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Correlation of phonon decay with localized electron spin-phase diffusion
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A spin decoherence mechanism is proposed for localized electrons. The irregular phonon phase disturbances
originated from phonon relaxation can influence electron spin precession with a net effect of spin phase decay.
A guantitative analysis demonstrates relatively high efficiency of this mechanism in the low temperature and
low magnetic field regime compared to the spin-flip processes.
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I. INTRODUCTION A different situation can be realized when a phonon har-

Recently, much attention has been devoted to electroﬁ‘onic o'scillation is in?errupted and resumes at a series of
spin relaxation in quantum dot®Ds) since they provide a Instant times; andty (i=0,1,..), respectively. The reason
natural candidate for the qubits in quantum computing. AOf such phonon fluctuations can be lattice anharmonicity,
typical approach to this problem is to calculate the spin tranphonon scattering at the impurities or lattice defects, etc.
sition probability associated with the spin-flip processes, i.e.These irregular phonon perturbations affect the electron spin
longitudinal spin relaxation. However, quantum computing isprecession resulting in the phase shith; at each interval of
qualitatively limited by the processes that result in the detime ty—t;;. Subsequently, the net effect of spin phase
struction of electron spin phase coherence. For examplghanged,(t) due to a phonon modp can be expressed as
phase diffusion of localized electron spin can be charactere,(t)=2Ad; , (15 <t) .
ized by relaxation mechanisms that are not related to spin- Note that for a large number of small chandes; , their
flip processes under certain conditions. Hence, a further intotal effect can be described by a diffusion equation. Its so-
vestigation oftransversal(or phasg relaxationT, is crucial  lution leads to an exponential decay of electron spin phase
for an accurate understanding. with a relaxation rateT,'=1/2(A¢)7", where 7, is the

One such mechanism was proposed in Ref. 1 where mean time between sequential instanfs(or t,).> To esti-
random change of spin precession and subsequent spin phaggte the spin phase change, caused by a phonon pertur-
diffusion is associated with the transitions between electroni@ation during thety—ty; , it is helpful to recognize that a
quantum states with differerg factors. Although generally single oscillator influence does not change a spin phase dur-
efficient, this process is frozen out at low temperatures due tihg its full period At,=2m/ w, as well as for anyn integer
its phonon-mediated nature and the direct spin-flip is experiodsn27/w, . Hence A¢; can be approximated as a spin
pected to be the dominant mechanism of phase relaxa'“o?otationQpAtp in an effective field, independently on du-
rog\t’ﬁver’ the dSpln-glp relaxa'ilr?n reveali af_‘é%y SUGAtY  ation t,—t, . With the mean valugAd) on the order of
fther meffeciive ot low fieds, Hence, s necessary 10 ex_2¢/ s 01 Can eXpecty! 7, 05/t for the phoron mode

' ’ and T,*~3 N,7'03/ 0> when the contributions of all

plore other potential sources of decoherence, particularly i honons(with the population factoN, ) are taken into ac-
the low field and low temperature regime. In this work, We Lount P

show that the spin-phonon interaction, which heretofore was The qualitative consideration provided above shows that

considered mainly with respect to the resonant processes, cal ctron spin phase relaxation can be strongly affected by

provide such a mechanism if a finite phonon damping is . -
taken into account. phonon phase damping of any origin such as phonon decay.

o . . Moreover, since this mechanism does not involve energy ex-
Our analysis is based on the representation of spin-

