclear spins, the dif-
present at all, quite small. Thu$,, can be defined as the fusion barrier that prevents the flip-flops within its bounds
time at which an echo envelope damps t@ bf its initial ~ must be considere®.As the Fermi contact hf interaction,
value, i.e..Ty,=2m 2. We note that our temperature setting which is proportional to the density of the electron wave
and assumption on tHE, effect are justifiech posterioriby ~ function |W(r;)|?, varies from site to site, a flip-flop of a
the fact that the echo decay curves are not single exponentiaértain pair of nuclei occurs only when the difference of the
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hf interaction between the pair is small enough to satisfy the (a)
condition of energy conservation. The condition must be
evaluated for each pair, sind&(r;)|> does not decrease
monotonically with increasing; but oscillates due to the
multivalley nature of Si. Such a theoretical treatment has
been proposed by de Sousa and Das Séfritas therefore
interesting to compare our results with theéi¥sSTheory pre-

dicts the observed angular dependence correctly, but overes-
timatesT,, by about a factor of 3 for both samples. This w ; ' '
already-reasonable agreement becomes even better if we take 0 3 6 9 12
the ratio of Ty, between the samples. Indeed, the theoretical ; . .
ratio of Ty, for "@Sj to that for2°Si falls between 11.2 and  (® 90 ) ‘
11.8, while the experimental ratio lies between 11.2 and 14.4. o
Given the difficulty in determining the precisg, due to 4
ESEEM, their calculation is in good agreement with our ex- 60
periments. Another comparison is to take the ratio of the
maximum(6=0°) and minimum(#~ 55°)T,,. Theory yields
2.7 for "¥Sj and 2.9 for?°Si, compared with experimental .
values of 2.0 for"®Si and 2.1 forSi. The larger values in 30 o,
the theory may indicate the presence of an isotropic contri- )
bution to Ty, but it is not clear at this stage whether other
decoherence mechanisms must be incorporated or an im-
proved theory of nuclear-induced spectral diffusion suffices 30 5 76 35 75
to explain the discrepancies revealed here. Incorporating ' ' ' ’ )
non-Markovian nuclear flip-flop processes would certainly Frequency [MHz]

be an interesting refinement of the theory, while the stochas-
tic treatment proved valid even fé?Si. It is also noteworthy
that recent multiple-pulse NMR studies in Si provide a

glimpse into the complicated behavior of this seeminegDOR frequencies around 3 MHz. They showd1)-axis pattem.

. . o0 .
simple dipolar coupled_systefﬁ. ) Clgarly, more experl- e solid(dashedgllines are forv,(v-). Which lattice site produces
mental and theoretical investigation is necessary for a fullj,es A B and C is explained in the text.
understanding of the phenomena.

We now turn our attention to the remarkable feature of the

decay curves: ESEEM. The origin of ESEEM can be deJ0°. Peaks around 3 MHz are the ENDOR lines, and their

scribed briefly as follows: If the nuclear spin feels, in addi—"’mgLJIar deper)dence is shown in Figb)3 from W.h'Ch we
tion to the external magnetic field, the moderate hf field pro-s’efa a(ll])-ams'patterrf-. The I,ENDOR, frequgnmes for an
duced by the electron spin, the nuclear spin precesses arouftia!ly syémmetnc hf tensor with an isotropic g factor are
an effective magnetic field which is tilted from the external 9'V€N by
magnetic field, i.e.m, is no longer a good quantum number. 2 5 . 5
Due to this state mixing, formally forbidden nuclear—spin- v, = \/(VI + a5+ b(3 cosg; - 1)) . <3b sin 2gpi>
flip transitions(Amg=+1,Am,=+1) can occur, and interfere - 2 4 '
with allowed transitions to produce beats in the electron spin

{deg]

