
Spin relaxation of conduction electrons in p-type Ill-V compounds 
A. G. Aronov, G. E. Pikus, and A. N. Titkov 

A. F. Ioffe Physicotechnical Institute, USSR Academy of Sciences 
(Submitted 25 August 1982) 
Zh. Eksp. Teor. Fiz. 84, 1170-1 184 (March 1983) 

Spin relaxation of conduction electrons inp-type GaAs and GaSb crystals is investigated in detail 
in wide ranges of the acceptor density and of the temperature. It is established that the spin 
relaxation is due to the action of two mechanisms. The first is connected with exchange interac- 
tion of the electrons with equilibrium holes, and the other is due to spin splitting of the conduction 
band in crystals that have no inversion center. A detailed comparison of the experimental data 
with the results of theoretical calculations has made it possible to determine separately the role of 
each of the observed mechanisms, to study their behavior under various conditions, and find the 
conduction-band spin-splitting parameters and the exchange-interaction parameters that deter- 
mine the effectiveness of these mechanisms. 

PACS numbers: 7 1.70.Gm 

51. lNT RODUCTION 

The method of optical orientation of photoexcited car- 
riers makes it possible to measure short (down to 10-l2 sec) 
spin-relaxation times of free electrons. This possibility is 
particularly valuable since the conditions for observing opti- 
cal orientation differ substantially from ordinary conditions 
of observing electron paramagnetic resonance, and under 
these conditions there manifest themselves new spin-relaxa- 
tion mechanisms whose investigation by traditional micro- 
wave-spectroscopy methods is quite difficult. 

Even the first experiments1** on optical orientation have 
shown that the conduction electrons in p-type crystals can 
have very short spin-relaxation times, of the order of lo-''- 
lo-'' sec. The strongest of the then known mechanisms of 
spin relaxation for free electrons, the Elliott-Yafet (EYa) 
me~hanism,~ .~  which takes into account the mixing of wave 
functions with different spins as a result of spin-orbit inter- 
action, did not explain so rapid a relaxation of the spin. This 
stimulated a search for new possible mechanisms of conduc- 
tion-electron spin relaxation. D'yakonov and Pere1'5s6 con- 
sidered a mechanism due to spin splitting of the conduction 
band in crystals without inversion center (the DP mecha- 
nism). The distinguishing feature of experiments on optical 
orientation of electrons is the use ofp-type crystals with rela- 
tively high hole density to ensure sufficiently intense lumi- 
nescence. In this connection, Bir, Aronov, and Pikuss con- 
sidered a relaxation mechanism connected with exchange 
interaction of the electrons with the holes7 (the BAP mecha- 
nism). 

Theoretical estimates carried out in Ref. 9 have shown 
that the BAP mechanism can play a dominant role in spin 
relaxation of thermalize electrons in a large number of 111-V 
compounds in wide ranges of doping and temperatures. On 
the other hand, the DP and EYa mechanisms can predomi- 
nate at relatively low doping levels and at high temperatures. 
Unfortunately, the earlier experimental investigations of the 
spin-relaxation processes in p-type corn pound^^.^.^-^^ were 
insufficiently systematic and did not make it possible to 

conclusion draw that the DP mechanism manifests itself in 
spin relaxation of electrons in moderately doped GaAlAs 
and GaAs crystals at high temperatures. The authors, how- 
ever, were unable to explain the observed change in the time 
of the spin relaxation at low temperatures, and were there- 
fore unable to single out and study the revealed mechanism. 
The dominant role of the DP mechanism was noted also in 
the case of spin relaxation of hot electrons in G ~ A s ' ~ . ' ~  and 
GaSb crystals. l5 

We present in this paper the results of a systematic in- 
vestigation of a spin relaxation of thermalized electrons in 
GaAs and GaSb, in wide ranges of the acceptor densities and 
temperatures. A detailed comparison of the experimental 
data with the results of theoretical calculations has made it 
possible to establish reliably the dominant relaxation mecha- 
nisms, to study their manifestations under various condi- 
tions, as well as to find the spin-orbit-splitting and exchange- 
interaction parameters that determine the effectiveness of 
the DP and BAP mechanisms. 

Preliminary results were published earlier.'"'' Before 
we proceed to an exposition of the research results, we pres- 
ent briefly as summary of the principal conclusions of the 
theory. 

