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Spin relaxation of conduction electrons in bulk I11I-V semiconductors
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The spin relaxation time of conduction electrons through the Elliot-Yafet, D’yakonov-Perel, and Bir-
Aronov-Pikus mechanisms is calculated theoretically for bulk GaAs, GaSb, InAs, and InSb af bathp
type. The relative importance of each spin relaxation mechanism is compared, and diagrams showing the
dominant mechanism are constructed as a function of the temperature and impurity concentration. Our ap-
proach is based upon theoretical calculations of the momentum relaxation rate, and allows one to understand
the interplay between various factors affecting the spin relaxation over a broad range of temperature and
impurity concentration.
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[. INTRODUCTION ing for a competition between spin relaxation mechanisms.
However, since available experimental results#gare usu-
Recently, intensive experimental and theoretical effortsally limited to a narrow range of external physical param-
have been concentrated on the physics of electron spins dagers except for some intensively investigated materials, such
to the enormous potential of spin-based devices. In thesgictures are currently available only fop-GaAs and
so-called “spintronic” deviced;® information is encoded in  p-GaSb'?
the spin state of individual electrons, transferred with the In this paper, we calculate the electron spin relaxation
electrons, and finally put under measurement. Electron-spifime for the EY (TSEY)' DP (TSDP), and BAP (TSBAP) processes
states relaxdepolariz¢ by scattering with imperfections or for several bulk 1lIl-V semiconductors: GaAs, GaSb, InAs,
elementary excitations such as other carriers and phonongnq insb of botm and p types. Our result forr is based

Therefore, to realize any useful spintronic devices, it is €sy,,0, 5 theoretical calculation of the momentum relaxation

sential to understand and have control over spin reIaxatione 7. A diagram is constructed illustrating the dominant

‘QfUCh. that the information is not lost before a required Operaépin relaxation processes as a function of temperature and
tion is completed.

The investigation of spin relaxation has a long history|mpur|ty concentration for each material. The resulting

dating back to the 1950s. Most studies concentrated on j-yPhase diagrams” fop-GaAs andp-Gasb are in qualitative

semiconductors, since a direct measurement of spin rela@dreement with that of an earlier studyrhe diagrams for

ation time is possible through an optical orientation in thesdN® other materials considered in this work were not avail-
materials. Three main spin relaxation mechanisms, th@ble in the literature, and represent an attempt to provide a
Elliot-Yafet*® (EY), D'yakonov-Perdl (DP) and Dbetter understanding of interplay between various factors for
Bir-Aronov_Pikug (BAP) mechanisms were Suggested and7s- We also discuss some incomplete aSpeCtS of the current
confirmed experimentally. Earlier works for spin relaxationtheories for spin relaxation.

concentrated mainly on bulk systems suchpaGaAs® The rest of this paper is organized as follows. In Sec. II
p-GaSb*? GaAlAs!® and n-InSb* More recently, spin re- the basic formulation of the three spin relaxation mecha-
laxation was also investigated in quantum well structuresiisms is briefly described. The details of our calculation for
[GaAs!® GaAsSD.® InGaAs/InGaAsP, and GaAs/AlGaAs the momentum relaxation timer{) and 7 are presented in
(Ref. 18] as well as in bulk systenjs1-GaAs(Refs. 19 and Sec. IIl. In Sec. IV the results for, are compared with
20) and InAs (Ref. 2D]. On the theoretical side, there are available experimental results and the “phase diagrams” for

recent approaches which refine or extend the original calcudominant spin relaxation is constructed. The conclusion fol-
lations of Refs. 6 and 7 to explain newly obtained experi-jows in Sec. IV.

mental results. Flattand co-workerd??> employed a non-
perturbative 14-band calculation for the DP mechanism both
for bulk and quantum-well structures, and achieved better
agreement with the experimental results. The BAP process
was reconsidered through a direct Monte Carlo simulation, A. Elliot-Yafet mechanism

and extended to quantum wells by Maialle and co-workers.