: 2 : . . change, only the longitudingwith respect to the external
phonon interaction in terms of fluctuating effective magnetic P ) )
field (in units of energyacting on the electron spi This magljenc fieldB) component(, of the effective f]uc_tuatmg .
o - s field is relevant to our case. These characteristics qualita-
field is assumed to be composed of additive contributidps tively distinguish the mechanism under consideration from
from each phonom={g, »} with a wave vectog and polar-  gther processes, most of which are determined by fluctua-
ization x , i.e., Q=20 . For the moment, let us focus on a tions of transversal componengs, and (), at the resonant
single phonon contribution. Then, in the frame of referencdrequency with the Zeeman splitting.
rotating with the Zeeman frequency, the electron spin per-

forms precession around the sm@l} , which oscillates with

a phonon frequency, . No alteration in the electron spin Il. THEORETICAL MODEL

phase occurs due to such a harmonic perturbation with a

possible exception of spin phase shifty, acquired at the For a detailed quantitative analysis of the proposed
initial period of interaction 8<t<2w/w, due to a random mechanism, let us start with the spin—phonon interaction op-
phonon phas#,.* erator,
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—_ Az non correlation functiong,(w)=(Q,(7)Q_y),, is Lorentzian-
Hs—ph—QSa (1) . . L P P . e
like since the corresponding Green function satisfies the
where theath componenta=x,y,2) of the fluctuating field  equation Gp(w):(wp/w)[wZ_wg_zprp(w)]-l, where the
takes a form linear in the creation and annihilation operatorsmass” operatoM () depends on the phonon interaction

a} anda, of the phonon mode [-p={-q,]; i.e., (see, for example, Ref.)9In the most general case, this
0,=3 VPQ, = D Vg(ag —a,), ) correlation function takes the forfth
p P 1 (2Np + 1)Fp(w)
. . . . . (Pp((l)) = 2 2N2 2 2 ’ (5)
with a matrix elemen®® of the spin—phonon interaction. (0 = wp) Ty + ()

o < .
The specific form o, will b_e dlscuss_ed later. wherel'(w)=Im My(w) depends on the specific mechanism
Now we focus on the spin evolution caused by random

. X . of phonon scattering. In such a mannEg(w) is a function
fluctuations ofQ2, . Obviously electron spin follows each of of temperature due to the anharmonicity of the third and

time scaler, of the ), fluctuations. Actually a random single Sourth order; furthermore, _ther_e are contrl_butlons by_other
gources of phonon scatteririgoint defects, isotopes, dislo-

spin fluctuation associated with each phonon scattering i5_ . . .
egpected to be very small and drops F())ut of the problgm'cat'ons' crystallboundarles, and interfgdbsit reve_al differ-
instead, the total result of these small fluctuations average‘ant dependencps_ on and w,. Hence, an evaluatlon of the
over the time scale\t (r.<At<T,) is the subject of our relaxation coefflplents becomes too complicated to be_ ap-
investiaation. The time e:/olution éf mean sin vaiean be proached analytically. Instead, to proceed further, we utilize
descrit?ed b. the quantum kinetic e uaﬁd% the case of the phonon relaxation time that can be extracted from the
anisotronic |}r/1ediur?1 and interacti q Eq. (1 thermal conductivity measuremergtee Ref. 11 and the ref-

P Ofpn [EQ. (D], erences there)n An expression appropriate for the correla-

d..._ . _ . N . tion function Fourier imagey,,,(w) was derived in Ref. 5 in

E[s(t) = X 8(t) - I[S(t) - Sol, 3 the relaxation time approximation. For our particular case of

o _ _ _ w=0 andu=v=z, it can be reduced to
where o is an effective field with componentsy; 1

=3 g;jueB;.° As usual,g;; are the components ofgatensor, p

theJ sgLIJ]tI;LsEi:riptsi; andj regjte to the cryst%lline coorgainate sys- ng: > VElVEZ(Qplsz>7_Tw2 +1T—2' (6)

tem, ug is the Bohr magnetort,..)=Tr{e /T, }/Tr "7 PP PPt

where Hy is the Hamiltonian of the dissipative subsystemwherer,=1/T";(w,) is the relaxation time of phonon moge
(lattice vibrations in our cageandT is the temperaturew  (i.e., phonon lifetimg In most cases, one can assumg

and T are expressed in units of energy. The maffixof > 7! and neglect the second term in the denominator of Eq.
relaxation coefficients is composed of Fourier transformed6). Then, along with the definition of the operatQy, [see
correlation functions, Eq. (2)], one can express the nonresonant phonon contribu-
tion to the transversal spin relaxation rate in the form