52. MECHANISMS OF SPIN RELAXATION OF CONDUCTION 
ELECTRON 
a. The Elliott-Yafet mechanism 

The spin orbit interaction leads to a mixing of the wave 
functions of the electrons in the conduction band with the 
wave functions of the valence band with opposite spin. This 
leads to nonzero values of the matrix elements of the transi- 
tions for electron scattering by impurities and by phonons, 
with simultaneous spin flip at a wave vector k#O. For cubic 
crystals with inversion center and with the band extrema 
position at the point r (k = 0), these matrix elements a k 2,  

for example kX k', where k and k' are the final and initial 
values of the momentum. The corresponding spin relaxation 
time is given by 

identify reliably the mechanisms that dominate inder some 1 A $; 
conditions or others. Only in Refs. 10 and 11 was a correct 't. E,+ A (1) 
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here rp is the momentum scattering time, E, is the kinetic 
energy of the electron, Eg is the width of the forbidden band, 
and A is the spin-orbit splitting of the valence band. Accord- 
ing to the calculation r e s ~ l t s ~ , ' ~ , ~ ~  the numerical coefficient 
A in Eq. (1) depends on the dominant scattering mechanism 
and is close to unity in all the cases considered. 

In crystals without an inversion center, in scattering by 
optical and acoustic phonons, the main contribution to I/T, 
is made by the deformation interaction. The corresponding 
matrix elements are proportional to k + k' or k - k', there- 
fore 

where 1/~:) is the short-range contribution to the momen- 
tum relaxation time.21-23 The quantity 1 / ~ ,  in (2) can also be 
expressed in terms of the momentum relaxation time 1/rP, 
which is determined mainly by the long-range interaction 
l/rf). Since r ~ ) / r ~ ' a E ,  (Ref. 24), in crystals without inver- 
sion center with zincblende structure the connection 
between the times T, and rP for the electrons is also deter- 
mined by expression (1). However, owing to the lack of reli- 
able data on the corresponding interband constants of the 
deformation potential, the constants A in (1) are more inde- 
terminate in this case: A=: 1-10. In scattering by charged 
impurities and in crystals without inversion center we have 
A -  1. 

b. The D'yakonov-Perel' mechanism 

Spin-orbit interaction in crystals without inversion cen- 
ter leads to splitting of the spin states of the conduction band 
at k#O. In crystals with zincblende structure (of the GaAs 
type) this splitting is proportional near the point r to the 
cube of the electron momentum 

where%, =p,(p: -pSI,x, =p,(pt -p;),x, =p,(p; -p:), 
with p, , p,, and p, the components of p along the principal 
axes of the crystal, m, is the effective mass of the electron, 
and a is the splitting parameter. According to Ref. 25, 

where m, is a constant close in magnitude to the mass of the 
free electron. 

The spin splitting of the conduction band is equivalent 
to a magnetic field acting on the spin, and the magnitude and 
direction of this field Be, a x  depends on the magnitude and 
direction of the electron momentum. It leads therefore to 
precession of the spin around the direction of x ,  with fre- 
quency a,. If the energy of the electron is so high that OOrp 
> 1, each of the branches of the spectrum with definite spin 
direction must be considered separately; in this case l/r, - 1/rp. 

For thermalized electrons, the inverse condition OOrp 
< 1 is practically always satisfied. In this case, within the 
time between collisions that change the precession axis, the 
electron spin does not manage to deviate considerably from 

the initial direction, and the spin relaxation is substantially 
slowed down. We then have T; ' - ( 0  irp ), where the angle 
brackets denote averaging over the directions of the momen- 
tum and over the energy distribution of the electrons. For 
thermalized electrons we have in the nondegenerate case ac- 
cording to Ref. 6 

where T is the temperature in energy units. The numerical 
factor q reflects the change of the results of the averaging for 
different momentum relaxation mechanisms. In scattering 
of electrons by charged impurities we have q = 1.5; in scat- 
tering of acoustic phonons by a deformation potential q = 3. 

c. The Bir-Aronov-Pikus mechanism 

Inp-type crystals the electrons can also be scattered by 
holes, with simulataneous spin flip. As shown in Ref. 8, the 
probability of such processes is determined by the exchange 
interaction of the electrons and holes. In cubic crystals with 
degenerate valence band T,, the exchange-interaction Ha- 
miltonian can be written in the form7 

wher J is the hole angular-momentum operator, a are Pauli 
matrices for the electrons, D is the exchange-interaction con- 
stant, R is the difference of the coordinates of the electron 
and the hole, and p is their total momentum. 

The effectiveness of the exchange mechanism of the 
spin relaxation depends strongly on the state of the holes in 
the crystal and turns out to be different for free and bound 
holes. It changes also with the ratio of the electron and hole 
velocities ue and v, , and with the degree of Fermi degeneracy 
for the holes. This leads to a complicated dependence of 7, 
on the hole density and on the temperature. We present the 
expressions obtained in Ref. 8 for 1/r, in typical cases. 

In scattering of electrons by holes bound to acceptors, 

where 

here NA is the acceptor density, v, = fi/E,a,, while EB 
= fi2/2meai, and a, are respectively the Bohr energy and 

radius for the exciton, and is the exchange constant 
expressed in terms of the exchange splitting of the exciton 
ground state A,,, . Equations (6) and (7), as well as the ones 
presented below, were derived under the assumption me 
(m,, where m, is the effective mass of the heavy holes. 