In most studies, the strategy has been to find the relevant The EY mechanism originates from the fact that, in the
spin relaxation mechanism by comparing experimental represence of spin-orbit coupling, the exact Bloch state is not a
sults for the spin relaxation timeg with the theoretically spin eigenstate but a superposition of them. This induces a
predicted dependence on temperature or doping concentréinite probability for spin flip when the spatial part of elec-
tions. Based upon these results, a “phase diagram-like” pictron wave function experiences a transition through scatter-
ture showing the dominant spin relaxation mechanism can big even if the involved interaction is spin independéht.
constructed to provide a comprehensive global understandrhe spin relaxation time is given B

IIl. RELEVANT SPIN RELAXATION MECHANISMS
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whereE, is the band gap ang=A/(Eg+A) with the spin- 4
orbit splitting of the valence band. A is a dimensionless vg= ,
constant and varies from 2 to 6 depending on the dominant Mgap
scattering mechanism for momentum relaxation.
- ne mR) R
B. D’yakonov-Perel mechanism B 2mRaZB Mo/ 2’

In I1I-V semiconductors, the degeneracy in the conduction
band is lifted fork# 0 due to the absence of inversion sym- wheremg is the reduced mass of electron and halg,the
metry. The resulting energy difference, for electrons with theBohr radius &0.53 A), and R the Rydberg constant
samek but different spin states, plays the role of an effective(=13.6 eV). i(r) represents wavefunction describing the
magnetic field and results in spin precession with angularelative motion of electron with respect to hole ge(0)|?
velocity w(k) during the time between collisions. Since the is the Sommerfeld factor given by
magnitude and the direction &fchanges in an uncontrolled
way due to electron scattering with impurities and excita- 2 €
tions, this process contributes to spin relaxation. This is |¢(O)|2=7(1—e‘2””‘)‘1, “=\Egs
called the DP mechanisfrand 727 is given by"?* B

For the degenerate casi {>N,), the result i§**

1 (kgT)®

—5=Qa?——1,, 2
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whereQ is a dimensionless factor and ranges from 0.8 to 2.7
depending on the dominant momentum relaxation proeess. (2elm)™  if e<e(m,/m,)
is the parameter characterizing tk& term for conduction- [ !
band electrons, and is approximately givert?y

®

(2¢;/m)Y? if e>e(m,/m,),

wherem, is the hole effective mass ang the hole Fermi

4n M 3  energy, (%/2m;)(3mN) %,

a= .
V3—7 Mo
Here m, and my are the effective mass of the conduction lll. CALCULATION
electron and the electron rest mass, respectively. We first calculate the momentum relaxation timg We
include contributions from polar optical phonon scattering
C. Bir-Aronov-Pikus mechanism (75°), ionized impurity scattering(;), piezoelectric scatter-

The electron spin-flip transition is also made possible by"9Y (Tge)v and acoustic phonon deformation potential scatter-
electron-hole scattering via exchange and annihilation interind (7,"). Our calculation ofr, is performed with three sim-
actions. This is called the BAP mechanism, and is especiallplifying assumptions(a) the classical Boltzmann statistics is
strong inp-type semiconductors due to high hole concentra2ssumed for conduction electrortb) the electrons are scat-
tions. 72AP is given by several different expressions dependiered in a parabolic band, ac) Mathuassen’s rule is applied
ing on the given external parameters. In the case of a nond&9 that 1#,=1/73°+ 1/ry+ 1/7p°+ 1/7,P. Under these as-
generate semiconducfd? (NA<N,), sumptions,r, can be obtained in a straightforward way for
the given material parameters of a Ill-V semiconductor.

