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Electron—longitudinal optical phonon interaction between Landau levels
in semiconductor heterostructures
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Calculations of electron—longitudinal optical phonon scattering rates between Landau levels in semiconduc-
tor heterostructures with a magnetic field applied parallel to the direction of confinement are reported. We have
found that the scattering rate shows strong oscillations as a function of the applied field, depending on the
configuration of the energy states in the structure. In the IBrit0, the expressions for the intersubband
scattering rate between Landau levels reduce to those obtained in the case of two-dimensional subbands at
B=0T.
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[. INTRODUCTION population relaxation rate is an oscillating function of the
magnetic field. We shall also show that our formalism re-
The relaxation of carriers in zero-dimensiog@D) semi-  duces to the well-known expression of tBe=0 relaxation
conductor systems has been extensively studied in recemate at the edge of an excited subband due to the emission of
years, both in quantum dots and in two-dimensiot2iD) one LO phonon to all the other 2D states of a lower subband.
structures subjected to a strong magnetic field applied paralh Sec. Il, we explain our model and in Sec. Il detail the
lel to the confinement directioft® In particular, the interac- weak- and strong-field limits and discuss a structure where
tion between electrons and phonons, which is a very efficienbne should benefit from the quenching of the phonon—
relaxation path for carriers in 2D systems, has been widelassisted transfer between subbands at high magnetic field.
considered in 0D systems. In 0D systems, both theoretical
and experimental results have shown that electrons and lon- Il. MODEL
gitudinal optical (LO) phonons are in a strong coupling
regime’ 1% In particular, energy splittings between polaron In the Landau gauge the one electron effective mass
states have been observed both in quantum dots and in 2bamiltonian reads
structures in strong magnetic fields’ We have calculated
these energy splittings in a quantum cascd@€) laser - p;  (py+eBx? p:
structure in a quantizing magnetic field and shown that, as H= 2 m* + 2 m* + om
expected, their value is only a few meV(for GaAs-like
parameterseven at very large fieldsB(>>40 T). We believe ~wherem* is the carrier effective mass at energyandV(z)
this finding prevents the use of a polaron formalism for theis the confining potential in the growth direction. The spin
present state of art GaAs-based QC lasers. We shall insteZgeman effect has been neglected because for GaAs-like ma-
show that a quasi-weak-coupling description of theterials the Landey factor is so small that even at 40 T the
electron-LO phonon interaction is possible for a very broadspin Zeeman effect remains smaller thanl meV; this
class of imperfect QC structures. The central assumption ofalue is significantly less than the effective electronic tem-
this model is that the actual output of a QC laser resultgerature broadening or the inhomogeneous broadening.

—+V(2), (D)

among other parameters from the inhibiti@r noY of the The eigenstates of E@l) are factorized:

LO phonon assisted intersubband transitions. These intersub- _

band transitions are envisioned as taking place in many mi- - - ) e'kyy
crosamples & samples which differ from one another by ‘/’n,p,ky(r):<r|En’p-ky>:Xn(Z)‘Pp(X+7‘ ky)\/L—! 2
random values of one of their characteristic thicknesses. This y

model, which recalls the inhomogeneous broadening modethere ¢, is the pth Hermite function,L, the sample size

of the optical transitions in a quantum wéQW) structure,  along they direction, and\ = \%/eB is the cyclotron radius.
allows an easy derivation of the population relaxation rateThe energies are additive for the longitudinal and transverse
due to the irreversible escape of the carriers from the groundarrier motions:

level of a Landau ladder to all the other levels at lower en-

ergy. To our knowledge, this is the first time that such a

calculation is presented, since previous reports were limited En,pk, = EnJF(pJr 2
to simplified casese.g., at the magnetophonon resonance or

in the case where only the first electronic subband of thevhere E, are the energies of the unperturbed system and
system is populatedRefs. 11-18 We shall show that the #w.=%eB/m* is the cyclotron energy.

