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Auger-like relaxation of inter-Landau-level magnetoplasmon excitations
in the quantized Hall regime
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Auger relaxation in two-dimension&2D) strongly correlated electron gas can be represented as an Auger-
like process for neutral magnetoplasmon excitations. The case of a “dielectric” state with a lack of free
electrons(i.e., at integer fillingv) is considered. Really the Auger-like process is a coalescence of two
magnetoplasmons which are converted into a single one of a different plasmon mode with zero 2D wave
vector. This event turns out to be energetically allowed for magnetoplasmons near their roton minima where
the spectrum has an infinite density of states. As a result, the additional possibility appears for indirect
observation of the magnetorotons by means of anti-Stokes Raman scattering. We find the rate of this process
employing the technique of excitonic representation for the relevant matrix element calculation.
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Auger-type processd#\Ps) are believed to be the domi- process could be realized as a conversion of two MPs with
nant inter-Landau-level electron scattering mechanism wheanergy in the vicinity oin/ w. into one MP in the vicinity of
emission of LO phonons is suppressed off the magne2mfwc.
tophonon resonance conditions. Auger scattering determines The lowest energy MP wittm=1 has a pronounced
the population of Landau leveldLLs) in cyclotron roton-type minimum in the energy dependerete) on the
resonancé? anti-Stokes hot luminescenéeand integer 2D wave vectorg.>"#*°Near this minimum the density of
quantum Hall breakdown phenomehaOne-electron de- States _is infinite and this is the reason why the corresponding
scription of an AP is scattering of two electrons at the saméXcitations and so-called magnetorotons were detected by

LLs resulting in deexcitation of one of them to a lower LL M&ans of resonant combination backscattettng’ though
and excitation of the other to a higher LL. If this lower LL is thiS detection is only possible due to the breakdown of wave-

partially filled in the ground state of a two-dimensio2D) Yne(t:#()ar ;(;r;sserr\/ezgtlo!ﬁsr]e; Lhne| désnc;:(;)?;]oenr 'negkef;; tlhi aggqésmp
electron gag2DEG), then such a process reduces the total . ured signz y P S

. S . mode just close té w is observed. It corresponds to the MP
number of excited electrons, providing the 2DEG relaxation.

This simple picture is based on LL equidistance and seems R"(;V'th g near the origin, and satisfying the momentum conser-

dt | situai h . . @ at ation this peak is more intensive even though the MPs at
correspond fo a real situation, Such as in experiments a g=0 have a much lower density of statddmportant for a
<1 (Ref. 1) or in the case of large LL numbers of initially

. 45 L coalescence of two MPs is the energetic possibility of their
excited stateS” On the other hand, it fails when Coulomb conyersion into some other excitation. We see that this pro-

corrections to energy of a free electron are significant ang¢ggg being allowed for magnetorotons is forbidden for the
depend on LL number. Moreover, near an integethe de-  \ps with q=0, since the energy of the final excitation is
ficiency of unoccupied states in the almost filled LL leads togssentially higher thanf2o, due to Coulomb correctiorfs.
the conclusion that the usual AP relaxation would becomennalogously the coalescence is forbidden for two MPs
very rare as it would be a result of three-particle collisionswhich are in the other “suspicious” phase region, namely,
among two excited electrons and an effective hoigoccu-  near thee(q) maximum(not observed experimentally as yet
pied state at the LL filled in ground state where the density of states is also infinite. The energy of one
It is meanwhile well known that strong Coulomb correla- “two-cyclotron” MP is essentially lower than the combined
tions in the quantum Hall regime renormalize drastically theenergy of two such MPs near the maxima. Thus, the men-
2DEG excitation spectrum. The electron promoted from the&ioned experimental detection of magnetorotons and the en-
nth LL to the (n+m)th one and the effective hole left at the ergetic possibility of the considered process are the reasons
nth LL interact with each other; hence they should be conexplaining our special interest in the MPs coalescence near
sidered as a collective excitation. For integer filling, thetheir roton minima. Moreover, it is preferable to find out the
spectrum, being of dielectric tyg@ith Zeeman gapgu,B|  generated “two-cyclotron” MP in the state with a small 2D
for an oddv and with cyclotron gapiw, if v is even, is  wave vector, because in this case the generated MP could be
represented by chargeless excitations, namely intra-LL spitdetected by anti-Stokes Raman scattering as in the experi-
waves (m=0), inter-LL cyclotron excitations without spin ments of Refs. 11-13. This is why we will present more
flip [so-called magnetoplasmor(®1Ps) with m#0], and  detailed results exactly for this case. We calculate the decay
those with spin flip® In this representation an Auger-type rate of such an Auger-like process.
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We solve this problem for the case of “strong magnetic
field,” i.e., in the lowest-order approximation in the small H= Nt 2 Vom@exdiayp —p)]
parameterE./hw,, Where E.=e?/klg is a characteristic '
Coulomb energy for electron-electrom-€) interaction in
2DEG, I g being the magnetic length, andis the effective ><erT’p+q ’Ule; o0, Clp +q, 0,k p.oy: (5)
dielectric constant.(For B=10T, #w.=17.3meV, lg ! v ’
=8.1nm, andE.=14meV) It is well known that in this which provides automatically the cyclotron energy conserva-
approximation the problem of a two-pz%r)t?icle excitation spec-ion rulen+m=I+k, because
trum for v=integer can be solved exactly.Now, our task is _
the calculation %f the transition matrix element. Viamid @)= (2m) V(@) ho N () nmk- - ()
Further, we employ the so-called excitonic representatioWe use now dimensionless length and wave vectors mea-
(ER), which is very advantageous for excitations from asured in the units ofg andlg*. N=L?27l3 is the total
filled LL. Let us label a certain one-electron state characternumber of magnetic flux quanta in the normalization area
ized by its LL and spin sublevel bg=(n,,05). Then the | 2 andv(q) is the 2D Fourier component of the Coulomb
excitations may be considered as effective excitons with eNpotential averaged with the wave function in thelirection
ergies [so that in the S2DLV(q)=2wE./q], and