When electrons relax on free nondegenerate holes we 
have 

Here N is the density of the free holds. In the case of free 
electrons and holes, the Coulomb interaction of the carriers 
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leads to an increase of the scattering cross section as a result 
of the increase in the electron density l$(0)I2 near the hole. 
According to Ref. 26, the Sommerfeld factor for an un- 
screened Coulomb potential is 

In relaxation of electrons by degenerate holes in the 
case of "fast" electrons v, > u, (v, is the Fermi velocity of the 
holes), when the relative velocity of the particles is deter- 
mined by the velocity of the electron, 

Here&, is the hole energy at the Fermi level. Equation (1 1) is 
valid at not too strong a degeneracy, when v, > v,, but 
E,/T< u,/vF. For hot electrons with E,/T> v,/vF > 1, i.e., 
at E,/T> mh T/meEF > 1, it follows from Eq. (9) on Ref. 8 
that 

For degenerate holes, owing to the screening of the Coulomb 
potential at the Debye radius L,, the factor 1 $(0) l 4  decreases 
drastically. However, as shown by model calculations,27 to- 
tal screening, i.e., equality of 1$(0)12 to unity, is reached at 
carrier densities considerably exceeding the values corre- 
sponding to the onset of degeneracy. 

Let us note the main differences that make it possible to 
distinguish between the indicated spin-relaxation mecha- 
nisms. The main difference between the DP and EYa mecha- 
nisms is their inverse dependence on T~ ; according to (I)  and 
(5) we have T&, a T; I, whereas T& a T ~ .  Therefore T*~,, 

decreases with decreasing mobility, while TsDp increases. 
When scattering by the lattice vibrations predominates for 
both mechanisms, T, is independent of the hole density and 
decreases rapidly with increasing temperature. In the case of 
scattering by impurities whose density is equal to the hole 
density, T,&, a NA , and 7,; a l/NA. For the BPA mecha- 
nism, in the region of nondegenerate or bound holes, we also 
have T;:, a NA , and on going into the region of degeneracy 
the growth of T; ' slows down: since E, a N 213 we have ac- 
cording to (1 1) and (12) in this region T&, a N 'I3. The tem- 
perature dependence of T,,,, is determined primarily by the 
temperature dependence of 1 $(O)I4, and in the region where 
there are both bound and free holes it is determined by the 
change of the relative densities with changing temperature. 
The change of the Sommerfeld factor with changing density 
as a result of screening can also influence strongly the depen- 
dence of T,B*, on N. 

53. EXPERIMENTAL PROCEDURE 

The spin-relaxation times were measured with the aid of 
the optical orientation m e t h ~ d . ~ ~ . * ~  The method is based on 
the possibility of producing a nonequilibrium electron distri- 
bution over the spin states of the conduction band upon exci- 
tation of the crystal by circularly polarized light. The pro- 
cesses of spin relaxation lead, during the lifetime of the 

electrons in the band, to partial equalization of the popula- 
tions of the spin states. However, the residual disequilibrium 
of the population causes the appearance of circular polariza- 
tion of the luminescence spectra. The degree P of polariza- 
tion of the luminescence is proportional in this case to the 
degree of orientation of the electrons and is given by 

here T is the electron lifetime and Po is the maximum possible 
degree of polarization, determined in the absence of spin re- 
laxation by the selection rules for the interband transitions. 
For cubic crystals of III-V compounds, including GaAs and 
GaSb, we have Po = 0.25. 

In a magnetic field B transverse to the light propagation 
direction, depolarization of luminescence takes place on ac- 
count of precession of the electron spin (the Hanle effect). 
The decrease of the degree of polarization of luminescence 
with increasing field is described by the expression 

P (B) =P (0) (1+Q,ZT.2) -', (14) 

where T; ' = T-  ' + T; ', aL = gepBB / f i  is the Larmor 
precession frequency, g, is the electron g-factor, and p, is 
the Bohr magneton. From (13) and (14) it follows that by 
measuring the degree P (0) of polarization of the lumines- 
cence and its dependence on the magnetic field it is possible 
to determine independently the times T and 7,. Usually T, is 
determined from the value of Bll, corresponding to 
P(Bl12) = 1/2P(O). 