According to the Ehrenreich’s variational calculatfon,

1 2a3 (26\Y3 oyfs ® 4 7 obtained
= — = is obtained as
TSBAP ToUg mc na,f|¢( )| 3na,b ’ ( ) Tp
wheren, ; (n,,) is the concentration of frebound holes po_ 4 T €oe= | [ Mo) Y2’ /T_lG(l)e*§
andN; is the critical hole concentration between degeneracy P 3./7 \[RkgT\€o— €=/ | M. 01T '
and nondegeneracy.is the conduction electron energy, and (6)

To IS given by the relation
where ey and e, are the low- and high-frequency dielectric
1 37w Aéxc constants.f, is the longitudinal optical phonon frequency
7o 64 Egh’ converted in units of temperature atdYe ¢ is calculated _
as in Ref. 26 as a function of temperature and the free-carrier
with A, the exchange splitting of the exciton ground state.densityn.

ag,vg andEg are defined as TB is described by the Brooks-Herring equafibn
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TABLE |. Material parametersh, is from the relationN.~ (0.26&,)® and all other numbers are from

Ref. 35 unless specified otherwise.
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GaAs GaSb InAs InSb
m,/mg 0.065 0.0412 0.023 0.0136
m, /mg 0.5 0.28 0.43 0.45
A (eV) 0.341 0.75 0.38 0.85
Eq (€V) 1.52(0 K) 0.822(0 K) 0.418(4.2 K) 0.235(1.8 K)
Egn (€V) 1.42(300 K) 0.75(300 K) 0.354(295 K) 0.23(77 K)
€ 12.515 15.69 15.15 16.8
€ 10.673 14.44 12.25 15.68
6, (K) 410 335 343 280
cy1 (dyn/en?) 1.221x 10" 8.834x 10! 8.329x 101! 6.669x 10!
¢y, (dyn/ent) 5.66x 10t 4.023x 10" 4.526x 101 3.645x< 101!
C44 (dyn/cn?) 5.99x 101 4.322x 10 3.959x 101! 3.02x 10"
hy4 (Vicm) 1.45x 10° 9.5x10° 3.5x10° 4.7x10°
E, (eV) 6.3 6.7 4.9 7.2
Agye (neV) 5¢ 24 unknown unknown
N, (cm™3) 7.53<10' 6.71x 10" 2.7x10' 2.27x10'8
aReference 36.
bReference 34.
‘Reference 37.
dReference 12.

G b eE ﬁ(kBT)glz(ﬂ) 1’2J°c e g 8T AR (@ #2aic ©
P 3n¥22Nptn R52 \mg) Jog(n,T,x) P 3 EXkgT)¥2\Mme) R
(7

where N, is the concentration of minority impurities, i.e.,
acceptors fon-type materials and donors fprtype materi-
als andx is a dimensionless quantity representiregkgT).
g(n,T,x) is given by

g(n, T,x)=In(1+b)—b/(1+b),

with

L € (KeT)®/me)
R mgy/

T5- 3
2’7T aon
75 is given by?®

Ragle?

pe - -
h2,(4lc,+3lc))’

Tp 3

280/ A ( mo) vz

me

TRiaT ®

whereE, is the deformation potential.

The free-carrier concentratian(i.e., electrons fon-type
materials and holes fgo-type materialsis calculated from
the equation

n(n+N,) N(T) ex;{_Ei). 10

Ny—Np—n 2 ksT

Here Ny, is the majority impurity concentratiorN(T) is
given by [2mksT/(7%2)]1%%4, wherem representsn, for
n-type materials andh, for p-type materials, respectivell,

is the ionization energy for the majority impurity, and is
given by (R/e3)(m/m).

Table | shows the values of material parameters used in
the calculation ofr, and 75. E4(T) is obtained by linearly
interpolating or extrapolating,,; andEy . Ny, is fixed to
5% 10 cm 2 in most cases. Figure 1 shows the results of
mobility calculation,u=(e/m¢) 7, for n-GaAs andn-InAs.

after a spherical average of the piezoelectric and elastic corGood agreement is obtained with the published result of

stants over the zinc-blende structure is perforfitedereh,,
is the one independent piezoelectric constant, @rahd c,

Rode and Knight for n-GaAs, while the result fon-InAs
shows a larger discrepancy up te50% with those of

are the average longitudinal and transverse elastic constarf@de®* This seems to result from the fact that the nonpara-

given by
C| = (3011+ 2012"1' 4044)/5,

Ct=(C11— C12+3C44)/5.