€an(0) = oM+ |guyB| S, + Eap(), ()

wherem=np,—n,, 8S,=o,— 04, (04,0p=*=1/2), and the

n,m,l.k,oq,0,

+oo )
@)= | o a2 - a2

energy &, has a Coulomb origin. It is of the order of or . . -k
smal?gr fr:)arEc. ’ — mm(n,k)!r’z 19, +aysgnin—k) "
We restrict ourselves only to the casewst 1 considering maxn,k)! V2

only MPs with n,=0 and n,=1,2 and with o,=0y )
= +1/2. In this case we change the subscaiptin Eq. (1) to xe 1 ML‘rﬂiﬁ(ﬁ,k)(qz/Z)-
01 or 02, respectively. The analytical and numerical calcula-
tions of the excitation spectra of these 01 and 02 MPs ar
presented in Ref. 8 in the strict 2D limi§2DL) when the
thickness of the 2DEGI satisfies the conditionl<<lg. In
fact, the spectra depend drbut their shape does not change
qualitatively. The functionfy1(q) has a roton minimum at
g=0p~1.92l5:

n(x) is the normalizednth harmonic oscillator function,
andL! is Laguerre polynomial.

Now we define in ER the states in the matrix elem@nt
in order to calculate the last one. Lete the filled LL, i.e.,
in our particular casea=(0,1/2). We designatea,
=€n_ p.o, while prenb'p'Ub for every other one-electron
stateb. The ER means a replacement of operaaﬁrga and
Eor(A)=e0+(d—0o)*/2M, |q— 0| <o, (2)  €np.o by aset of inter-LL “excitonic” creation and annihi-

lation operators foa#b (i.e., ny# Ny, Or o37# Tp),
where in the S2DIM ~*~0.28E.l3 and£,~0.15E,. The

dependence&y,(q) is also nonmonotonic, but in the range 1 _

0<qlg<2.5 it does not change more than OB}/ Of spe- %fTNE ef'qpr;‘ﬁ q,/28p— q,/2» Qabg= anfq:
cial importance is the differencé=&y,(0)—2¢y, which P )
“casually” is numerically small in the scale d&., namely

in the S2DL 6~0.019E,~3-4 K for B=10-20T, but is and intra-LL “displacement” operatord, andB (see Ref.
positivel® The desired matrix element of the considered con-15). We do not write here the latter ones, because they, being

version is required for the total ER of Hamiltonia(b), are not used
directly for the matrix elemen{3) calculation.
M(d1,92) = 0XA1+02;1|H|d1,02:2)01- (3 Some commutation rules for operatgvs are the same as

) o o ) the ones obtained in Ref. 15, for the particular case
Here H is the Hamiltonian, the initial state is a two-01MP =(n,1/2),b=(n,—1/2). We derive the additional ones con-

state, and the final one is a one-02MP state.

o a Ul sideringa#b+#c:
The total 2DEG Hamiltonian isl=Hy+H;,;, where the
Hamiltonian of the noninteracting electrons is N N . e 101 .
[chq1=Qabq2]:Ov [chqlvgaqu]: NTZ Qacq1+q2'
Ho= 2 [(n+12hwc—|gupBlolen, enpo (4 ©