We investigated bulk GaAs and GaSb crystals doped 
with a shallow acceptor impurity, namely zinc, in the density 
interval 10" < NA < 5 x 1019 ~ m - ~ .  For the characteristic 
state of the holes in the investigated density interval it is 
important to note that metallization of the shallow acceptors 
sets in GaAs at N,, = 4~ 10'%m-3, and GaSb at N,, 
= 1.2X 1018 cm-3 (see Ref. 30). Thus, the bound states of 

the holes on the acceptors are preserved only at NA < N,, . At 
higher doping levels, localization of the holes takes place, 
and the Fermi level for the holes penetrates according to Ref. 
3 1 into the valence band to a depth E, = 0.6 X 10- I4N 2 / 3  in 
GaAs and E, = 1.OX 10- ' 4 ~  2 / 3  in GaSb (E, is expressed 
here in eV, and N in cmF3). It can be easily seen that at low 
temperatures T z  10 K, the delocalized holes are degenerate 
at all N > N,, . In the case of strong doping N> 1019 ~ m - ~ ,  the 
hole degeneracy is preserved also at temperatures close to 
room temperature. 

The experiment was performed with the aid of the stan- 
dard apparatus for investigations by optical ~rientation.',~ 
The luminescence of the GaAs crystals was excited with a 
krypton laser at a wavelength 7525 A (1.647 eV). In the case 
of GaSb crystals, a helium-neon laser was used a wavelength 
l.52pm (0.8 14 eV). The excitation density in all the experi- 
ments did not exceed 10 W/cmZ. At these excitation levels 
and at the electron lifetimes 10-9-10-'0 sec determined in 
the present study, the densities of the nonequilibrium carri- 
ers were always lower by several orders of magnitude than 
the density of the intrinsic holes in the samples. 

A feature of the luminescence spectra of the investigat- 
ed crystals is the presence of luminescence lines correspond- 
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TABLE I. Momentum relaxation times for holes in 
the investigated GaAs and GaSb crystals. 

GaA 

rph.  ioLa, sec 
N A ,  cm-' 

T - i l  K I T=lOOK 

1.7~10" 4.5 1.5 

ing to recombination of free electrons with holes situated on 
acceptors or in the valence band.2*"331 Direct study of the 
cirlcular polarization of such bands has made it possible to 
obtain the times of the spin relaxation of the free electrons in 
the conduction band. 

When determining the efficiency of different spin-relax- 
ation mechanisms, it became necessary in this study to esti- 
mate the electron-momentum relaxation times. Since there 
are no direct measurements of electron mobilities in p-type 
crystals, while the theoretical calculations in the region 
where several mechanisms of scattering play a role are not 
reliable, we have assumed that the electron and hole relaxa- 
tion times are of the same order. For nondegenerate elec- 
trons and holes, the ratio of the relaxation times does not 
exceed the square root of the ratio of their masses. In Table I 
are given the values of rp calculated for the holes from their 
mobilities. 

Table I1 lists the parameters of the GeAs and GaSb 
crystals used in the study. The following notation is used: E, 
is the width of the forbidden band, A is the energy of the spin- 
orbit splitting of the valence band, E, is the dielectric con- 
stant, m, is the effective mass of the heavy hole, me is the 
effective mass of the electron, m is the reduced mass of the 
exciton, a, is the exciton radius, E, is the exciton binding 
energy, v,  is the characteristic velocity, EA is the ionization 
energy of single acceptor, andg, is theg factor of the electron 
in the conduction band. 

s4. EXPERIMENTAL RESULTS AND THEIR DISCUSSION 
a. Dependence of the spin-relaxation times on the doping 
level 

Figures 1 and 2 show the concentration dependences of 
the spin-relaxation times T, obtained at various tempera- 
tures forp-type GaAs and GaSb crystals. In the investigated 
doping and temperature intervals, the times T, vary in a wide 
range from to 10 - ' I  sec. Increasing the doping and 

raising the temperature lead to a decrease of the times T,. It is 
of interest to note the rather weak dependence of the times T, 

on the doping level: increasing the acceptor density by three 
orders of magnitude decreases the times T, by only several 
times. Also noteworthy is the great similarity of the depen- 
dences of the times T, on NA in both compounds. 

It is easy to show that the observed changes of the times 
T, are not due to the action of the EYa mechanisms. Indeed, 
using expression (I), which characterizes the efficiency of the 
EYa mechanism, and substituting in it the known param- 
eters of the investigated compounds (see Table 11) as well as 
the values of the times 7, determined from the carrier mobil- 
ity, we obtain the following estimates for the time 7,: as func- 
tions of the doping level they should vary at 77 K from 
2 X lo-' to 1.8 X lop6 sec in GaAs and from 1.4X to 
1.6 x sec in GaSb, while at 300 K they should vary from 
6 x  to 1.5 X sec in GaAs. The estimates obtained 
exceed by more than two orders the corresponding experi- 
mental values. This discrepancy exceeds substantially the 
possible inaccuracy in the estimates of the times T, . Thus, at 
77 K the scattering of the electrons in doped crystals is due 
mainly to charged impurities and the value of the coefficient 
A in expression (I)  is close to unity. Therefore the inaccuracy 
of the estimates of 7, can be due only to the inaccuracy in the 
determination of the times T,,, which is patently smaller than 
two orders. The weak dependence of T, on NA in the density 
range 10'7-10'8 cm-3 at high temperatures likewise does not 
agree with the severalfold decrease of the times T, in this 
range. 

