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Theory of optical orientation in n-type semiconductors
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Time-resolved measurements of magnetizatiom-@aAs have revealed a rich array of spin decoherence
processes, and have shown that fairly long lifetified00 ng can be achieved under certain circumstances.
In time-resolved Faraday rotation and time-resolved Kerr rotation the evolution of the magnetization can be
followed as a function of temperature, applied field, doping level, and excitation level. We present a theory for
the spin relaxation im-GaAs based on a set of rate equations for two interacting thermalized subsystems of
spins: localized states on donor sites and itinerant states in the conduction band. The conduction-band spins
relax by scattering from defects or phonons through the D’yakonov-Perel’ mechanism, while the localized
spins relax by interacting with phonorigshen in an applied fieldor through the Dzyaloshinskii-Moriya
interaction. In this model, numerous features of the data, including puzzling temperature and doping depen-
dencies of the relaxation time, find an explanation.
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Spin coherence in semiconductors is attracting renewed Jo. =
attention due to the prospects of spintronics—information Hl—czv /S S
storage and processing using spin rather than charge degrees ik

of freedom, and by the idea that spins in semiconductors

could serve as qubits for quantum computetdzor qubit

applications, the spin degreees of freedom must be coherenthere the sum runs over impurity spinsand conduction-
which necessitates a detailed understanding of the processgsnd statek andV is the volume of the system. This Hamil-
that limit spin lifetimes. Time-resolved measurements onynian conserves total spin and cannot, by itself, relax the
n-type systems have revealed an array of decoherence prgragnetization. However, it can transfer spin from localized

cesses, and have shown that fairly |3°4”9 lifetimigseater 14 jtinerant states] may be estimated a3~ -e?a3. Here
than 100 nzcan be achieved in-GaAs™* In time-resolved 5 —10 4 nm is the effective Bohr radius for an impurity. If

Faraday rotation and time-resolved Kerr rotation the evoluy; ) excitations to the upper-Hubbard band are important,
tion of the magnetization can be followed as a function of is estimate could be reduced ahdould even change sign
temperature, applied field, doping level, and_ the intensity anGhe sign is actually not important for our purposes, since all
duration of the pump pu_lsg. Resqlts_ on d|ffe_r ent m-ate-”alsexperimental temperatures are well above the Kondo tem-
(GaAs, GaN, ZnSgare similar, pointing to universality in

the phenomena. Awschalom and Sarartave reviewed the perature. Fon-GaAs an order-of-magnitude estimate for the
experimental situation.

Our theory provides a systematic framework for investi- 10
gating the wide range of parameters studied in optical orien-
tation experiments on-type semiconductors. Previous theo- 1
ries have concentrated on either higher temperafuoegn - £
very low temperatures and very low magnetic figldale ook
account for certain puzzling experimental observations by S s
having two distinct types of spin states: localized donor ~001 / %
states and itinerant conduction-band states, with characteris- I < Vb
tic spin-relaxation rates kf and 1/r, respectively. In addi- 0,001 Lol N TR0
tion, a fast cross-relaxation rate, 7/, between the localized ' 10 rky 100

and itinerant spins is a crucial feature of these systems, lead-
ing to the largest relaxation rate, eitherrd br 1/7, usually FIG. 1. Plot of 11T, vs temperature. The data are from Ref. 3,
tending to dominate the spin dynamics for the whole systemyty solid dots forB=0 T and solid squares f@=4 T. The lines
Examples of this behavior are shown in Figs. 1 and 2 belowgonnecting the data points are guides for the eye. The curves are a
In this paper we focus on presenting the theory and applyingast-squares fit of Eq(5) to the data. Dashed-dotted curve:

it to n-GaAs, reserving a more extensive comparision to €Xtn/Nimp) (1/ 1om); dashed curveln;/niyp)(1/ 75 ) for B=4 T; dot-

periments for a later publication. ted curve:(n./nimp)(1/7); solid curves: total 17,. For B=0 T,
The cross relaxation between localized and itinerant sping/r_,,=0. Inset:7, vs temperature fofa) nip,=10° cn™ and (b)
occurs by the usual exchange interaction Hamiltonian Nimp=10 cm™,
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dl’]+ N+ n- 1
—— =N+ —Ng,———N,+_-—n_, 3
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dn_ n_ n 1 1
e Do e M -, @)
dt Yer Yer 27 2

where + and — denote up and down spins in the rotating
frame andy,,=ng7,. By rewriting Eqs.(1)—4) in terms of
the total densities),=n,, +n,_ andn,=n¢, +n._, and the mag-
netization densitiesm=n;,—n,_ and m;:=n.,—n._, we find