1 (" .
Yur = V@) =(Q (1)), = ZJ (Q(nQ,)eTdr,

-1
Toh= S VRPN, + 1) 2, 7)
(4) p Wy

with Q,(n=expiHgnQ, exp-iHg). It has a canonical which is in_ ac_coro_lance with the qualitative ar_1a|ysis dis-
form in the frame of references §, 2 with 2 directed along cussed earlier in this Paper. The phonon population faggor
& (30 thatu, ¥=x, y, 2). With a provision that the correlation IS 9iven asexplwp/T)-1]"". _ _ o
functions are symmetrica,, (w)=y,,(v), the mattixt”has S8 D, N S o o, However, this sil
2 simpler form: in— Tzt %), L=y rp/f‘)’ Iz, requires detailed knowledge of the phonon dispersigand
=mM(hoct Wy D™ =My, (17 v), Where y;,=y;40), the relaxation timer, for each i
- _ it g ~ i b phonon mode. By taking
n=n(w2) I/glJ'e )12, &%=-1/2ZanHw/2T),  ©=®; 56 account the conditions frequently encountered in quan-
=(Zi o)™ . ) tum computation utilizing semiconductor QDs, we restrict
One can see that the coefficierts andI'y, responsible  or consideration to the case when the radiysf the elec-
for transversal [elzlaxatgon consist of two parg;,=7Nyy  tron state is much larger than the lattice constant and the
(or My, and T, 4=y, A comparison with the_'f)ngltUd" temperature is sufficiently low. Since the spin—phonon inter-
nal relaxation coefficient’;, shows that the terri,, stems  action matrix\? is significant only for the phonon wave
from the contribution of spin-flip processes involving energyyector q<1/a,, a largea, essentially limits the summation
exchange between the Zeeman and phonon reservoirs. Singg Eq. (7) to long wavelength phonons. Subsequently
the Iongitudingl relaxation has been the subje_ct of a numbefhich is a complex function of the temperature and phonon
of recent studie$?"#we focus on the analysis of thg frequencies? can be considered in the long wavelength
term. _ _ o limit. Moreover, at low enough temperatur@ss T (Tps
The correlation function Fourier imadé&q. (4)] of the <10 K in the case of Ref. 32 only one term originating
effective field() is expressed in terms of the phonon opera-from the boundary scattering survives for phonon
tors according to Eq2). In turn, the Fourier image of pho- relaxation'! Since this mechanism is insensitive to the tem-
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perature as explained by Ref. 11, it is adequate to assume-8A3;)=-1/3 if one assumes that the strain induced part of
constant phonon relaxation timg= 7, for long wavelength  the effectiveg-tensofg;; =X Ay Uy is characterized by zero
phonons afT < T, This permits us to avoid the problems trace, i.e.,Az3+2A;,=0. Whena, is much larger than the
associated with the complex dependencepand7,, which  lattice constant, the upper limi,,, in the integral of Eq.
can be very specific for each particular sample. (10) may be taken to infinity sincé(q) restricts the actual
phonon wave vectors tg=<1/a; as discussed above.
Let us evaluate spin relaxation of a shallow donor with an

A. Effect of g-factor fluctuation effective Bohr radiusg (=ap) and®(x,2)=(1+x?)72. Utiliz-
To evaluateV?, we consider the spin-lattice interaction ing the constant phonon relaxation time approximatign
via phonon modulation ofy factor. In general, the spin— =7, for T=Tyg the integral in Eq(10) can be evaluated

lattice interaction Hamiltonian can be written in terms of theanalytically,
tensorAyj 13143