The observed decrease of times T, with increase in dop- 
ing can likewise not be attributed to a manifestation of the 
DP mechanism, for when the doping is increased its effec- 
tiveness can only decrease. In the case when the DP mecha- 
nism predominates, the times T, should not decrease in the 
considered range of densities in accordance with expression 
(S), but, conversely, increase in inverse proportion to the 
times rp .  

We consider now in greater detail the density depen- 
dences of the times 7, in Figs. 1 and 2, paying first attention 
to the curves obtained at lower temperatures. At doping lev- 
els N, < N,, , the times rs decrease in inverse proportion to 
the acceptor density region N A .  In the density region NA 
ZN, ,  , the decrease of the times T, stops, as is particularly 
clearly seen for the GaAs crystals. Further increase of the 
doping leads to a new decrease of the times T,, but now in 
proportion to N ,  'I3. 

TABLE 11. Parameters of the GaAs and GaSb 
crystals. 
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I = i 7  Ii. 
T=3W K 

1 
E( 
?ti ' 
mh 

1.520 eV 
5 .  e 
1.43 eV 
11.35 eV 

13.1 
0 ' 6 7  mu 
0.4s mo 

0.116 mo 
114h 

4.9 mcV 
1.7 I07cmlsec 

33 M ~ B  
-0.44 

0.814 eV 
(1.798 eV 
11.69 eV 
0.77 CV 
13.7 I 0.1141 mo 
0.35 mo 

0.027 mo 
210 A 

2.3 meV 
1.4 107cm/scc 

24 meV 
-9.3 

rn= m,m:,/(n~,+ mh) 
o B =  ti2eo/e?in 
EB= t i2 /2m<fBz  
un= h/nco, 

g, 



FIG. 1. Dependences of the times T, on the density of the shallow 
acceptors Zn in GaAs crystals at T = 77 K (a) and at T = 300 K (0). 

The observed features of the density dependences of the 
times T, agree in detail with the predictions of the theory for 
the case of manifestation of the BAP mechanism. In the den- 
sity region NA < N,,, the holes are distributed among the 
localized states on the acceptors and the states of the valence 
band. In this case the spin-relaxation rate of the electrons 
should be characterized by the sum of expressions (7) and (9), 
i.e., 

.. - 

For the crystals GaAs at 77 K, the degree of ionization 
of the acceptors in the density range 10'7-1018 cm-3 is ap- 
proximately 30% and depends little on the doping level. 
This constancy is due to the fact that the increase of the 
density of states on the acceptors with increasing doping is 
offset by the accompanying decrease of the acceptor binding 
energy.32 Inasmuch as in this density region the screening by 
the holes is still insignificant, expression (15) leads to an ex- 
perimentally observable dependence T, a N ,  '. A similar de- 

pendence is obtained for GaSb crystals, if it is recognized 
that T = 15 K and NA < Nc, the degree of ionization of the 
acceptors for them is negligibly small. 

The weak dependence of T, on NA in the region 
NA z N c ,  for GaAs can be explained, naturally, as being due 
to the decrease of the Sommerfeld factor I$(0)I2, which can- 
cels out almost completely the decrease of T, with increasing 
acceptor density. Thus for GaAs at 77 K and NA z 5 X 1017 
cmW3, when there is no screening, l$(O)I4 = 20. At densities 
N z  1019 cm-3 we have 1 $(0)14 z 1, and consequently in this 
density region the product NA 1$(0)14 is practically constant. 

In GaSb at T = 15 K and NA < 1018 cm-' the electron 
scattering is primarily by bound holes, for which there is no 
factor 1$(0)14. Therefore the decrease of the Sommerfeld fac- 
tor for the free holes manifests itself in this case much more 
weakly than for GaAs. 

In degenerate crystals, the value of the Sommerfeld fac- 
tor is already small, and as shown by experimental investiga- 
t i o n ~ ~ ~  and theoretical  calculation^,^^ at NU; 2 10, which 
corresponds to a density N z  1018 cm-' for GaSb and 
N z  1019 cm-3 for GaAs, the values of )$(0)12 lie between 2 
and 1. Further decrease of 1 $(0) 1 with increasing doping is 
very slow because of the weak dependence of the screening 
radius on the hole density: L, a N -'I6. Without allowance 
for the dependence of 1 $(0) l 4  on N we have according to ( 1 1) 
T, a N -'I3, which agrees with the experimenal data shown 
in Figs. 1 and 2. 