Finally, Bardeen and Shock@showed thab-gp is given by

bolicity of conduction band, which we neglected, is stronger
in InAs.

Figure 2 illustrates the dominant momentum relaxation
mechanism fon-GaAs as a function of temperature and im-
purity concentration. It is found that the contribution from
polar optical phonon scattering is dominant for the high-
and lightly doped regimes, while ionized impurity scattering
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FIG. 1. Mobility vs temperature for(@ n-GaAs for Np
=10 cm 2 and N,=5x10"® cm 2 and (b) n-InAs for Np=2
X 10 cm™2 andN,=5x10" cm 3. The lines are our calcula-
tion and the points are frorfa) Rode and KnightRef. 33 and(b)
Rode(Ref. 34.
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rule and fix the dimensionless constants to their median val-
ues, i.e.,A=4 andQ=1.75. This introduces-50% uncer-
tainty in our result for=5Y and 727 . One might correct this
error by directly looking into the dominant momentum relax-
ation process.

To calculater2*", we first need to identify the adequate
regime for a given parameter s&{. is determined by the
Mott criterior?? N~ (0.264,)° wherea,=agey/(m, /mp).

The thermal averaged value ofr¥/*" is obtained as

BAP\, _ 2 fm 1 —elkgT

(" Ja(kgT)¥2) o 784%(e) oo ITde,
assuming a classical Boltzmann distribution for conduction
electrons. On the other hand, the expressions fef "1and
1/7-5D Pin Egs.(1) and(2) are thermally averaged with respect
to e. A difficulty with the calculation ofr2* lies in the fact
that there is no reliable data far,,., on which72*" has the
dependence of-1/A2, ., for p-InAs andp-InSh. Therefore,
we examine the tendency ef”" as a function ofA.,. as
well.

IV. RESULTS AND DISCUSSION

We first compare the relative importance of each spin re-
laxation mechanism. Figure 3 shows the dominant spin re-
laxation processes far-type GaAs, GaSh, InAs, and InSb.
For n-type semiconductors, the contribution of the BAP
mechanism is negligible, since the equilibrium hole concen-
tration is extremely small. It turns out that for all materials
investigated there exists a transition from the DP-dominant
regime to the EY-dominant regime & ~5 K as the tem-
perature is lowered. These results are consistent with the
previously published results that the DP process is the rel-
evant spin relaxation mechanism forGaAs (Refs. 19 and
22) andn-InAs (Ref. 21 at 300 K, and that the EY process is
relevant forn-InSb atT=1.3 K* When the acceptor, i.e.,
the minority impurity, concentration decreases, we find that
the DP-dominant regime enlarges. This can be understood

dominates otherwise. The same qualitative features are found

for all other materials investigated, both for and p-type 300 ; . . ; .
cases.
As was noted previously, bothtY and 727 include di- 250 |- .
mensionless factorg) in Eq. (1) and Q in Eq. (2), which polar optical
vary depending on the dominant momentum relaxation pro- 200 = phonon s
cess. These variations might be numerically calculated when
one employs the Mathiessen’s rule for given electron energy T (K) 150 [ .
as
) 100 ionized impurity -
Urp(€)=1rh%(€) + Uty (€)+ Lrp(€) + 1/rgp( €).
50 | .
Unfortunately, the energy-resolved form of the Ehrenreich’s
variational result for polar optical phonon scattering is 0 L L L L !

knowr? to fail for the high-temperature regime-(120 K

<T<~300 K for GaAs. This would be a serious flaw

14 15 16 17 18 19 20
log419 (Np)

since polar optical phonon scattering dominates momentum

relaxation in this temperature regime except in heavily doped FIG. 2. Dominant momentum relaxation processreBaAs as
samples, as seen in Fig. 2. Therefore, we choose an alterna-function of temperature and donor concentration wth=5
tive way such that we use the energy-averaged Mathiessen10™® cm™3. Np is in cm 3.