h o, 3
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Thus, the unperturbed Landau-level spectrum is discrete, L B B E
similarly to that of a quantum dot. There exists a major dif- L ]
ference between the two cases, which is the macroscopic < | o |
d_egeneracy_xLy/(Zw)\z) of each of the Landau energies 2 3
given by Eq.(3). > T . q
The electron-LO phonon Hamiltonian is the sum of the é Py . i
interaction Hamiltonian with each phonon mode defined by s .
. > = = .. . o L4 b
its 3D wave vectoq=(Q,q,), whereQ=(qy,qy) is its in- 3 /'
plane component: 2 1 7
Ll
H = H B = , 0 1 1 1 | 1 1 1 | 1 1 1
e-ph % e-ph(Q) 0 20 40 60
Magnetic field (T)
N N
He pn(d) =i a(e 'q raa —e'9"ay), 4 FIG. 1. Energy splitting as a function of the magnetic field at the
polaron resonance in a 90 A wide GaAs quantum well with
whereg? is the Frdich factor given by Al 4558 ssAs barriers, fom, =1-10.
o2 one phonon states of the lower subbgidg,n; ,kj)®|1).
92=27Tﬁw,_08—v, This is the intersubband magnetopolaron resonance:
P
E2:E1+n1ﬁwc+ﬁw|_o. (6)
4e
spzﬂ—cll, (5)  The diagonalization of the electron-phonon Hamiltonian be-
€o &g tween these states leads to the formation of two polaron

states whose energy splitting() between the states

w o is the energy of the dispersionless LO phonons WhiCWEz,O,ky)Q?IO) andlEl,nl,k§)®|1> is given by

we consider bulklike.eg and ¢., are the static and high-
frequency relative dielectric constants respectively sind 14n-
q .

theAsampltla vollurcrj\.e. . it £202= ) Z |||292 - (E,|e'7 E2>|2, (7)
~ A completely discrete spectrum implies a conceptual dif- 4=(3.a,) q
ficulty in computing the transition from one given level to _ _ o
the other ones, to the extent that there is no justification tavhere the matrix element for the in-plane direction reads
apply the Fermi golden rule to compute the transition be-

()\ZQZ)r‘Il F<_)\2Q2

ex .

tween the Landau levels due to the emission of LO phonon. 5

Moreover, like in a quantum dot, the lack of electronic con- 1= 2N, I 2
tinuum leads us to expect the formation of mixed elementary v
excitations, the polarons, which are the stable exact eigenn Fig. 1 the% () splitting is plotted as a function of the
states of the interacting electrons and LO phonons. The emagnetic field at the polaron resonance in a 90 A wide GaAs
ergy relaxation should subsequently be handled within thigjuantum well with A} ,<Ga, s5As barriers fom,;=1-10. Its
polaron formalism and this can be done by noting that thenaximum value is of the order of 3 meV B&t=50 T. Hence,
polarons are coupled to the phonon thermostat because pf a real system, it is likely that the disorder induced by the
anharmonicity.*® While there are now good evidences of impurities, interface defects, etc. will homogeneously or in-
robust electronic polarons in, e.g., InAs/GaAs quantumhomogeneously broaden the Landau levels making the po-
dots?® the Landau-level polarons are not as strong as in InAsaron effects hardly visible. In the case where the polaron
dots for a similar coupling between the electrons and the LQjescription were necessafie., for extremely low defects
phonons: anticrossings of the order of ors meV have samples where the polaron splitting would largely exceed the
been reported in GaAs when(for the ground electronic  Landau-level broadeningone would have to start from the
subbangithe cyclotron frequency, is equal to the LO pho- polaron eigenstates and completely reconsider the problem
non frequencyw . Since we are interested in evaluating of the energy relaxation, because no LO phonon emission or
inter-subband relaxatiofwhere thez dependent wave func- absorption could be further added to the model of stable
tions are different in the initial and final electronic stafes mixed elementary excitations of the interacting electron and
the polaronic effects are expected to be even smaller thaphonon systemt!® In the polaron framework, the energy re-
those measured when,= w| o, making the polarons prone laxation can only be due to mechanisms which indirectly
to decay very quickly due to the imperfections of the mate-break the polaron: either a finite phonon lifetirtes, e.g.,
rials. Consider the factorized electron-phonon statesriggered by anharmoniciiyor a finite electron lifetimgas,
|E2,0ky)®[0) and|Ey,ny,ky)®[1). They comprise zero or e.g., due to Auger effects or to recombination lifetimia a

one LO phonon. Assume the magnetic field is such that thguasiclassical description of these anharmonicity and/or Au-
zero-phonon statgE,,0k,)®|0) has the same energy as the ger effects, the decay frequency of the polaron is equal to

