PHYSICAL REVIEW B VOLUME 61, NUMBER 16 15 APRIL 2000-II

Emission of acoustic phonons due to spin-flip electron transitions
in nonsymmetric quantum wells
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We have considered the emission of nonequilibrium acoustic phonons in the process of spin-flip transitions
of electrons in nonsymmetric quantum wells. The spin splitting of the electron energy spectra causes the
modifications of the energy and angular distributions as functions of the transverse voltage. The spin-flip
contribution to the emission rate is substantial for the phonons being emitted at considerable angles to the
normal direction. The intensity of phonon emission for such angles increases several times for InAs-based
quantum wells, due to the contribution of spin-flip transitions.

Acoustic phonon emission by nonequilibrium two-  Based on the previous theoretical descriptions of acoustic
dimensional  electrons  in  different  types  of phonon emission by 2D electroli§ we express the differ-
Al,Ga,_,As-based heterostructures have been intensively inential energy flux asG= 3G/ (dwd), i.e., energy flux per
vestigated in the past two decadese Ref. 1 and materials unit solid angle, area, and frequency interval, through the

of recent conferencés). To the best of our knowledge, all rate of acoustic-phonon emission from nonsymmetrical QW,
these investigations dealt with spin-degenerate electron syg¢,, ¢). This differential flux is written as

tems. At the same time, recent measurements of electron
transport in the narrow-gap InAs-baédand in thep-type

GaAs-basel) nonsymmetrical heterostructures clearly show 92G hwd
a spin-splitting energy of the order of a few meV, for heavily 5G(w,0)=—r=——1(w,0), )
doped structures. This energy falls in the energy range of dwdl  (27s)®

acoustic phonons ballistically propagating through the
sample. Thus, the study of nonequilibrium phonon distribu- ) . . .
tions (among other kinetic phenomena, e.g., spin-flip transiWherew is an acoustic-phonon frequendyis a propagation
tions under THz excitatidhor spin-dependent tunnelifig ~angle with respect to the normal direction, & the lon-
provides an informative method for investigation of the gitudinal sound velocity. The rate of emission for a phonon
electron-phonon interaction nonsymmetric narrow-gap quarwith 3D wave vectoQ in Eg. (1), Io=I(w, ), is given by
tum wells (QW’s). the general expression

The peculiarities of phonon emission depend upon the
spin splitting of the electron energy spectrum in the QW. As
it is shown in Fig. 1, the electron dispersion law is deter-
mined not only by the two dimension&D) momentump
but also by the spin quantum numbes +1 in the follow-
ing way: sap=p2/(2m)+a'vsp. Here o is the spin projec-
tion onto the direction alongpxvg] and the characteristic
spin velocityvg is along the normal to the 2D plane. This
velocity is proportional to the applied transverse voltage and
its numerical value is determined by the nonsymmetrical
confined potential. Note that the dispersion layy, is in-
plane isotropic, because there is no distinguished direction in
the 2D plane. Since the spin-split energy at the Fermi level
es=2v¢pg IS equal to 3—4 meV for typical parameters of
n-type InAs QW's g is the Fermi momentujmthe transi-
tions between spin-split levels make a substantial contribu-
tion to the rate of acoustic-phonon emission under consider-
ation. In this paper, we calculate the energy and angular
distributions for the case of deformation electron-phonon in-  F|G. 1. The spin-split energy dispersion laws of electroas (
teraction. The numerical estimations are done for the heavily=+1 are the spin quantum numbgrsSpin-flip and spin-
doped QW’s (with electron concentration of about conserving transitions are shown as dashed and dotted arrows, re-
10*? cm™?). spectively.
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27 » hv ho dp
lo=—|ColZS f(1—f4)|(ale Q7| B)28(hwo—¢, _ v he 2 f_
=71 aEB (1=fp)(al |B)76(hwq (@,0)= 70— o -x(a.d) % (zwﬁ)2f0p+ﬁp/2
tep). ) X (1= prp- g (op+hpl2 o’ p—ha/2)]
Here, the deformation interaction between the acoustic pho- X 6(hwg=&spinpt €5p—ng2)- (7)

non with the linear dispersion law,=sQ and the electrons _ o R
is described by the bulk matrix elemei@|? and the over- Here, er mtro?uced the characteristic relaxation rate
lap factor|(a|exp(=iQ-r)|B)[%. The electron states in Eq. =(DPg)“M/(7A"ps), ve=pg/m is the Fermi velocity D
(2) are denoted bya), |B), with corresponding energies S the deformat|on'potent|al,. anglis the density of the het-
€4, and distribution functiong,, . erostructure. Elgstlc properties of the heterostructure are sup-

