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Spin relaxation of electrons and holes in zinc-blende semiconductors
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We develop a procedure to calculate spin relaxation times of electrons and holes in semiconductors using
full band structures. The spin-oriBO) interaction is included in the unperturbed Hamiltonian. With the use
of spin projection operators, we calculate electron and hole spin relaxation from both Elliott-Yafet and
D’yakonov-Perel’ mechanisms, and quantitatively explain measurements of GaAs. The predicted relaxation
times of GaN are longer for electrons, but shorter for holes. We find that the valence band SO splitting at the
zone center is not a good indicator of SO coupling for electrons.

DOI: 10.1103/PhysRevB.71.245312 PACS nunt®er72.25.Rb, 72.20.Jv, 72.25.Dc, 72.25.Hg

A comprehensive understanding of spin relaxation ofy  (=H,+Hgy), Holnko)=E,,nka). Heren is the band in-
mportancer pattiouiarly in designing devices to exploi therc k1S (e wave vector, and(=1,2) s the (pseudgspin
spin degree of freedom of free carriérsAlthough consid- 'ak?e" Because of the Sp mteractmn, ﬂpse~ud()xsp|n onen-
erable understanding of electron spin relaxation has beelftion depends ok. The inclusion oHsoin Ho also leads to
achieved 8 there has been no corresponding treatment oft K-dependent energy splitingE(nk) =[En ~Enial-
holes. Understanding spin relaxation of holes is particularly ~The central issue to calculate spin relaxation using eigen-
important as most magnetic semiconductors with high Curitatesinko) is to establish the relationship between the spin
temperatures to date apetype?® Recent measurements indi- élaxation rate and the scattering matrix elements
cate a very short~0.1 p9 spin relaxation time for holes in (0K’ o Hsdnk o). This can be achieved by using the den-
GaAsl0 sity matrix and projection operators in spin space. Since the

In this paper, we develop a physically intuitive approachHso is included in the unperturbed Hamiltonian, spin is no
to study spin relaxation limited by the Elliott-Yaf¢EY)!t  longer a good quantum number and the spin polarization of a
and the D’yakonov-Pere[DP)'2 mechanisms fobothelec- ~ System should be described by an expectation value over the
trons and holes. Our approach incorporates these spin relag@rrier distribution,s=Tr(po)/2, wherep and o are the
ation mechanisms with an accurate, nonperturbative treat€lectron or holg spin density and Pauli matrices, respec-
ment of the spin-orbitSO) coupling. It has been shown that tively. Using the two eigenstates at bamavith wave vector
accurate energy bands are required for quantitative interpré& We can construct the following 22 density matrix in
tation of the measured electron spin relaxation tifi@ghis ~ spin space for electrons or holes:
is even more important for holes because simplified models
usually do not adequately describe the heavily anisotropic P D(nk)=> Pl(ir)(nk)|nk0><nk0'|, (1)
valence bands. The calculated electron and hole spin relax- )
ation times in GaAs are in good agreement with
experiments®-13We also predict longer electron spin relax-
ation times in zinc-blende Gafput shorter spin relaxation f),T,(,f/)(nk) :(nkam}f(l)aﬂlﬂnkg’), (2
times for holes. We find, contrary to common interpretation,
that the splitting between the heavy-hole and the split-off . . ) . )
bands at the zone centéAsy) is not always an accurate Wherely()=[1+(-)em]/2is the up-spir{down-spin pro-
measure of the SO coupling strength for electrons. jection operator onto t_he quantization axs[chosen to be.

The general Hamiltonian of a bulk semiconductor (0, 0, _])]. Thgse density matrices satisfy the normahz.a.tlon
contains the orbital tern{Ho), the SO interaction(Hsy,  condition [Tr pT(“A(nk)=1] and the completeness condition
and spin-independent scatterifigi). Unlike many previous [p'(nk)+p!(nk)=1] wherel is the unit matrix in spin space.
studies; 81112 where both Hgo and H, are treated as For a state whose wave function cannot be factored into a
perturbations toH,, we include the SO interaction inl,  spin part and an orbital part, the magnitude of spin expecta-
and treat scattering by ionized impurities and phonongion value forp'™ would be smaller than 1/2.