— L 28B)7h ( [[ T2 2d [ T

1_ h =T —
Hon= > A B:S Uy, 8 Ty0= 1+ + 1+ . (12
s-ph 2 ijkl MBD;S Uk (8) 45 Ti SCE Tf

ijkd
whereuy is the strain tensou,, averaged over the electron WhereTH(L):(16/157T)TEI'fI')' Note that Eq.(12) is obtained
ground stateg)=y(F): Ug=(g|ug|g). By way of an impor-

tant example, we considerzdirected magnetic field and a _ . :
localized electron with the axial symmetry with respect 1o WO constantshgs and Agz=—2A; in Eq. (8) describe the

the z-axis. This reduces Eq8) to the form of Eq.(1) with effect of spin—phopon couplifgan expressiorTE’lO for an
Q,=[(Ass—As)U,,+Ag;AJuB; here,A denotes the dilatation arbitrarily directedB can be obtained in terms of the direc-
A=S,u; and the Voigt notation is adopte@as=A,,,, Ass tion COS|nes!:BX/B, .m:By/B, n:BZIB. Our calculations
=Assen Ass=Ayyxy). Then, the matrix element of the spin- show that this is achieved by multiplying the factor
phonon interaction takes the expression A A2
f(é/B):1+(—A—gG—1)P

with E§H[001]. In the case of cubic symmetiwhere only

(13

12
) [(Agz— Ag)eba, + 8, | Agi]P(G) ugB,

(9) to Eq.(12); P=3(’mP+m’n*+n??), 0<P=<1. One can see
that the angular dependence of our mechanism does not re-
sult in zero relaxation under any direction Bf Moreover,

Vg:i(z v
pVwp

wherep is the mass density of the cryst#ls the volume of
the sample structur@® the polarization vector of the phonon the directions along the principal ax@801], etc) can result

modep, =L, T, and ®(g)=(g|€¥"|g). The spin-lattice relax- : : . b = ;
. . . in maximal relaxation, while the same directions sometimes
ation rate in Eq(7) can be calculated by treating the phononforbid the spin-flip processd&1s

modes based on the isotropic elastic continuum model with As an example, we consider a phosphorus shallow donor

the longitudinal and transverse sound velocitigsand cr. in Si with ag=1.8 nm. The phonon relaxation time can be

.ASSU”"”Q the amal_symmetrz for the local electron Center’extracted from the low temperature measurements of Si ther-
i.e., ®(q)=d(x,2) (x=qay/2, z=0,/q, the parametea, rep-

: . mal resistivity® in terms of the theory developed in Refs. 17
resents t_he electron state radius as mentioned before 4 11 (7= 2.4% 108 5). The spin—phonon coupling con-
can obtain stants were estimated in the works of Refs. 13 and 15. How-

Xmax 71 ff ever, we believe that direct determination of coupling con-
Ti,lo:Tgk(B)f x—‘f—{coth( )FT(X) stants by means of EPR measurements of Si:P under an
0 7ph applied stress gives more reliable data. A corresponding ex-
3

T«
T

c Tﬁff periment was performed in Ref. 18, where the constggt
+ —FL(x)cot - * dx, (100  =0.44 was found. Similarly, our estimation obtainégs
G =0.31 andA;,=-0.155 that gived,4,=1.3x 10 s* at the
b 200 magnetic field of 1T and low temperaturéb<T
£(B) = (Agz— A1) pgB =10 K.
2m?hpcial In another important case of a Si shallow donor in

Al ,Ga, As, the data on EPR under a uniaxial sttégso-
1 vide rather strong spin—phonon constantsAg§=19.6 and
FLx) = f (Z+ D)*P?(x,2)dz, Ag;=-9.8. This gives the estimatiof,5=6.1x 102 s and
-1 6.1x 104 st for the magnetic fields of 1 T and 0.1 T, re-
spectively, aff=4 K under the assumption that phonon life-
times are identical in these crystals.