If only the lowest subband is occupied, and the paraboliP0sed to be uniform. In the following we neglect a small
approximation is valid for the electron dispersion law, thein-Plane anisotropy of electron distribution function and sup-
electron states in Eq2) take the form/a)=|0)|op) where ~ POS€ thaf (e,p) is the quasiequilibrium distribution function
|0) corresponds to the ground state of transverse motion angfith the electron temperaturg, and the Fermi energy. .
the spinorop) is determined by the eigenstate equatisee In order to perform the angle integration in E@), we use
a more detailed description in Ref):7 the & function taking into account that only small cpgg’)

are essential, if sifi=>s/ve . Upon this integration, we obtain

p? . the differential energy flux in the form
5 T 0 [VeXpl o) =2 plop), ;
w|°x(q.d)? ef *
6G(w, )= 656G —) — f
) Spe) 2pesing Te 5 Jo
1 (o-p)
|0'p>=ﬁ 1+i o), o==1, 3 2 ho
Xdp Wf(sop(q)-i- 7)[1—1:(80[,((1)
wherem is the effective massr are the Pauli matrices, and 5
|+ 1) are the spin eigenvectors. Using E8), we transform _ h_“’) + (%) f( e +ovep(q) + ﬁ_w
the overlap factor irlg to the form 2 p(q? | TP@ T 2
iq,z 2 1A\ |2
(0le - 0) K rpl ' )G 1, o [ PR———_r1 } o
0|97 0)P= x(q,d)%  x(a)= (2/a)sin(a/2) y  and the second term in E¢B) describes the contribution of

spin-flip transitions. We use here the notatiqmnq)
= Jp?+(%q/2)? and the characteristic energy fl&G is de-
The functiony(a) is written for the case of flat-band QW, termined as
i.e., we suppose here that the drop of the potential across the .
QW is smaller than the energy of electron quantization in — hwvsvg
QW with the given widthd, and the wave vector is written as G= W
Q=(q,9,). The spin-dependent matrix elementp|o’'p’) (2m)
is expressed through the wave functions in E).as fol-  The main contributions to the integral in formul@ come
lows: from the momentums of the order p§, and an exponential
cutoff of 6G(w, #) takes place under the conditidig/pg
1 >1, i.e., we again suppose thatis not small. Further ana-
(oplo’p)=5 lytical simplifications are based on the inequallty/sr<1,
which allows us to replace the exponential drop&f by the
1+{(p-p)+io[pXp'1H(pp'), o=d’ step function and to obtain

1—(al2m)?

(©)

X

i(olala’y-(p'Ip’—plp), o#o’. 5G(w, 0) 0[1—(Q sin6/2)?]
3 2

® RN T oy 7
After simple transformations of E¢5) we obtain y Q/t +<Q)2 , 1[ (-1t
—————+| | Sinl| 5|
1 |1+cogp,p’), o=o sing(e?'—1) 2 2[ el -1

A/’ 2:_>< ”\ ! 6
(oploe =3 [1—cos(p,p’), —— @+ )it | Qi

+e(Q+1)/t_1 _en/t_l ' (10

so that the spin-flip transitions are forbidden in the case of
zero momentum transfep&p’). where g, d=Q(pgd/A)coshd. We have also introduced in