(He) as a perturbation. Although the SO interaction Since spins in different eigenstatie o) point along dif-

was treated nonperturbatively before in spin lifetime calcuferent directions, scattering between these eigenstates does
lations in zinc-blende semiconductdrand in metald  not contribute to spin relaxation equally. The EY mechanism
only the DP or the EY mechanisi was considered. The originates from spin-flip scattering$, whereas the DP
unperturbed energy bands are obtained by diagonalizingnechanism originates from spin precession accompanied by

oo
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spin-conserving scattering$. These spin-flip and spin-  TABLE I. Spin-orbit couplings, LO phonon energies, and donor
conserving scatterings fromk to n’k’ can be obtained by ionization energies in units of milli-electron volt and hole effective
using the density matrices described above masses for GaAs and GaN. The masses are calculated from the

first-principles band structures.

fiip(cons _ 27 LD (e N yrar ot ot

Wik —n'k’ = > (k'K o1[Hsdnkoy) 100 111 100 111

k—n'k! g — 7192 Ae Mo Ago hwo Ep mP miy my mig
1%2

><ijlgz(nk)mko'ﬂH;Jn/k'(Té)g(Enk_Enrkr), GaAs 150 360 349 36.2 5.8 0.089 0.079 0.380 0.847
3 GaN 150 6 17.7 88.8 17.0 022 020 0.88 3.1
3

where g(E)=6(E) for an elastic scattering and The spin-orbit interaction\L -S is included in the on-site
g(E)=48(E+hw) for an inelastic scattering involving a pho- Hamiltonian of thesp® basis with two coupling parameters,
non absorption/emission witw being the optical phonon one for cation\,) and the other for aniof\,). The values of
frequency.Epy=p1Enk1 + phoEnko- \c and \, are chosen to reproduaksq obtained from the
It is straightforward to obtain the spin relaxation time of first-principles GW theoryTable ).2>16 For H, we include
an electron or hole at bardwith a given energye, due to  scattering from ionized dopafftsand LO phonons. In our

the EY mechanism from calculations we use the widely accepted donor ionization en-
1 _ ergies,Ep, and LO phonon energied,w, o, for GaAs and
== WP (4)  GaN8-29which are listed in Table I. We consider in this
7 (En) 'k’ work only zinc-blende GaN, although wurtzite GaN is more

commonly synthesized.

To calculate the spin relaxation time limited by the The calculated electron spin relaxation times due to the

DP mechanism, we need tp determine the spin PrecessIqy and DP mechanisms as a function of the electron energy
vegtc_)r Q(nk) Whl'Ch IS ‘E"reCt'y relateq to the ;pm at room temperature are shown in Fig. 1. The EY mechanism
splitting, AE(nk) =3/.0(nk) -3.3*2 The amplituddQ(nk)| s is important only at very low energy<30 me\), and DP
1/%|Eqea~Enkzl. Following steps similar to that of Ref. 12, gominates at higher energies. At the energy threshold for
we get phonon emission, the momentum scattering dramatically in-
1 2 cons . creases, and consequently the spin relaxation time limited by
PPE,) 39 {E,Wnkﬂnk’[l_PB(/—L)]} ' ®)  the DP mechanisn(7;1~(22¢p) also increases abruptly.

K Similarly, scattering by impurities and phonons is weaker at
where P; is the third order Legendre polynomial, low temperatures than that at high temperatures, leading to
u=k -k’ I|k|[k’| and @2=[Q(nk)dw, /4. We approximate shorter spin relaxation times in the DP regime. After the
|02 by the =3 term of an expansion o in spherical phonon emission threshold, the momentum relaxation time is

harmonics. Note from Eq(5) that the spin-conserving scat- not very sensitive to the temperature and the kinetic erfergy.

tering must be within the same band for the DP mechanis In this regime the spin relaxation limited by DP mechanism

This leads to an important observation that the DP mecha-
nism does not contribute to spin relaxation of heavy holes,
as that would require spin precession fram=+3/2 to
my= ¥ 3/2, which is forbidden becaugam;|>1. We em-
phasize that Eq(5) is only valid when|Q|7,<1 (7, is the 10°
momentum relaxation timeIn the opposite limit, the spin
relaxation time is controlled simply by the precession opera-@

tor, 1/7°P=|Q|. In either case, the total spin relaxation time *"10"
for a statenk is

10

1rdEno) = 1/7£Y(Enk) + 1/7DP(Enk)- (6) 102
The above equations enable a direct computation of the car
rier spin lifetimes from accurate electronic structures ob- 0

tained from various approaches without relying on the for-
malism in Ref. 12 that was based on perturbation and a

simplified band structure. _ o o FIG. 1. Electron spin relaxation times due to the EY and DP
For Ho we adopt an accurate tight-binding Hamiltonian yechanisms as a function of the electron energy in GaAs and GaN