To conclude the analysis of the concentration depen- 
dences of the times rS in GaAs and GaSb crystals, it remains 
to note that in the region of hole dgeneracy a temperature 
rise does not change the character of the concentration de- 
pendence. On the other hand, at weaker doping N < N,, the 
dependence of the times T, on the acceptor density becomes 
noticeably weaker with rising temperature. The reason for 
this difference was made clear by separate studies of the tem- 
perature dependences of the times r ,  for the doping regions 
NA < Nc, and N > Nc, . 

b. Temperature dependence of the spin-relaxation times in 
degenerate crystals (N> N,,). 

L 

The temperature dependences of the times rS for several 
samples of degenerate crystals GaAs and GaSb are given in 
Fig. 3. The degree of doping of the samples was chosen such 
that the hole degeneracy was preserved in the entire investi- 
gated temperature interval. The curves shown in Fig. 3 ;e- 
veal the same variation of the times T, with temperature for 
all the investigated samples: at low T the times T, vary little 
with temperature, and then begin to decrease rapidly in pro- 
portion to T -'I2. This r , (T)  dependencecannot be explained 
by the EYa and DP mechanisms when scattering by impuri- 
ties predominates, when T, - T3I2, and according to (1) and 

Y - (5) we have T~~~~ - T - and rSDp - T -9'2. 

I I I I  I 
Thedecreaseofthe timesr, - T -'I2, which was reliably 

lof7 4 1nf6 Y 10" observed in a wide temperature interval, agrees well with the 
N~ , cm' theoretical relation (1 1) for the case when the electrons that 

FIG. 2. Dependences of the times 7, on the concentrations of the shallow On the are fast, i.e.* 'e > ' p .  In GaAs and GaSb* 
acceptors Zn in GaSb crystals at T = 15 K (a) and T = 77 K (0). even in the case of strong degeneracy on account of the large 
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z,, sec 

' r 

FIG. 3. Temperaturedependences of the times T, in degenerate GaAs and 
GaSb crystals: A-GaSb, NA = 6.5 X 101%m-3; A-GaSb, NA 
= 1 . 8 ~  10'' cmP3; 0-GaAs, NA = 5.5X lOI9 ~ r n - ~ ;  C G a A s ,  NA 
= 7 . 8 ~  101%m-3. 

difference between the effective masses of the electrons of the 
heavy holes, the condition u, > u, is satisfied even at relative- 
ly low temperatures: starting with 10-20 K for GaSb and 
with 20-35 K for GaAs. 

The dependences of the times T, on the temperature and 
on the doping level, obtained for degenerate crystals, offer 
evidence of the predominant role of the BAP mechanism. In 
the strong-doping region, the dependences of the times T, on 
the hole density and on the temperature are well described 
by the following expressions [(16a) for GaAs and (16b) for 
GaSb)]: 

where T, is in seconds, N is in cm-3 and T is in O K .  

From a comparison of expressions ( 16a) and ( 16b) with 
(1 1) we obtained the values of the parameter T, and of the 
energy of the exchange splitting of the ground state of the 
exciton A,,, in the investigated crystals: for GaAs we have 
T,, = 1 . 0 ~  lo-' sec and A,,, = 4.7 x 10-"V, while for 
GaSb we have T, = 1.8 X 10-'sec andd,,, = 2.4X lo-' eV. 
The value of A,,, obtained for GaAs agrees well with its 
known  estimate^.^^,^' The value of A,,, for GaSb was ob- 
tained here for the first time. The values of A,,, were chosen 
for best agreement between the theory and the experimental 
data also for nondegenerate crystals (see below). For strong- 
ly degenerate crystals it was necessary to set the factor 
I $(O) I equal to 1.5 for GaAs and to 1.7 for GaSb, values that 
do not contradict the estimates above. 

Let us discuss the possible causes of the saturation of 
the rS (T)  dependences with decreasing temperature. As can 
be seen from Fig. 4, in GaAs crystals this saturation begins 
already at rather high temperatures Tz40-60 K. In Ref. 9, a 
weak dependence of the times T, - T - ' I 2  in GaAs was ob- 
served up to 100 K. We note immediately that the observed 
saturation of times rS with decrease in temperature cannot 

Y I0 Y 7'7 '" il - 
', ' 

FIG. 4. Temperature dependences of the times T, in degenerage GaAs 
crystals with different doping levels and different photoelectron lifetimes : 
A-N, = 4 x  1018cm-3, T = 0.6X sec(from thedataofRef. 9), 0- 
NA = 5~ 10" ~ r n - ~ ,  T = 2 . 8 ~  sec; 0-NA = 4X 1019 ~ m - ~ ,  
T = 2 . 4 ~  10-1°sec. 

be attributed to a transition to the case of slow electrons, 
inasmuch as in accordance with the theorys one should ex- 
pect in this case an even stronger dependence, r, - T -2. 