Here @ 1,=0(d;,0,) = (01X d2) /2= 30,0, Sine, where a
Heree, , , is the electron annihilation operator at thin LL IS an angle between, and q;. Note that the considered
havingo as thez component of spin, ang=k, is the intra- operators were employed earlier |nesome other form as ap-
level-Landau gauge quantum number. Within the framewortolied to 17“valley-wave” excitation$® and, also, to spin
of a strong magnetic field approximation it is enough to keepvaves,>*’ whenm=0, | 5S,| =1,
in the interaction HamiltonianH,,, only the terms which The operatorQ,,, creates arabMP:|q;1)ap= Qu4q|0)-
conserve the cyclotron part of the energy, or in other wordstiere|0) is the ground state where the lexeels fully occu-
the terms which commute witH,. The Coulomb part of the pied, wherea® is empty:a, |0)=b,|0)=0. This is equiva-
Hamiltonian may therefore be written in the form lent to identitiesA;|0)= 8y4|0) andB|0)= Qq44/0)=0.
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The choice of the state depends on a type of problem. In Because of the mentioned reasons, we will consider a
our case the states entering the matrix eleni@nare special situation when the 01MPs occupy states near the
magnetoroton minima and calculate the rate of depopulation
9 1)02= Qoxl0), 102,02 2)01= Qo1q, Qo1,[0)- (9 due to creation of 02MPs only with smajl These 02MPs
can be detected by anti-Stokes Raman scattering as in
As above, 01 and 02 stand fab with a=(0,1/2) andb  experiments!~*2 For this purpose we have to sum in Eq.
=(1,1/2) orb=(2,1/2), respectively. These states are or-(11) with the restrictionq, + g,/ <@ and we will show later
thogonal and are eigenstates of the Hamiltorkarin the  thatg<Ig®. Under these assumptions we can sef.in|?

limit N—c2, i.e., aq,=—0, and |g;|=|g,|=0o. We also assume thai(q)
Ho g Dy [Et & " =n can be considered to be constant as long as, due to
inl & 1)02=[Eo+ Lo )]0 L)oot -+ energy conservation, we are dealing with a narrow band de-
) B . termined by inequalitiesz <&y1(q) <&x(T) —eq. Using
Hindd1,02:2)01=[Eo+ €0x(d1) + &0x(2)][A1,02:2)01t "+ this simplification and replacing summation by integration

where E, is the Coulomb ground-state energy;/0) Eq=/\/léfd2q{(2w), we find the rate of 02MP creation with
=E,|0)) and the dots correspond to some states having &Il <G per unit area to be

norm of the order ofE./N. The stateq9) are the correct s =212

initial and final states in the scattering problem for a low- R(lq/<g) _n |BQO[U( J—v( )]2(_
density gas of MPs, but the scattering matrix eleni@8hhas L> 24 o) =Vl " 75
to be calculated with higher accuracy, sinté~A\~12,

Instead of the valu€3), it is more convenient to calculate ~ The question to be considered is the role of the random
the conjugate ondA* substituting in Eq(3) the expressions impurity potentialU(r) which was neglected in the above
(9). After one has done the ER transformation of the Hamil-calculations. The distance between an excited electron and a
tonian(5) in terms of operatoré?) together withA, andB,,  hole in real space i§q 2 (see Refs. 9, 7, and 8Assuming
then taking into account the properties of the ground stat&J(r) to be smooth(correlation lengtiA>1g), one can find
|0) and the commutation rule@) one finds that the only the energy correction for a MP with the wave veajoin the
term of the Hamiltonian which contributes to the matrix el- dipole approximation it i5£(q,r) = —#qvy for any abMP,
ement(3) is wherevy=[2x VU(r)]I3/% is the drift velocity. This addi-

tional energy leads to inhomogeneous broadening of the MP

1/2
% (12

n energy. One can see that the random potential correction
Eq V112 4) 0199129 - plays no significant role if
Using again as tools the properties of operat@ysand of the |d€ab/dq|>I§|VU|, (13

state|0), we obtain forq; #q, _ _ o
which means that the electron-hole Coulomb interaction is

M(a1,0)=N"Yqu(qg,)e @12+ u(q,)e' ®2—v(q,)e 912 stronger than the force that the electron and the effective hole
_ are subjected to in the random electric potential. Evidently
—v(g,)e'17], (100 the other meaning of this condition is that the exciton veloc-
ity has to be greater than the drift velocity in the external
field.!° Alternatively, we have two independent quasiparti-
cles, electron and hole, whose motion is determined mainly
by the random potential and theee interaction has to be
" considered only as a perturbatidfror qzlgl, one can es-
V(q)=|§f dp pL(p)Jo(pq|g)_ timate the inhomogeneous broadens@g=A(lg/A), where
0 A is the random potential amplitudee., VU~A/A). With
typical values A=50nm andA=1meV, one findsé&
=0.2meV. This is small compared to the width of the MP
an analytic expression af(q), involving polynomials, ex- band and small compared &g but of the same order as the
) . ' . ' energyd relevant for energy conservation. At the same time,
ponentials, and modified Bessel functions. ; ) ; S X
since in the dipole approximation the inhomogeneous broad-