that combines long-range tight-bindirigp® basi3 and em- 5t T=300 K. Solid and dashed lines correspond to the contribution
pirical pseudopotentialS. Its parameters were fitted to a re- from the EY mechanism and the DP mechanism, respectively. The
cently developed self-consistent GW theory, which as will bedoping concentration is #cm™ and a photogenerated carrier
shown elsewher®, predicts quasiparticle levels~0.2 eV)  density of 2< 10 cm 2 is added to the system. The inset plots the
and effective masses to a high degree of accuracy for broaaleraged spin relaxation time as a function of temperature in GaAs.
classes of materials, including 1lI-V and II-VI compounds. Squares are experimental data reported in Ref. 13.
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is determined byk-dependenf}(nk), which increases with 101 10

energy, and therefore the spin relaxation time decreases with
energy. Here the electron energy relaxation is neglected. In
the inset of Fig. 1, we plot the temperature-dependent spin
relaxation times in GaAs averaged over the distribution func-
tion at different temperatures. The calculated results quanti-
tatively agree with experimental measuremédtsVe note
that our results for GaN are quite different from
experimentg! While it is possible that the sample in Ref. 21

is wurtzite GaN, which has a different band structure than
that of zinc-blende GaN and may give rise to different spin
relaxation times, the low carrier mobility and large threading %
dislocation density suggest that the GaN sample is in the
metal-insulator-transition regime, where our theory is not FIG. 2. The spin splitting of conduction band as a function of

; 2
appl;]cablez. ical | btained h f wave vector alon110] in (a) GaAs andb) GaN. Solid and dashed
The numerical results obtained here for GaAs agree "Cqes represent the spin splitting obtained from the full-band struc-

Sona.bly well - with previous  spin relaxation time Calf ture and from Eq.7), respectively. The dot-dashed line is a fit
culations? where the spin-independent full-band structure iSyptained by usingn, =0.092n, in Eq. (7) for GaN. (c) The cation
used to obtain the momentum relaxation rates but the spifizg) composition in the conduction bartsolid line) and the heavy-
scattering was included perturbatively using the simplifiethole banddashed lingof GaN. (d) The full-band structure of GaN.
k-p formalism in Ref. 12. However, for GaN the electron

spin relaxation times predicted in the present calculations arghe SO interaction in the conduction band, and in systems
smaller by two orders of magnitude than those obtained ifWhere the anion SO Coup"ng is very strong, such as GaSb,
the perturbative approach. This difference arises from an unhe simplifiedk-p formalism tends to overestimate the SO
derestimate of the SO interaction for the conduction elecinteraction in the conduction band. We see thag alone is
trons in GaN by using thésp in the commonly used sim-  not a good measure of electron SO coupling. However, since
plified (eight-band k-p formalism, although we emphasize the simplifiedk-p formalism regardsm,, as an adjustable
that more elaboratée.g., 14-band or 20-bahd-p schemes parameterAE(k) at smallk from Eq. (7) can be fit to its
provide more accurate band structure descriptidn.the  fyll-band structure value by an appropriate valuempf, as
simplifiedk-p formalism, the spin splitting in the conduction jjjystrated by the dot-dashed line in Fig(t2 We find such
band of zinc-blende semiconductors due to the spin-orbiyajye for GaN to be 0.09&y, considerably smaller than the

05.8
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coupling is? most commonly used valuey/ 3.
~ The approach developed here applies equally well in the
AE(K) = agh(2mZEy) x|, (7)) studies of hole spin scattering. However, because of possible