Similar calculations can be performed for an electron lo-
calized in a QD ofL,,=2a, in the lateral width and.,,
where 7.t is an average phonon relaxation rat€'" =el,y in the thickness. Under the conditian=0.1, an ap-
=hclkgay is the effective temperature, ang=A;/(Azz  proximate formula takes the form

1
FT(x):J Z2(1 - 2)PA(x,2)dz, (12)
-1
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i » , T of Eq.(17) indicate the inefficiency of this mechanism with a
T,0=éB) | > biy/cl+d ) (14)  very long relaxation timgabout 16* s and 16's, respec-
=LT i tively). Hence, this mechanism can be neglected in most
where the fitting coefficients afe;=1, b, =c3/c?, ¢;=0.33  cases.
-1.27¢%, d;=0.35-0.39%%, ¢, =0.97-28.%°, andd, =0.40
-3.76 C. Two phonon process
Let us compare, as an example, spin phase relaxation

caused by the phonon dec#q. (14)] with the spin-flip So far, we primarily consi'dere'd the influgnce of pho.non
admixture mechanisniRef. 2 in a GaAs QD withL, decay on spin phase relaxation via linear spin—phonon inter-

=3 nm andL,,=25 nm, assuming,,=2.4x 108 s andAq, action as given in Eq(8). Namely, the effect of phonon

=19.6. For the relatively strong magnetic field of 1 T andscattering with an electron spin on phonon relaxation has not

T=4 K, our mechanism and the spin-flip mechanism givebee” considered.e., electron spin-induced phonon degay

T}%%O.l st and ]/21-11:-'-5}”:10 s, respectively, while The Hamiltonian of this process can be derived in terms of

. . ; ; ; 2 —
for B=0.1 T both mechanisms predict almost the same ratgPin—two-phonon interactionH " = >Dijimn/4gB;SjUiUmn

of =102 s, In lower magnetic fields, our mechanism pre- With the spin—phonon coupling constanm, Now the
vails. fluctuating effective field takes the form Q,

=2 \Nz*p'Qpr, (va’p' are the matrix elements cbi(j)ph),

so the correlation function Fourier imagg,(w) [EQ. (4)] is

expressed in terms of phonon correlation functions
The g-factor modulation described in E¢8) is not the  ((Qp,Qp)(1Qp,Qp,).- Its calculation performed in a har-

only possible mechanism of spin—phonon interaction. For amonic approximation leads to a simple expressiﬁ(ra)p1

alternative process, let us consider the hyperfine interactionwpz)(épl’p35p4,p2+ Sp,p3%p,p) (2Np Np, +Np +Np ). Substi-

B. Effect of hyperfine constant modulation

(HFI) of localized electrons with the nuclei: tuting this function fory,,(w) and a parameteb for the
_ o = dominant contribution among the coupling constedgmn,
th—ahfz_ IS, (15 the spin phase relaxation rate for the two-phonon process is
! given at low temperatured <#.c;/kgay) approximately as
whereay is the HFI constant ana is the nuclear spin situ- u2B2D? [ keT\7
ated at sitg with the positionFJ-. Lattice vibrations near the Tgloz B >3 (L> . (20)
nuclear equilibrium positions can lead to effective field fluc- T 21per \Acy

tuations and, subsequently, the spin—phonon interaction. Taks,rameteb can be estimated &= 3(g-2)C2/E2 (g, C, and
g 1 b

ing into account the long wavelength phonons with respect '&, are the electrog factor, deformation potential and energy

. . —_ / . .
the mean internuclear distaneen; %3_(ni is the nuclear spin a5 1'The numerical evaluation of E0) at low tempera-
concentratiop the main part of this interaction for a typical tures(T=4 K) predicts a long relaxation time. In the case of

nuclear spin configuration can be represented as in(Bq. GaAs atB=1 T, one can findT, ;~3x 1 s, which is too

with long to be of any experimental or practical interest.
Q=M1+ Dn/NVgpanA. (16)