FIG. 3. (a) The frequency domain ESEEM spectrafisi at 4
=0°,50°, and 90°. The vertical axis is shown in an arbitrary unit
and shifted for clarity(b) The orientation dependence of the EN-

echo envelope. In two-pulse experiments for $m1/2,] ~ Wherey, is the nuclear Larmor frequencg,, the isotropic
=1/2 spin system, the modulation contains the ENDOR fre-hf coupling constanth the anisotropic hf coupling constant,
quenciesr, and v_, and their sum and difference,+v»_.  and ¢; the angle betweeB, and the unique axis of the hf

When many nuclei are coupled to the same electron spirf€nsor.y; is calculated to be 2.94 MHz as the gyromagnetic
some combination frequencies are also contained since tiatio of 2Si nuclei is 8.46 MHz/Tw, calculated witha,
two-pulse ESEEM is the product of individual modulation =570 kHz andb=681 kHz agree well with the experimental
functions. results, as shown in Fig.(§). In comparison with hf con-
We analyzed the ESEEM spectra in the frequency dostants obtained from previous cw ENDOR experiméritee
main. Although ESEEM was also observed"si, we treat observed peaks are assigned to shelLED, i.e., four near-
only the case of°Si here because the larger modulationest neighbors of the donor. Lines A and B originate from
depth in?°Sj facilitated the analysis. Also, the modulation (111) and(111) sites, respectively. Line C is doubly degen-

depth is strongly angle dependdFRig. 1), since the degree te. since111 111) sites locat h other at pl
of state mixing depends on both the position of each nucleaerra e, sinc¢111) and(111) sites locate each other at plane

spin and the orientation of the external magnetic field. ToSYmmetric positions with respect to th&10) piane. Thf
obtain a frequency-domain spectrum, the slowly decaying*Perimental data corresponding to line C6at0° and 10
part of a time-domain spectrum was subtracted first, then thaPlit, however. This suggests that the sample was not exactly

remaining modulation was Fourier transfornf@dFigure rotated around thg110] axis, most likely due to a small
3(a) shows the frequency domain spectrafat0®, 50°, and  misalignment of the crystal. This assumption is supported by
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the fact that the ESEEM if®'Si at =0° did not split(not ~ Sousa and Das Sarma. Frequency-domain analysis revealed
shown. The strong peak at 5.9 MHz is the sum frequencythat ESEEM effects originate mainly from the hf interactions
but signals from shell A004) are overlapped. The fourth petween the donor electron and its nearest-neighbor nuclei,

harmonic is also observed at 11.8 MHz, and the third haras syggested by Saikin and Fedichkin. Our results also pro-
monic is barely visible around 9 MHz. We did not observe,jqe insights into the localized electrons in I1-V materials,

the third and fourth harmonics K'Si. We also observed tiny such as GaAs, whose lattice sites are full of nuclei with
peaks around 5.2 MHz throughout the angles tested. The|¥ . . )
onzero spin. Their phase relaxation would be severely con-

are assigned to shell 840), but the detailed angular depen- . e
dence \?vas untracei)lg). A three-pulse sti?nulatedp echisolled by nuclear-induced spectral diffusion; therefore, the

method would be suitable for a more detailed ESEEM Study{;\xperimental conditions must be arranged carefully so that

From the viewpoint of quantum computing, ESEEM clearly the effects of nuclear spins may be suppressed, e.g., high

leads to quantum-gate errors. For this purpose, time-domaimagnetic fields, decoupling pulses, etc. In the near future we

analysis is highly desirable as recently simulated by Saikirplan to prepare a series of samples with differéi isoto-

and Fedichkirt? pic composition. Such samples will allow us to carry out
In conclusion, we have measured the phase relaxatiogystematic relaxation time studies of the electron and nuclear

time T, of P donor electron spins foSi and?°Si at 8 K. spins as a function of®Si concentration.

Ty for 2°Siis an order of magnitude shorter than thatRgi

due to much more frequent flip-flops of the host nuclear We thank H.-J. Pohl for thé®Si crystal and R. de Sousa

spins. The orientation dependencelgf agrees qualitatively for valuable comments and kindly providing his calculation

with (M,)~Y2 for a 100% 2%Si crystal calculated with the results. This work was supported in part by the Grant-in-Aid

method of moment, and quantitatively with the theory of defor Scientific Research No. 64076215.