_ . . scattering between heavy-hole, light-hole, and spin-orbit
where "Z:kz(k_i'k?)' with x and «y obtained by cyclic per-  pan4q the study of hole scattering is much more complicated
mutation, m. is the electron effective mass, a'ﬁéll'zs the  than that of electrons. The calculated spin relaxation times of
band gap. The coefficient.=4mez/3m,(1-7/3)" and  peayy holes in GaAs and GaN as functions of the hole en-
7=Asd/ (Eg+Aso). The value ofm, is usually chosen to be ergy at two different temperatures are shown in Fig. 3. The
my/\3, wherem is free electron mass®*?Figures 2a) and  EY mechanism is the sole origin for the heavy-hole spin
2(b) compare thek-dependent spin splitting fdg [110] ob-  relaxation and the dominant one for the light-hole spin relax-
tained from our full-band structures with that predicted byation. The much shorter spin relaxation times of holes than
Eqg. (7). For GaAs we see that the two models agree well athose of electrons can be understood by noticing that in any
smallk (lka/27=<0.09. The difference increases progres- state of the light-hole and the split-off bands, up-spin and
sively with [k|, resulting in about 100% increase near down-spin are strongly mixed, which is in sharp contrast to
lka/27|=0.1. Notice that in GaN, the spin splitting pre- the situation of conduction-band states, where the mixture
dicted by Eq(7) even near thé' point is only about 15% of between up-spin and down-spin is usually very small. Thus
that obtained from the full-band structure. Consequentlywhen a heavy hole scatters into a light-hole state or vice
spin scattering in GaN is dramatically underestimated wheRersa, a significant amount of spin will flip, giving rise to
the simplifiedk-p formalism is used. According to our full- very fast spin relaxation.
band structure Ago=fEN.+fEN, where f) and ff (=1-fP) We see that the room temperature spin relaxation time of
are, respectively, catiofGa) and anion(N or As) p compo-  heavy holes in GaAs is about 0.1 ps, and it is not sensitive to
sition of the valence wave function at thepoint. TheAspin  the temperature or the kinetic energy. This value is in good
GaN is small(17 me\) because the valence band is anionagreement with the recent measurements of hole spin relax-
rich [see Fig. Zc)] and Ay is only about 6 meV. However, ation times in GaA3® The spin relaxation time at 5 K is
the conduction band wave functions are cation fi#e Fig.  only slightly longer than that at 300 K. However, we see that
2(c)] and\g, is large(about 150 meV, resulting in a larger  the spin relaxation time of heavy holes in GaN is an order of
effective spin splitting in GaN. Thus in nitrides whekggis ~ magnitude shorter than that in GaAs. The reason for the
small, the simplifiedk:p formalism tends to underestimate reduction is threefold. First, because of smallggin GaN,
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FIG. 3. Energy-dependent heavy hole spin relaxation time in FIG. 4. Energy-dependent light hole spin relaxation time in
10' cm 3 n-doped GaAs and GaN at 5 (dashed linesand 300 K 10'® cm™3 n-doped GaAs and GaN at 5 (dashed lingsand 300 K
(solid lines. (solid lines.

m=%1/2 states. For GaN the light-hole spin relaxation
mes are essentially identical to the heavy-hole spin relax-
ation times, resulting from the nearly degenerate heavy-hole
nd light-hole bands.

In summary, we have developed a systematic approach to

both the light-hole and the split-off bands are accessible fo‘{]i
the heavy holes to scatter into. Second, the first-principles
and other band-structure calculatiéhidicate that the ef-

fective mass of holes, and accordingly the density of states oa%

the vqlenpe b"?md in GaN, !S larger t.han that in Q@kble study spin relaxation limited by the EY and the DP mecha-
). Third, in spite of large difference in the effective mass of yisms for both electrons and holes. Salient features of this

heavy holes and light holes, in GaN, the bands obtained i,,-5ach are thag) full-band structures are use) the SO
first principles have nearly the same dISp%I’ZSOIOH everywhergyeraction is included nonperturbatively, arid electron
in the Brillouin zone, except very close 1¢**due to the 5 hole spin relaxation due to both the EY and the DP

warping of the light-hole band in the presence of the SOygchanisms is taken into account. We applied this approach

interaction. Figure @) shows the full-band structure of 1 g4y spin relaxation in zinc-blende GaAs and GaN. Our
GaN. This degeneracy enables even the forward scatteringgs,merical calculation of spin relaxation times in GaAs ex-

([k”~k|~0) between the two bands to flip spin. Therefore, yains the measured values. We predict an order-of-
spin relaxation due to the EY mechanism, the only channel,agnitude shorter hole spin relaxation times and two orders-
for heavy holes, is proportionally larger in GaN. Since thet magnitude longer electron spin relaxation times in high-
LO phonon emission by a heavy hole requires large momenyjity samples of GaN than those in GaAs. We also showed
tum change, which results in small scattering matrix eleyhatA . alone is not a reliable estimate of the SO interaction
ments, there is no apparent peak or valley in the spin relaxq; conduction electrons. A more accurate description re-
ation time at the LO phonon energy. The enhanced forwardy ires two SO interaction parameters, one each for anion and
scattering also leads to a very weak temperature dependenggion. We conclude that electron spin relaxation times will
of spin relaxation, as shown in Fig. 3. be longer in materials with smaller cation SO parameters.

The calculated spin relaxation times of light holes aregythermore, longer hole spin relaxation times are possible
shown in Fig. 4. In spite of smaller effective mass, SPiNgnly when the SO splitting & is large.

relaxation times of light holes in GaAs are about 0.1 ps,

slightly shorter than those of heavy holes. The shorter We are grateful to M. A. Berding, M. E. Flatté, and W. H.
spin relaxation times are due to an additional channel availtau for useful discussions. This work was supported by
able for the light holes through the DP mechanism betwee®ARPA under Contract No. N0O0014-02-1-0598.
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