Thus, the general expressi¢®) for the rate of phonon Eq.(10) the dimensionless frequen€y=7% w/spg, tempera-
emission is transformed into turet=T./sps, and parametey=uv,/s.
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FIG. 2. The differential acoustic flufin units 6G) versus pho- FIG. 3. The emission intensityin units AG) as function of

non energykw for the different propagation angles and electron Propagation angle, for differente and e (@ and as function of
temperaturesa), and for different propagation angles and spin- €/€ctron temperature for differet (b).
spliting energlest). strate strong temperature dependencies of near-threshold
The numerical calculations have been performed for thgeaks. More accurate calculations based on(&gshow the
InAs-based QW with the width 10 nm and spin-splitting en-smearing of the thresholds, but the dependence of the cutoff
ergy . varied from zero(symmetric QW to 3.5 meV, in  energy on spin-splitting energy is weak, becaugeve [see
agreement with the experimental d&faThe energy distri-  Fig. 2(b)]. Nevertheless, the maximum value 86 is sub-
bution of the emitted phonons for different angles of propa-stantially increased in the threshold regi@p to two times
gation is plotted in the unit¥G=0.7x10"16 J/cn?sr in for 6=45° if eg is v_ariated from 0 to 3.5 meV Note also,
Fig. 2. Since the spin-flip matrix element is vanished for thethat Eq.(10) overestimates the peak valuesass, compared
small-momentum transfer case, which corresponds to tht Ed. (8), as shown by an additional dotted line fer
small-angle region, we do not consider here 15°, where ~ =45° in Fig. 2b). -
5G(w, ) increases substantiallgee discussion in Ref. 10 The emission intensity is introduced bYG(6)
Figure 2a) shows the energy dependencies’ef calculated =J/odwdG(w,0), and simple numerical integration of Eq.
by the simplified formula10) for the maximal spin-splitting  (10) [or Eq.(8)] provides us with the angular dependence of
energy, at different temperatures. The phonon emission has&G(#). The plots ofAG versusé for different e and Te
threshold at the cutoff energyspg /sind for the not-small- and AG versusT, for different ¢ and T, are presented in
angle region(see Ref. 12and 5G increases as the inverse Figs. 3a) and 3b), respectively. The characteristic intensity
square root at threshold T,/er<1. These results demon- AG is equal to 0.16 mW/cfsr for the above used param-
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eters. The angle dependencies of the emission intensity derphonon matrix element are of the orderegf/e <1; &4 is
onstrate the sharp increase for the small-angle region artthe band-gap energyand on temperature approximation for
AG vanishing asf— /2. Besides, the\G(6) drops in the nonequilibrium electron distributiof?. We also neglected the
region around 20fsee Fig. 8a)], where the transition occurs near-surface modifications of the phonon modes; according
from the hump-type energy distributiqourves forg=15°  to recent calculations of electron relaxation raffbmis ef-

in Fig. 2a)] to the threshold-type curves. The spin-flip- fect is not essential if the top cladding layer width is bigger
transition contributions are most essential in the region ofhand. We have obtained substantial modification of the en-
intermediate angle§m/4—m/3], where AG increases with ©€rdy and angular distributions of the emitted phonons due to
both the spin-splitting energy and the electron temperatures.pm.'ﬂlp contnbupon for the angles far from th‘? n'ormal di-
The variation of AG with . is substantial(up to several rection. Thus this new channel of phonon emission can be

times for low temperatures, while for the regiof, studied experimentally by direct measurements. In addition

10 ¥ he emisson miensty ncreases oy by 10-30% 12 MVESIGAton of tonedlby <o et of e
The contribution of spin-flip transitions is greater for the P ’

lower doping levels, when the ratis,/vs increases. Thus, matrix elemeni6). More sensitive measurements of phonon

the low-doped structures are more promising for studyin emission can be possible in a quantized magnetic field,
s ped P 9 YNy here the peculiarities of spin-split Landau level should be
spin-flip transitions.

. . essential. It is also interesting to examine the phonon emis-
In conclusion, we have studied the new channel of pho-: . ; ) .
L L . . sion by photoexcited carriers with the energies near the ex-

non emission due to spin-flip transitions of electrons in the . :
. . _trema of spin-split bands.
nonsymmetric narrow-gap quantum wells. Our consider-

ations were based on the parabolic model of 2D electronic The authors are grateful to D. A. Romanov for useful
states(the nonparabolic corrections tg,, and to electron- discussions. This work was supported by ARO.
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