Here, the unit vecton is directed along the effective nuclear lll. DISCUSSION

field defined by Eq(15) and Vop=(/f]¢(M)|*d*)™ . A calcu- To illustrate the significance of the mechanism under con-

lation of the phase relaxation rate for the case of a shallovgideration, let us briefly survey the most important spin de-
donor results in the expression, which is similar to E®), coherence mechanisms reported in the literature: the HFI and

1 2 spin—lattice interactions. In the presence of the HFI, an elec-
T£10= $htTpn 1+ —. (17) tron spin perfo[ms precession around t@e sum of the external
' 3 T magnetic fieldB and the effective fieldB,; caused by the
where the parameter HFI. The dispersion oéhf over an ensemble of QDs results
in a relatively fast electron spin phase diffusi@ee Refs. 20
_ 10+ Dngagy (18) and 2J; it causes also a partial longitudinal relaxation
nt 6mipVonCiay' (<67%) that can be essentially eliminated &>B; (

. - B,;<1 G for typical Si QDS.
is independent on the magnetic field. In the case of an elec-" | the case of a single electron in a QD, the electron spin

tron localized in a QD, one can find the approximate rat&an change its phase through the HFI since the nuclei also
through an analogy with Eq14): perform precession around the effective field caused by the

T2 electron spin. This field proportional t¢(r;)|* [see Eq(15)]
T20= &niTon\/ Ch * i3 (190  is inhomogeneous over the QD volume, which distorts the
T mutual correlation of nuclei spin configuration and subse-
where cp=3.7-682, d,;=2.7-9.8% and e<0.1. Numeri- quently causes an alteration in the direction and strength of

cal estimations provided for a donor in Si and GaAs in termsB,,..2%?? However, this relaxation is rather long and can be
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suppressed iB> B,;. In addition, it can be further reduced nany phonon occurs. A quantitative analysis shows that the
in the case of full nuclei spin polarizati&hand/or isotope considered phase relaxation reveals a relatively weak depen-
purification. Hence, the spin—latti¢ee., phononminteraction  dence on the magnetic field strength and the temperature
provides the most fundamental and unavoidable source afompared to the direct spin relaxation processes or other
electron spin decoherence. mechanisms that involve the excited electron states. In addi-
Among the spin—lattice interaction mechanisms, thetion, a specific dependence on the magnetic field direction
phonon-mediated transitions between the ground and excitgéq. (13)] is attributed to this mechanism. Thus, one can
states modulate the precession velocity leading to very effee@xpect that at low temperatures and magnetic fields the spin
tive decoherenckwhen their energy separations are smallphase diffusion mediated by the phonon relaxation can be-
enough. However, under the assumptigil < &, this relax-  come dominant over the spin-flip processes. As for quantita-
ation is reduced as ekpdy/kgT). Thus, the spin-flip pro- tive estimation of the relaxation rate, the decisive role be-
cesses and the phonon-decay induced mechanism considetedgs to the phonon lifetimey,. In the present study, we
in this paper provide the main contributions at low tempera-estimatedr,, from the experiments conducted in bulk Si. It
tures. Moreover, these two mechanisms differ in the magis not apparent if this estimation is applicable to the case of
netic field dependence. When the magnetic field decrease@Ds. Moreover, the phonon lifetime may be a function of
the spin-flip process vyields to spin phase diffusion inducedyeometry and composition of the structure under consider-
by phonon relaxation as mentioned above. The estimateation. However, the qualitative signatures of the proposed
magnetic field strength for this cross-overg.,<0.1 T)is = mechanism is expected to persist and may provide a ground

well within the range of practical importance. for experimental verification. It should also be pointed out
that the framework of the developed theoretical model al-
IV. CONCLUSION lows more accurate estimation when the detailed information

) . - . on phonon dispersion and relaxation is taken into account.
We considered spin phase diffusion of a localized electron

thr_oug_h anharmonic phonon disturbances. In contrast to the ACKNOWLEDGMENT
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