B(T) that the total densities are time independeim/dt=0, and
dn./dt=0, and the magnetization densities are determined by
FIG. 2. Plot of 1I|'*2 vs applied magnetic field. The data are from d 1 n n
Ref. 3, with solid dots fom;,,=10" cm™ and solid squares for dam (— + —')mc+ —=m (5)
Nimp= 10'8 cmi 3. The lines connecting the data points are guides for dt Te Yer Yer
the eye. The curves are a least-squares fit of (Bgto the data.
Dashed-dotted curvestn/nimp)(1/7py) for the two plensities; dm n 1 ng
dashed curve(n/niny(1/75pr); solid curves: total 1T, For T E‘;mc_ ;I"'; m. (6)

=5 K, (Ne/Nimp)(1/7) <0.001 ns™.
In general, the time dependence of the total magnetization
cross-relaxation rate is &/~ (1 ps?)(nimp/Ng), wheren, — mM(t)=me(t)+my(t) is a sum of two exponentials, ekd,t)
=10 cm 2 is a fiducial density. and exp-T'_t) (behavior observed in experiments on
The spin orientation is created by a circularly polarizedn-GaN )® with eigenvalues

optical pump pulse about 100-fs long tuned near the band 1/1 1 n
gap, creating particle-hole pairs. The valence-band holes de- r,= —(— o Ry S), (7)
polarize quickly and fast recombinatigon a time scale of Te T Yer

50-100 pg leaves the conduction-band and localized donokyneresis given by

state system with a net spin polarization along the propaga-

tion direction of the bean(z direction). The time evolution . \/<l 1 LNe=n 2+ 4anin, ®)
) Yor Yo

of this polarization is tracked by applying a transverse mag-
netic field in thex direction (Voigt geometry. The resulting
precession about theaxis and concomitant decay are mea- For n-GaAs, we are in the regime />1/7,1/7,
sured optically, with 1T, the relaxation rate of the macro- Where the eigenvalues give two very different relaxation
scopic transverse magnetization. rates: a very rapid relaxation given by ~ nj,,,/(ng7,), with

Our theory may be formalized by writing modified Bloch a timescale on the order of picoseconds, and a slower relax-
equations for the magnetization for times after recombinatior@tion given by

T Tc

(t>100 ps after the end of the pump pylséhe holes have 1 n/n n/n
recombined and spin-conserving processes have thermalized [ ==~ mp, _cimp 9)
the system, subject to the constraint that the magnetization T 7 Tc

retains the polarization produced by the initial excitation pro-yjith 5 timescale on the order of tens of nanoseconds. Given

cess. There are then two thermalized subsystems of electrofigs expressions for I and 1/, Eq. (9) gives the calcu-

at ambient temperature with relative occupations determineghteq total relaxation rate from our theory. This is the appro-

by standard thermodynamic methods. The localization Opyiate quantity to compare to the single exponential time

conduction-band electrons onto impurity sites takes place &fependence observed in experimétits.

a temperature scaldin, determined Dyniy,. FOr Ny, There are various processes that can relax the nonequilib-

=10'° cm™® we haveT;,,~50 K. Denote the localized and riym magnetization produced in optical orientation experi-

conduction-band densities loy andng, with nimp=n+ne. In ~ ments. The conduction-band processes have been well

the experimentsi\,,, the density of electrons excited by the sty died? while the relaxation mechanisms for localized elec-

pump pulse, is smallNex<nimp, except possibly for nomi-  qns are less well understood.

nally insulating samples, which we discuss briefly below. D'yakonov-Perel’ Mechanism Conduction-band elec-
We work in the frame which rotates about thexis ata o spins inn-GaAs relax primarily by the D’yakonov-

rate g’ ugB/%, and is along the axis at timet=0. In this  perel'(DP) mechanisnf, due to lack of inversion symmetry

frame, the dynamics are governed by in 11V systems. The lack of inversion symmetry, together
dng, Ney Ne- 1 1 with spin-orbit coupling, gives an effectivi-dependent
—— =—-—nN_-+—nN3- Ne+ + > Ne-, (1) ic fi i i iti
dt Yer Yer 27, 27, magnetic field, causing the spin of an itinerant electron to
precess about an axis relatedktol he precession frequency
dn- _ N N 1 1 for an electron at wavenumbéris Qpp(k), and the DP re-
= e+ —N_ Ne- + = Ney, (2 . I ) .
dt or Yer 27, 27, laxation comes from switching the precession axis by scat-
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tering from onek vector to another. Assumingwave scat- SPin can relax through the hyperfine interaction with the

