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We calculated the e�ects of the electron-hole scattering via the exchange interaction on the
spin relaxation times of photo-excited carriers in doped quantum wells. Even though we
found this relaxation channel to be weaker than in bulk, it is still comparable with the
spin-mixing channels due to the spin-orbit interaction. Therefore, they must be considered
in equal footing to provide a complete picture of the spin relaxation in doped samples.

I. Introduction

Recent advances in time-resolved luminescence tech-

niques have greatly stimulated the study of the exciton

formation dynamics in a way which was not before ac-

complished by experiments in the continuous cw exci-

tation regime. It has been now possible to investigate,

on the time scale of picoseconds, di�erent relaxation

mechanisms among of which those causing relaxation

of the spins of the photo-excited carriers. In this work,

we studied doped quantum wells (QW), where the spin

relaxation we considered is due to the electron-hole (e-

h) scattering via the exchange interaction, also known

as the Bir-Aronov-Pikus (BAP) mechanism[1].

The study of spin dynamics in semiconductors is

of great interest because when an incident photon is

absorbed in these materials to excite an e-h pair, the

angular momentum conservation law dictates that only

a pair with the same total spin as the photon angu-

lar momentum can be created. It is then possible to

excite carriers with de�nite spins which, after relax-

ation and upon recombination, produce the polarized

luminescence containing valuable informationabout the

spin
ip processes. For the IIIV compounds, such as

GaAs, the spins of the electron in the conduction band

at k=0 are �e = �1=2. For the valence band at k=0,

we have two degenerate bands, one with the hole to-

tal angular momentamp = �3=2 (heavy holes) and the
other withmp = �1=2 (light holes), assuming the quan-

tization direction along the z axis. Therefore, a photon

propagating along this direction with circular polariza-

tion must excite an e-h pair satisfying �e+mp = �1: In
2-D structures, due to subband formation, heavy and

light holes at k =0 are no longer degenerate.

In this work, we consider doped QWs and for sake of

clarity we shall treat only p-doped samples, such that a

Fermi sea of holes exists due to the doping. Everything

we shall say can be easily translated to the n-doped

case, which has an electron degenerated population in-

stead. Due to the exclusion principle, an incident pulse

of polarized light excites e-h pairs in these p-doped sam-

ples only if it has energy high enough to create holes

above their Fermi level. Therefore, an optical vertical

transition produces electrons and holes with momenta

greater than the Fermi momentum of the holes, pF .

The photo-excited carriers then relax their momenta

and kinetic energies, such that electrons arriving at the

conduction band edge recombine with any of the heavy-

holes already existing on the top of the valence band to

produce the luminescence signal. It is then clear that

only the electron spin is important to determine the

polarization of the luminescence, because the major-

ity hole population can be considered completely spin

depolarized if the optical excitation is low to prevent

high concentration of excited holes in comparison with

the doping-induced population. For bulk, Fishman and

Lampel[2] have shown that the BAP process was the

most e�ective mechanism in relaxing the electron spin

in a doped sample. In what follows, we extend their

work to consider the BAP process for 2-D semiconduc-

tor structures.
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II. The BAP process

The exchange interaction between an electron and a

hole can be separated into the short-range and the long-

range exchange parts. We have shown[3] that the short-

range contribution is not very e�ective in 2-D systems

because it only mixes heavy- and light-hole spins, which

are well separated in energy by the subband struc-

ture due to the con�nement. The long-range contribu-

tion, on the other hand, gives rise to the longitudinal-

transverse splitting of the exciton's kinetic-energy rela-

tion dispersion. Together with the scattering of the ex-

citon's center-of-mass momentum, this produces a spin

relaxation process of the type motional narrowing. In

doped samples, the excitonic states are unlikely to hap-

pen due to the strong screening by the majority carrier

population. However, a free electron can be scattered

by the hole population via this long-range exchange,

causing its spin
ip. To calculate the electron spin
ip

rate we consider the process in which an electron with

a momentum k and spin 1/2 (") is scattered to a state

with spin -1/2 (#): Using the Born approximation, we

have:
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scattered into an occupied state. The exchange matrix elements that enter in this expression are given, for the bulk

case, from the matrix:
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where K=k+p is the e-h pair's center-of-mass mo-

mentum, �ELT is the observed 3-D L-T splitting,

j�3D(0)j2 = (�a30)
�1, with a0 as the Bohr radius, andM

is an 8� 8 matrix with the spin indices of the electron,

�, and hole, m, which depends only on the direction of

K (see Ref.[3] for the explicit matrix form). In using

this expression in Eq. (1), we must sum only over the

terms that cause electron spin
ip, which involve heavy-

and light-hole states. For 2-D systems, this is simpli�ed

because in �rst order only the heavy-hole states partic-

ipate. The exchange term in Eq. (1) is then, for the

2-D case (see also Ref. 3),

hVexchi";# = �K;K0

3

16

�ELT

Sj�3D(0)j2F (K) K ; (3)

where F (K) is a dimensionless form factor[3] due to the

well con�nement and S is the sample area. Note that

in 3-D the exchange is �nite as K vanishes, while in

2-D it goes linearly to zero.