It seems that the cause of the observed behavior of the 
times may be the imcomplete thermalization of the electrons 
in the conduction band during the lifetime. The degenerate 
crystals investigated by us are characterized by rather short 
lifetimes r :  (2-3)X lo-'' sec in GaAs and ( 4 - 5 ) ~  lo-'' sec 
in GaSb. These times are governed by the radiative transi- 
tions and depend little on the doping level and on the tem- 
perature.3'.36 

Let us compare these values of T with the energy relaxa- 
tion times T, of nonequilibrium electrons in the passive ener- 
gy region, where the energy relaxation of the electrons is by 
scattering from acoustic phonons or else from holes with 
energies close to the Fermi level. According to Ref. 37, the 
times of energy relaxation of the electrons due to scattering 
by acoustic phonons, T,, , lie for the investigated crystals in 
the range 10-9-10-8 sec. These values exceed the lifetimes 
substantially. 

Calculation shows that the rates of the energy relaxa- 
tion in scattering by degenerate holes is determined by the 
expression 

here y = u,/u, and F ( y  > 1) = 1, while 
F ( y < 1 ) = 1 - ( 1 - y ) ' [ 1 + 5 y +  15;].Thetimesr,, can 
vary, depending on the electron energy and on the degree of 
degeneracy of the holes, in a rather wide range, from 10-l2 
to lo-' sec. In the region of the lowest temperatures T 5  10 
K we have according to (17) T,,, > 0 . 8 ~  lo-' sec at 
N Z ~ X  1018 cm-3 and rE,, > 2~ at N z 3 . 8 ~  1019 
cmP3. In both cases these times exceed considerably the life- 
times, which are respectively 2.8 X 10-"and 2.4X lo-" sec 
for these samples. Therefore under these conditions the elec- 
tron temperature certainly cannot manage to reach that of 
the lattice. 
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If the saturation of the temperature dependences of the 
times T, is indeed due to heating of the electrons, their aver- 
age temperature Te can be obtained with the aid of expres- 
sion (12). If it is assumed that the factor I$(O)I4 is indepen- 
dent of T, in the strong-screening region, it follows from (1 1) 
and (12) that 

where T, ( T )  is the spin-relaxation time for thermalized elec- 
trons (i.e., according to Fig. 4 at T >  50 K), and r,(T,) is the 
time of the spin relaxation of the hot electrons. An estimate 
based on Eq. (18) yields T e z 4 0  K for a sample with 
N =  3.8X10I9 ~ m - ~ ,  and Te--,29 K for a sample with 
N = 5 x 10" ~ m - ~ .  For electrons with such an energy the 
times T,,, are of the order of 10-I0sec. 

The temperature dependence of the times T,, obtained 
in Ref. 9 for a GaAs crystal with approximately the same 
doping level, differ strongly from those observed by us. This 
difference cannot be attributed to heating of the electrons, 
even if account is taken of the very short lifetime 6 x lo-" 
sec of the electrons in the investigated crystal. To this end it 
would be necessary to assume that the electrons become 
thermalized only above room temperature. 

At the same time, such short lifetimes offer evidence of 
the presence in the investigated crystal of additional recom- 
bination centers, which usually have paramagnetic proper- 
ties in 111-V compounds. Scattering by such centers could 
explain also the observed T, a T -I1' dependence. 

c. Temperature dependence of the times of spin relaxation in 
nondegenerate crystals (N, < N,,) 

In this doping region, in the case of the action of the 
BAP mechanism, the rate of the spin relaxation of the elec- 
trons should be described by expression (1 5). The tempera- 
ture dependence of the tiines T, is connected here not only 
with electron velocity but also with the temperature-depen- 
dence of the degree of the acceptor ionization and with the 
decrease of the Sommerfeld factor I $(O) 1 '. A characteristic 
feature of the dependence is its nonmonotonicity: the accep- 
tor depletion region the fast decrease of the Sommerfeld fac- 
tor should lead to a slowing down of the spin relaxation. In 
this case the time rS is proportional to ve and should increase 
with increasing temperature a: T ' I 2 .  

The temperature dependences of the times T, in nonde- 
generate crystals GaAs and GaSb are shown in Figs. 5a and 
5b and in Fig. 6a, respectively. The solid lines in the figures 
show the theoretical curves calculated with the aid of expres- 
sion (15) at the values indicated above, A,, 
(GaAs) = 4.7 X lo-' eV and A, (GaSb) = 2.4 x lo-' eV. 
With allowance for the small role of the screening in the 
investigated samples, the values of 1$(0)1 were obtained 
from (10). The degree of ionization of the acceptors was cal- 
culated from the known formulas3' with account taken of 
the dependence of the acceptor ionization energy E, on the 
doping It can be seen that the obtained theoretical 
dependences describe well the experimental data also in the 
case of nondegenerate crystals. The theory explains also the 

FIG. 5. Temperature dependences of the times 7, in nondegenerate 
GaAs crystals: a,b) 0, 0--experimental data; solid lines-theoretical 
dependences for the BAP mechanism according to ( IS ) ;  a - N,  
= 2 . 2 ~  1O1'crn-', b - N, = 3 . 5 ~  10'' ~ m - ~ ,  c) 0, &times (l /r,)  
= ( 1 / ~ , ) . . ~ ~  - ( I / T ~ ) ~ ~ ~ ,  solid line-theoretical dependence for the 

DP mechanism according to ( 5 ) ,  A-temperature dependence of the 
Hall mobility p,. 

saturation of the rS (T)  dependences which sets in GaAs at 
T s  100-150 K. 