The depopulation rate of 01MPs due to their coalescencgning of the levek,(q) does not depend cab, it gives no

where

u(q)=(2%2m) "Lg?V(q)[2— (qlg)/2]e" @2,

We returned here to dimensional quantitigse correspond-
ing redefinition isv(q) —13V(q)]. In the S2DL one can find

IS contribution to thes-function argument in Eq.11). Higher-
1 20 order corrections tos€ are of the order ofA(lg/A)?
R= 5 > T|/\/l(ql,q2)|2ﬁ(ql)ﬁ(q2)>< [ Ep1(ay) =0.04 meV and small compared evendoAs a result, we
1,92 conclude that the role of the random potential is negligible
+Eoy(Up) — Ea Q1+ A2) ], (11) compared to the-e interactions.

However, the role of the random potential is crucial in
wheren(q) are occupation numbers of 01MPs. We considerdetermining the cutofj. The momentum of a 02MP de-
the occupancy for 02MPs to be small and we do not take intéected by anti-Stokes Raman scattering is defined from mo-
account corresponding stimulated processes and 02MP deentum conservation ap= Kk, — Ky, wherek, andk, are
cay. (Note that the terms witky; =g, give no essential con- the “in-plane” wave-vector components of the incident and
tribution to this sum. scattered photons. In the case of no disorder, the cGtasf



PRB 60 BRIEF REPORTS 7763

defined by the uncertainty dfy—ky, i.e., by the spectral 7~ 10 (Al /EEA) YN~ 1/nps

resolution and the geometry of the optical experiment. This

uncertainty is< 10 cm* according to Refs. 11-13 and the (thereforer1/B). This value should be for real experiments
cutoff § actually comes from the disorder which violates compared with time characteristics of other possible relax-

momentum conservation. _ ation channels, for example when the conditions of magne-
In the approximation of the S2DL, one may estimatetophonon resonance are satisfied.
dEg/dg=E.q?3 for glg<1,"® and the uncertainty af due The valuen remains indefinite because it depends on the

to disorder can be found from EQq(13) giving §  specific manner of 01MPs excitation. We think the photolu-
=(A/E)Y(Alg) Y2 This value does not depend on the minescence excitation technique is likely to be more appro-
magnetic field and for the used numerical parame®rs priate for it, as far as therewith the excitation would occur in

~10°cm™ 1. The substitution into Eq.12) gives two independent steps: namely, by generation of an electron
=27 at the first LL and a hole in the valence band, and by recom-
n - B . .
R(lal<®)/L2~0.05 B2 14 bination of some elec_tron fr(_)m the filled LL with the hole.
(lal<@) hlgA ” (14) As a result, 01MPs with varioug's can appear. This tech-

nigue should be more effective for magnetoroton excitation
in comparison with Refs. 11-13, though in itself it does not
ermit us to detect the magnetorotons. Nevertheless, if one
S . L simultaneously could find 02MPs by means of anti-Stokes
minima. Generally, a more complicated summation in Eq

(11) has to be fulfilled in this case, because the aIIoweJQaman sca;tering or by means of hot Igmingscence from the
phase region where 02MPs can be’generated is not Smaﬁecond LL, it would be an indirect confirmation of the pres-

Indeed, the very weak dependergg(q) in its initial spec- enhce of 01MPs near their roton minima. Note also that the
- y P 'F%’Q..q 1 P appropriate consideration of kinetic relations shows that the
trum portion leads to the only conditiap<|g - for allowed

. _ occupation number for 02MPs could be expected to be of the
02MP wave vectors. However, to obtain the approximate upal u u Xp

. fn? h i equilibrium>201MP— 02MP i
total rate of the coalescing 01MPs, the form(2) can be order ofn® once the quasi equilibrium>20 =0 1S

i i imati : ) tablished.
exploited again. Estimating the 01MP density near their ro-es aplishe

ton minima aN=ngy(2M 8&)? [because the roton minima  S.D. is grateful for the hospitality of the Department of

broadening due to inhomogeneity ig—do|~(2M8€)?]  Condensed Matter Physics of the Weizmann Institute of Sci-
and settingdN/dt equal to the decay rat€l2) with §  ence, where the main part of this work was done. This work
~Igl, we find the characteristic relaxation time  was supported by the MINERVA Foundation and by the

[it is taken into account that(qg) —v(qo)~ —0.06ZE_].
Now let us estimate the total decay of 01MPs supposin
that most of them are concentrated in the vicinity of the roto
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