We have calculated the relaxation rate Eq. (1) for

the 2-D and 3-D cases. The integrals over the momen-

tum spaces were in part calculated analytically, yielding

for the 2-D case:
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where Nhh is the heavy-hole 2-D density and � the e-h

reduced mass. We have arranged the integrals which

were not evaluated into
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where in this expression p(k) is the hole (electron) momentum normalized by the hole Fermi momentum, pF =p
2�Nhh, which is also true for K = jk+ pj. The step function is written as �, and � = �0 � �:

To simplify the 3-D result[1] , we have used the fact that in bulk me � mlh � mhh, such that we only considered

holes being scattered from the heavy-hole band and to heavy- and light-hole bands. This simpli�es Eq. (1) for the

bulk as:
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where now Nhh is the volumetric density, and the remaining integrals are written as
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III. Results and discussion

In order to obtain the bulk and the con�ned elec-

tron spin
ip rates, 1=�s, we have calculated the inte-

grals in Eqs. (5) and (7) numerically using the Monte

Carlo's method. We have used the following parame-

ters for GaAs: a0 = 146:1�A, me = 0:067; mhh=0.62

(3D), 0.112 (2D), mlh = 0:087 (3D), �ELT = 0:08

meV. The distribution functions fp;m were taken at zero

temperature, and for the 2-D case we considered only

in�nity-barrier QWs. In Fig. 1, it is shown in full

lines the result for the electron spin-relaxation times

as a function of the electron momentum normalized by

the hole Fermi momentum. We considered an 100 �A

-wide QW with a heavy-hole density Nhh = 1012 cm�2

(EF = 21:4 meV), which simulates a bulk density of

Nh = 1018 cm�3 (EF = 5:7 meV) used for the 3-D

case. We notice from this �gure that right after ex-

citation (k=pF � 1), bulk and con�ned electrons have

the same order of magnitude for their spin-relaxation

times, about 100 ps, but as k decreases the increase in

the relaxation time for the con�ned electrons is much

stronger. The bulk �s behaves like 1=k for small k [cf.

Eq. (6), and Ref. [2]], and it tends to saturate for

k > pF because, for large k, the exclusion principle no

longer plays an important role. The slight increase ob-

served for �3Ds in this region is due to the fact that, for

large k, the e-h pair's c.m. momentum K approaches

k, causing the exchange matrix elements for heavy-hole

spins to vanishes [cf. Eq. (8), � is the angle between K

and k]. The only non-vanishing matrix elements left are

for light-hole states, which have an occupation number

much smaller than the heavy-hole states. The decrease

observed for �2Ds as function of k is mostly due to the in-

crease in the phase space available for scattering, which

also saturates for k > pF . For larger k, the 2-D results

shown here should be interpreted with caution, because

inter-subband scattering and valence-band spin mixing

become important factors, both not considered in our

calculation.

The carriers' wave functions we have used to cal-

culate the exchange matrix elements were plane waves,

but including the e-h Coulomb attraction we expect

a greater probability of �nding the electron and the

hole at same position, therefore increasing the exchange

strength. Neglecting screening, we can make use of the

Sommerfeld factors [i.e., j k(0)j2, see Ref. [4]] to obtain
an upper bound for this enhancement. This is shown in

Fig. 1 (lines with the S index), where we used a pure

2-D Sommerfeld factor [4] to simulate that of our quasi-
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2-D system. We note that the bulk electron relaxation

time is the one mostly a�ected. Of course, screening

will weaken considerably this e�ect.

For a n-doped QW, it is shown in Fig. 1 (dotted

line) the result for the hole spin-relaxation time without

the Sommerfeld enhancement and with the same car-

rier concentration as before (therefore, the same EF ).

The behavior observed is similar to the electron �s, but

shifted for larger k; which in this case represents the

hole momentum.

Figure 1. Spin-relaxation times for bulk and con�ned elec-

trons, solid lines. The lines with the S index are for the

relaxation times when the Sommerfeld enhancement is in-

cluded. The dotted line is the hole spin-relaxation time in

a n-doped QW. See text for details.

In conclusion, we have calculated the spin-

relaxation times for carriers excited in doped QW sam-

ples which have their spins relaxed via the BAP pro-

cess. We have shown that in bulk this relaxation chan-

nel is stronger than in con�ned systems, despite the

fact that the exchange strength to be enhanced by the

2-D con�nement. For momentum closer to the band

edge, the relaxation rates we found are very weak com-

pared with the recombination rate of the excited car-

riers, therefore they must not play any major role in

relaxing the spin of thermalized carriers. On the other

hand, right after excitation, when the carriers momenta

are close to pF ; �s was found to be of the same order of

magnitude as those obtained from other spin-relaxing

mechanisms, e.g., the valence-band spin mixing[5] and

the D'yakonov-Perel' process[6] (which also have simi-

lar limitations with weaker relaxation rates for carriers

close to the band edge). These other spin-relaxation

rates, as well as the one calculated here, are still weak

when compared with the experimental results for �s for

electrons and holes excited in doped QWs, which are

mostly in the range of few hundreds of picoseconds[7;8].

This shows that, despite the recent e�orts, further ex-

perimental and theoretical studies are still needed to

understand the processes causing spin relaxation in

doped semiconductor structures.
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