. . S S > ~10° nuclei with which it is in contact. The nuclei are ran-
tering, one obtains Irbp(k) =205p(k)7(K)/ 3, where 7(k) domly oriented under most conditions, and the associated

is the momentum relax_ati(_)n ti_me. Averagi_ng this expressio ield felt by the electron is\/VNgug~ 102 T, whereA is
over the Boltzmann distribution, and using the results ofze hyperfine constant. The corresponding precession fre-
Fishman and Lampel for the momentum averdge find @ quency iswy~10° . There is also a characteristic time for
spin relaxation rate Yhp=appT°m, With app(th)=9.0  the nuclei T,,~10*s, which comes from the nuclear
X 10719K3ps2 . Here 7, is the average momentum relax- dipole-dipole interaction. HenceyT.,~ 10% and we are in
ation time which has a complicated temperature and dopinghe regime where the effective random field fluctuates slowly
dependencéshown in Fig. 3 best taken from mobility data, compared to the precession of the spin. The relaxation time
Me:eTp/m*-m from coupling to the nuclei, 14, iS not expected to have
Elliot-Yafet Mechanism. Conduction-band electron spins strong temperature dependence in the rahgel K consid-
can also relax via the Elliot-Yaf¢EY)™ mechanism, due to ered here, and there should be no field dependence as long as
ordinary impurity scattering from state to statek’. With ~ B>1072 T. We treat 1f,,. as a constant.
spin-orbit coupling the initial and final eigenstates are not Dzyaloshinskii-Moriya Mechanism. Localized electron
eigenstates o8,, the spin projection operator, so this processspins can relax by the Dzyaloshinskii-MoriygDM)
relaxes the spin. One finds 4= aEYTZ/Tpv where ag(th) interaction'® This interaction, arising from spin-orbit cou-
=8Xx 10719 K2 For the experimental parameters discussegling, produces a term proportional beg, X §, , whereb is
below (n¢/nimp)(1/7ey) is three orders of magnitude smaller related to the interspin separation and to the exchange inte-
than the leading contributions to T. Thus, to simplify our  gral between the wave function on sites 1 and 2. This inter-
analysis of experiments on-GaAs, we setagy=0 and action is not isotropic in spin space and can therefore relax
1/7.=1/mpp. the spins. The calculation of the effect of this term oﬁ'glils
Spins localized on donor sites cannot relax by the sameot straightforward, since it involves aspects of the spin-
scattering-dependent processes that relax conduction-bagthss problem that are not entirely solved. Gor’kov and
spins. As a rule, relaxation times for localized states arékrotkov!’ have given the first term in a density expansion.
longer than for itinerant states, due to phase-space effecté/e use their expression, though with a more general distance
Lifetimes for localized states can be very long: times in ex-dependence for the exchange interacifbas a first step to-
cess of 18s have been measured for donor bound states ofard a theory valid at higher impurity densities. We find
phosphorus-doped silicdA. 1/ 7om= apmNimp@afom(T). Here apy(th)=0.01 nst and the
Spin-phonon Mechanism Acoustic phonons can relax weakly temperature-dependent, dimensionless function
localized spins by dephasing, due to spin-orbit coupling mix-f,,(T) =32 atT=5 K.
ing spin states, if an external fieRlbreaks the time-reversal The total relaxation rate for the localized spins in our
symmetry present at zero field/an Vleck cancellation theory is given by 1#=1/7g yn+ 1/ 7yt 1/ mop.

With B in the z direction, the relevant term in the Hamil- In Figs. 1 and 2 we compare the results of our theory to
tonian for a single spin takes the form, experimental data om-GaAs atny,,=10' cm® and niy,
— 1018 cp-3 : -
He-pn= CgBoz, (10) 10" cm3. Our procedure is as follows. Each mechanism