*Electronic address: kitoh@appi.keio.ac.jp A. Lyon experimentallyunpublishegl
1G. Feher, Phys. Revl14, 1219(1959. 193, H. Van Vleck, Phys. Rev74, 1168(1948.
2E. B. Hale and R. L. Mieher, Phys. Re¥84 739(1969. 20K, Schaumburg, E. Shabanova, and J. P. F. Sellschop, J. Magn.
3J. L. Ivey and R. L. Mieher, Phys. Rev. B, 822(1975. Reson., Ser. A112, 176(1995.
4H. Overhof and U. Gerstmann, Phys. Rev. Le®2, 087602 21K. Lefmann, B. Buras, E. J. Pedersen, E. S. Shabanova, P. A.
(2004). Thorsen, F. Berg Rasmussen, and J. P. F. Sellschop, Phys. Rev. B
5B. E. Kane, NaturéLondon) 393 133(1998. 50, 15623(1994).
6R. Vrijen, E. Yablonovitch, K. Wang, H. W. Jiang, A. Balandin, V. 22A. S. Verhulst, D. Maryenko, Y. Yamamoto, and K. M. ltoh, Phys.
Roychowdhury, T. Mor, and D. DiVincenzo, Phys. Rev.6%, Rev. B 68, 054105(2003.
012306(2000. 23K. M. Salikhov and Y. D. Tsvetkov, iffime Domain Electron
’T. D. Ladd, J. R. Goldman, F. Yamaguchi, Y. Yamamoto, E. Abe, Spin Resonancedited by L. Kevan and R. N. Schwariwiley,
and K. M. Itoh, Phys. Rev. Lett89, 017901(2002. New York, 1979, Chap. 7.

8J. P. Gordon and K. D. Bowers, Phys. Rev. Léit.368 (19598. 24R. de Sousa and S. Das Sarma, Phys. Re68B115322(2003.
9A. M. Tyryshkin, S. A. Lyon, A. V. Astashkin, and A. M. 2Theoretical values given here were provided by R. de S¢qusa

Raitsimring, Phys. Rev. B58, 193207(2003. vate communication
10E. Yablonovitch, H. W. Jiang, H. Kosaka, H. D. Robinson, D. S. 26S. Watanabe and S. Sasaki, Jpn. J. Appl. Phys., P4& 21350
Rao, and T. Szkopek, Proc. IEE#L, 761(2003. (2003.
11T, G. Castner, Jr., Phys. Rev. Leg, 13 (1962. 2TA. E. Dementyev, D. Li, K. MacLean, and S. E. Barrett, Phys.
12T G. Castner, Phys. ReW55, 816 (1967). Rev. B 68, 153302(2003.

13K, M. ltoh, J. Kato, M. Uemura, A. K. Kaliteevskii, O. N. God- 28T. D. Ladd, D. Maryenko, Y. Yamamoto, E. Abe, and K. M. Itoh,
isov, G. G. Devyatych, A. D. Bulanov, A. V. Gusev, |. D. Kova- gquant-ph/0309164unpublishegl
lev, and P. G. Sennikov, Jpn. J. Appl. Phys., Pard2 6248 291n the present experiments, a steprafas set to 40 ns; hence, the

(2003. Nyquist frequency is 12.5 MHz. As the data were taken from
14C. P. Slichter, Phys. Rew9, 479 (1955). 7=320 ns, all the modulation components that decayed within
15M. Chiba and A. Hirai, J. Phys. Soc. Jp83, 730(1972. 320 ns cannot be recovered in the frequency-domain spectra.
16K, Sugihara, J. Phys. Soc. Jph8, 961 (1963. 30A. Schweiger and G. Jeschkerinciples of Pulse Electron Para-
17G. Yang and A. Honig, Phys. Re\l68 271 (1968). magnetic Resonana®xford University Press, Oxford, 20R1

18This tendency has also been suggested by A. M. Tyryshkin and $1S. Saikin and L. Fedichkin, Phys. Rev. &, 161302R(2003.

033204-4