At T >  150 K, however, for GaAs and T >  40 K for 
GaSb, instead of saturation of the T,(T) dependence expect- 
ed in accordance with the theory of the BPA mechanism one 
observed in experiment a further decrease of the times T,. 
This decrease is obviously evidence that one more mecha- 
nism of spin relaxation comes into play. In Fig. 5a and 6b are 
shown the values of the times ( l / ~ , )  = (1 /~ , ) , ,~ ,  
- (I/T~),,, , determined from the experimental values in 
Figs. 5a and b and Fig. 6a, and corresponding to the demon- 
strated mechanism. The same figures show the temperature 
dependences of the hole mobilities in the investigated crys- 
tals; this gives an idea of the temperature dependence of the 
times T ~ .  

FIG. 6. Temperature dependence of the times T, in nondegenerate GaSb 
crystals: a) O-experimental data, solid line-theoretical dependence for 
the BPA mechanism according to (15), N, = 2.8 x 10'' ~ m - ~ ;  b) C- 
times (I/T,) = ( 1 / ~ , ) ~ ~ , , ~  - ( 1 / ~ , ) ~ ~ ~ ,  solid line-theoretical dependence 
for the DP mechanism according to (5), A-temperature dependence of 
the hole mobility p, . 
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FIG. 7. Boundaries between the temperature regions and the hole-density 
regions in which the BAP and DP mechanism predominate, for crystals 
GaAs (curve I) and GaSb (curve 2). 

The temperature dependences of the times T, obtained 
in Fig. 5c and 6b cannot be attributed to a manifestation of 
the EYa mechanism. It  was already noted earlier that the 
times T, corresponding to the EYa mechanism are substan- 
tially longer than the measured values. It is also impossible 
to explain within the framework of the EYa mechanism the 
character of the obtained T,(T) dependences. Thus, for 
GaSb, according to (1) and when account is taken of the 
constancy of the times T~ in the considered temperature in- 
terval, the times T, should have changed in proportion to 
T -*, and in GaAs and T >  100 K one should expect a rela- 
tion T, a T -3, inasmuch as the times decrease here ap- 
proximately in proportion to T P 0  ' . 

The observed T, ( T )  dependences found a natural expla- 
nation within the framework of the DP mechanism. The 
constancy of the times T~ in EYa leads, in accordance with 
(5), to an experimental relation T, a T -3, and the shortening 
of the times T~ a T-O8 in GaAs leads to a relation T, 

a T- at T >  100 K. The increase ofthe slope ofthe plot of 
T,(T) at T >  100 K in GaAs agrees with the slowing down of 
T ~ ( T )  in this case. The quantitative agreement between the 
experiment and the theory was reached by choosing the pa- 
rameter a in (5) equal to 0.05 for GaAs and 0.1 for GaSb. The 
obtained values of a agree well with their theoretical esti- 
mate (4). Thus, our data have confirmed the conclusion 
drawn in Ref. 11 that the DP mechanism comes into play in 
moderately doped GaAs crystals. 

The experimental investigations and the theoretical 
analysis of the obtained data have made it possible to estab- 
lish reliably the mechanisms of the spin relaxation which 
predominate under conditions of optical orientation in the 
crystals GaAs and GaSb. Figure 7, plotted on the basis of the 
data presented above, show the boundaries of the tempera- 
ture regions and of the hole-density regions within which the 
BAP and DP mechanisms predominate. On the boundaries, 
the contributions of both mechanisms become equalized. 
According to the obtained estimate, the contribution of the 
EYa mechanism in the entire range of values of N, and T 
indicated in Fig. 7 is smaller than the contributions of the 
BAP and DP mechanisms. 

In conclusion, the authors are grateful to M. I. D'ya- 
konov, V. I. Perel' and V. I. Safarov for useful discussions. 
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Note added toproof(26January 1983). Later measurements of spin relaxa- 
tion in pure GaAs crystals in a magnetic field, the results of which will be 
published separately, have made it possible to mLsure T, directly and by 
the same token refined the value of a, which was found to equal 0.06 (in 
place of the value a = 0.05 indicated in the text for GaAs). 

Translated by J. G. Adashko 
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