above has very definite field, temperature, and doping depen-

where); is the dilatation at a donor siteandC is a constant. dence. The overall constant factor for each is less certain.
The dilatation modulateg”, the effectiveg factor, which is  The data are consistent with 4,(,.=0. However, for reasons
given by g’ =2[1-(m"/m- DA/ (BE4+2A5)], where Egy explained below, the data do not set tight limits onr, L4
=1.4 eV is the energy gapn /m=0.067 is the ratio of the We do a least-squares fit to the complete data set shown in
effective mass to the bare mass, ahg=0.344 eV is the Figs. 1 and 2, using the three remaining adjustable param-
spin-orbit splitting of the valence ban#sWe also have that eters, with the resultsapp(exp=8.6x101°K3ps? |
E4(A)=E4(0)-(9 eV)A; and the effective mass depends onag ,(exp=2.2x10" T2K™“ns?, and  apy(exp
the gap asn’ ~1/E,. These facts allow us to estima®  =0.031 ns'. These values are in satisfactory agreement with
~550. There is no generally accepted theory of the multispinyyp(th)=9.0x 10712 K2 ps? and apy(th)=0.01 ns? . The
relaxation rate 1T, that results from such a Hamiltonigthe remaining valuexspn(exp) is best viewed as an estimate of
single-spin rate 1V, has recently been calculated in the phonon correlation timer,,=1.2x 10" ns. This seems
silicon*4). We can obtain a simple estimate using Redfieldreasonable, given that the inverse Debye frequéinidy 6y
theory, which yields 17;_,,=C?BXA?) 7y, wherery, is the  =2.2x 1075 ns. But true comparison of theory and experi-
phonon correlation tim& andA is the average dilatation for ment for this prefactor awaits a more comprehensive theory
the occupied donors. This leads finally to 714, of the phonon relaxation, as noted above.
= s pnB?TH(T) where f(T)= [T x3[(1/2)+ (e~ 1)"1]dx in The fits against temperature afy,,=10'"°cm for B
a Debye model for the phonons amg=343 K for GaAs. =0T and 4 T are shown in Fig. 1. There are two surprising
We note that this theory is not likely to be valid at higher points about the dat&i) 1/T; is independent oB at highT;
temperatures, where multiphonon and Orbach processes b@) the T dependence is nonmonotonic at higher fields. Point
come important. This issue is not settled even in insulatorg;l) is explained by noting that in our theory &ldependence
and we defer full consideration of it to a later publication. comes from 1£¢ .. For this doping, the localized states are

Nuclear Hyperfine Mechanism A localized electron completely depopulated at high Point(2) is more subtle.
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In our theory, though both ¥ and 1/7 increase with in-  ness of fit. Thus, we cannot get a meaningful limit orr],{
creasing T, their contributions to 1T, are weighted by with this data set. The question of how to average over

N/ Nimp and ny/ni,, respectively. Starting at oW, where  nyclear degrees of freedom to find /. is not completely
localized states dominate, we haveT] Hecreasing with in- clear, and there are different results in the recent
creasingT, due to the decrease of/ny,, as T increases. |iieraturel®20

After the localized states are depopulatedr,ldominates

and 1f|'; is an increasing function o, The main shortcoming in our theory lies in the high-

The fits against field fornimpzlols e and - do.pin.g regime, where_spin-glass_ effe_cts become ]i]r;portant.
=10 cmr3 at T=5 K are shown in Fig. 2. These results are 11iS iS shown by theé8=0 points in Fig. 2, where 1, is
also surprising: there is a strong enhancement a, by B~ dominated by 1#py. Since we use a low-densitpairwise
at low doping, while at high doping, the dependence is quiteorrelations only expansion for 1fpy, the ratio of the
weak. In this case, the explanation relies on the DM contritheory points is exactly the ratio between the densities,
bution. At high doping 1%y, dominates, because of the which is too small compared with experiments. A better
short impurity-impurity spacing and consequent fast relaxtheory would approach freezing as a collective, not pairwise,
ation. This rate is field independent. At low dopingrdy, effect. Apart from this, all the qualitative features of the data
with its strongB dependence, is more important. are explained in our picture.

Experiment$* show n,,=10' cmi® is the “optimal” Our analysis shows that the complica®dand T depen-
(smallest 1T) doping value at lowT. Going to lower dop-  dencies for 1T, observed in experiments are due to having
ings (data not shownincreases 1IT,. This is due to a com- two strongly interacting subsystems of spins: one localized
bination of effects. Increasing the doping at first raises theyng the other itinerant. The coupling of localized spins to
number of localized states, Whlch have intrinsically mUChphonons gives rise to the unusual magnetic-field dependen-
smaller decay rates. However, this process stops when thges of the relaxation rates. Overall, the very differgrand
impurity states begin to overlap, andz, dominates. This g dependencies for I/ and 1/ coupled with population

is why the minimum 17 is near the metal-insulator transi- effects give the wide range of experimental phenomena ob-
tion. These conclusions are consistent with those of Ref. 4 algpeq.

smallB andT.

From an examination of Fig. 2, we can see why adding This work was supported by the NSF Materials Theory
1/7,,c does not significantly improve or worsen the fit. Do- Program, Grant Nos. DMR-0105653V.0.P) and DMR-
ing so adds a constant to'[[*g, which would move all theory 0081039(R.J). We are grateful to D. L. Huber and J.W.
curves rigidly upward, not much affecting the overall good-Wilkins for helpful comments on the manuscript.
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