035207-4



SPIN RELAXATION OF CONDUCTION ELECTRONS IN. .. PHYSICAL REVIEW B6, 035207 (2002

(a) n-GaAs (b) n-GaSb

100 | 4 100t 4

DP DP

10 E { 10k 4

EY FIG. 3. Dominant spin relaxation mechanism

; for n-type materials. The higher-temperature re-
T(K) gime is governed by the DP mechanism as
shown, while the lower temperature regime is

100 | (c) n-InAs | ool (@n-nSb _ governed by the EY mechanismiy is in cm 3
; andN, is fixed to 510 cm 3. Material pa-
DP DP rameters are as specified in Table I.

10 | { 10k 4

M EY

14 15 16 17 18 19 20 14 15 16 17 18 19 20

log1o (Np)

from the following consideration. The acceptorsritype  This is in qualitative agreement with the results of Arorev
materials are always ionized, and a decrease in the acceptat,'? in which similar diagrams were constructed based on
concentration corresponds to a decrease in the number ekperimental results. Fg-InAs, a feature akin to those of
scattering centers for ionized impurity scattering, the mairp-GaAs andp-GaSb is found forA.,.=10 weV, and as
momentum relaxation mechanism at low temperaturesA,,. decreases, the BAP dominant regime becomes smaller.
Therefore, a larger, results as the acceptor concentrationFor p-InSh, we obtain results similar to those fBinAs as a
decreases and this induces a largf and a smaller2"  function of A,.. Figure 4d) shows the case OR\g,
since 7t '~ 7, and T?P“’llfp- =0.2 eV where a BAP-dominant regime exits at

The diagrams fop-type materials are illustrated in Fig. 4 <100 K and intermediate doping concentrations. We find
with 10" cm 3<N,<10? cm 3 and Np=5x108  abrupt discontinuities in2"" at Na=N,, which results in
cm™ 3. For p-type materials, no systematic changes are foundinphysical sharp cusps Bif,=10'® cm™3in Fig. 4. This is
when the minority carrier concentration is varied. Foran artifact resulting from the fact that no quantitative expres-
p-GaAs andp-GaSb, we find that the BABDP) is dominant  sion for 14#24F is available for the crossover between non-
in the low-T (high-T) and high (low) doping regime. degenerat¢Eq. (4)] and degeneratgEq. (5)] hole regimes.

300

300

250 250

200

150 150 | BAP E

100 100

FIG. 4. Dominant spin relaxation mechanism
- for p-type materialsN, is in cm 2 and Np is
fixed to 5 10** cm™3. The lines in(c) represent
the boundaries between the DP-dominant regime
and the BAP-dominant regime fdr,,.=1, 3 and

o0 L (d) p-InSb i 10 eV from bottom to top. Fop-InSh, Ay is
fixed at 0.2ueV. Other material parameters in-
200 |- DP . cluding A, for GaAs and GaSb are as specified
in Table I.

50 50

T(K)

300 T T T T

250
150 150 —
100

100 —

50 |
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{a) n-GaAs (b) n-GaShb log, (1/7}
. =l b

12

il

14 18 18 20 14 16 18 20
0

TiK)

(c) n-InAs id) n-Insb

14 18 18 20
log, ,(Ng)

FIG. 5. (Color) Total spin re-
laxation time forn-type materials.
The color of each cell represents
75 for the point at the lower left
corner of the cell according to the
color map at the right-hand side.
Np is in cm™3 and, is in second.
N, is fixed to 5 10'® cm 2.

Experimentally, it was found that there exists an intermediate Figures 5 and 6 provide the total spin relaxation time
regime atN,~N, where 75 remains nearly flat with respect =(1/75Y+1/7°%)~1 for n-type samples andro=(1/75"
to the change i, and that the range of such an interme- +1/7°7+ 1/754) =1 for p-type samples, respectively:,
diate regime varies depending on the matéfial. ranges from 1 ps to 100 ns fortype materials and from 0.1

(a) p-GaAs (b) p-GaSb log,,(1/7)
Lk 13

12

14 16 18 20 14 16 18 20
10

T(K)
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FIG. 6. (Color) Total spin re-
laxation time forp-type materials.
Ny is in cm 3 and 7 is in second.
Np is fixed to 510" c¢cm 3 and
Agye to 1 peV for p-InAs and
p-InSb.



SPIN RELAXATION OF CONDUCTION ELECTRONS IN.. .. PHYSICAL REVIEW B6, 035207 (2002

ps to 10 ns forp-type materials, respectively, over the pa- effect of the BAP process. The strong discontinuitieNat
rameter space shown in Figs. 5 and 6. Rdype materials, =N, are also noticeable in Fig. 6 due to the incompleteness
75 increases a3 decreases with the longest found atNp  of the BAP expressions given by Eqg) and (5), as men-
~10'—10"® cm 3 instead of in purer materials. This is be- tioned earlier.
cause the regime shown in Fig. 5 is dominated solely by the
DP process and 4?7, which is proportional tor,, in- V. CONCLUSION
creases as the impurity concentration decreases. The same
qualitative feature has also been found in a recenb
experiment? In our result fom-GaAs 7 ranges from 5 to 60 ul
ns for T=25 K, which gives a reasonable agreement with
the experimental result of Ref. 19{~70 ns atT=20 K).
As for n-InAs with Np =10 cm 3 andT=300 K, our re-
sult gives7s=12 ps, which compares very well with a re-
cent experimental result af,=19+4 ps?

At lower temperature, we find a discrepancy with recentﬁl

ixfggr?]in;il 5reKs l;gnflonlfgfg‘sénlpst\?vzse;g)ec:'rgzﬁ?\’,v;ﬁe crepancy afT~5 K for n-GaAs. Further theoretical efforts
N b P ! incorporating other spin relaxation mechanisms neglected in

our result predicts a larger value of=6x10° ns. Refer- ; ; . i
ence 19 suggested that the main spin relaxation at this |O\;[\p|s paper are needed for its resolution. As petype mate

temperature regime is due to the EY mechanism Accordinnals’ the BAP(DP) mechanism is dominant at loghigh)

N P it hg : 1 4= and Dp SEemperature and higflow) acceptor concentrations. We find

0 our result, Nowever, sincs, PS andrs - and7s" aré ynat the crossover between various regimes for spin relax-
given by 7x 10% and 6x 10° ns, respectively, neither the EY

hani . ot | on § ation requires further theoretical investigation for a more
nor DP mechanism provides a satisfactory explanation fof,,rq,qh understanding and realistic comparison with ex-
the experimental result. Very recentf,a spin relaxation

perimental data. This is especially the case for the crossover

time of 290=30 ns at 4.2 K was reported for bound elec- hoyeen nondegenerate and degenerate hole regimes for the
trons to donors inn-GaAs. The relevant spin relaxation EAP process.

mechanism was proposed to be the hyperfine interaction wit

nuclei® which was not taken into account in our current

work. Further research incorporating this effect is needed to

resolve the discrepancy between our result and the experi- We are thankful to M. |. D’yakonov for critical comments

mental result of Ref. 19. and to J. M. Kikkawa for useful discussion. This work was
In p-type materials, a smallety, i.e., a stronger spin re- supported by the Office of Naval Research and the Defense

laxation rate, than that in-type materials is found due to the Advanced Research Projects Agency.

In this paper, we theoretically calculated for several

k 1I-V semiconductors and compared the contributions

from the three main spin relaxation mechanisms as a func-
tion of temperature and donor/acceptor concentrations. In
n-type materials, the DP mechanism is found to be dominant
down to a very low temperature, below which the EY mecha-

nism dominates. While our calculated spin relaxation times

re in reasonable agreement with the experimental results for
igh-temperature regime &f>~20 K, there exists a dis-
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