®
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1 fe  fon the sample as originating from a huge collection of similar

P + P (9)  samples which however differ from each others because one
pol  Te  Tph (or several parameter, such as orter several of the well

wheref, andf, are the zero-phonon and one-phonon frac-width(s) L, varies in a random fashion from opesample to

tions in the polaron wave function, while, and 7,, are the  the other. Depending oB andL, one suchu sample will be

electron and phonon lifetimes, respectively. This implies thanear the intersubband magnetopolaron resonance. Hence, its

the polaron lifetime is always longer than the shorter of ther will be short and ifn, corresponds to the subband to be

electron or phonon lifetimes, that is to say a few picosecondgopulated to ensure laser action, this particulaample will

in a GaAs-like material since,, is itself a few picoseconds be off duty. Instead for the sani value anothep. sample

in these materials. characterized by a slightly differeht will be off the inter-

For state of the art materials, we believe that calculationsubband magnetopolaron resonancer lill be longer than
performed in a strong couplingolaronig approach will not  the u sample at resonance, and it will possibly participate to
correctly describe the results of the experiments. This is besptical gain (provided the recombination wavelength
cause the anticrossirigt resonangeor, a fortiori, the differ-  matches the electromagnetic cavity requiremedtr model
ence between the polaron energy and the uncoupled electroig-thus similar to the well-known model of the “terrasselike
phonon energie®ff resonanceare not much larger than the interface defects??* These defects are assumed wide
collision or inhomogeneous broadenings. Such a situation isnough in the layer plane to leave the Landau quantization
in fact reminiscent of the one found in a low quality factor essentially unchanged. In other words, instead of assuming a
planar microcavity where the coupling between the materiaglobal in-plane invariance, eventually perturbed by impuri-
system and the photons is too weak compared to their dampies, which would lead to extremely complicated self-
ings (due to defects, imperfections, losses, eticereby pre-  consistent calculations, we add the respondd néarly ideal
venting the formation of stable mixed modgke polaritons  , samples to evaluate E¢LO). The properties of thesd
in the microcavity case samples differ because of the random distribution of the pa-

We shall now calculate the relaxation timﬁz,n,ky of a  rameterL. Since the numbeN is very large we can replace
given initial Landau state centered at a giver-\?k, of a  the discrete summation over the varioussamples by an
given subband, due to the emission of a longitudinal op- integral whose integrand will display a probability density
tical phonon, which brings the electron in the various Landauhat the random variable lays betweerl. andL+dL. It is
states of different subbanas,, m<2. We assume that the then clear that Eq(10) will have to be replaced by
Landau levels are broadened and use the Fermi golden rule

; 1 o 1
to write =f P(L) ————dL. (11
1 2 7'nz,n,ky 0 7'nz,n,ky(l—)
o ~
=5 > [(n2.n.ky|Hepring,n’ ky)|? In the following, we shall use a Gaussian probability density:
7'nz,n,ky n’,k}',
ETERY
L[ En,~En, (=10~ fiwio].  (10) P(L)= 12 exp( - _(LZ l ) 12
g o g

wherel , is a normalized Lorentzian function characterized

by the broadening parameter or any function(e.g.,, a and extend the lower bound of the integral in Efjl) to
semiellips¢ which represents a broadened delta function of—> becauser<L,. Now, if the fluctuations of the energy
the difference between Landau-level energies. A quick indifferenceE, —E, due to the fluctuations of are much

spection of Eq(10) shows that resonances in the scatteringarger than thea parameter, which determines the width of
rate 1/ will take place when the LO phonon energy matchesthe Lorentzian, all the smearings out of ther tésonances
the energy difference between two Landau levels of two subyersusB will effectively result from the parameter. This
bands, i.e., exactly at the intersubband magnetopolaron res@jil| allow us to go to the limita—0, i.e., to replace the
nances. These resonances instead of occurring at discratgrentzian by a delta function.

values of the magnetic fielB, ,,, will be smeared out and Under such conditions, we get:

extend over finite segments aroufd}, . because of the

broadening effect. A self-consistent calculation of scattering/ 1 2 2 | 0k |I:| | K2
_— ) = — = _ n 'n s
™ K <n2 N Byl le—phltil y>

rates in the case of highly singular density of states may b A ot
y ,n

found in Ref. 22.

Actually, we shall not attempt to make such a calculation +oo
because the precise valueabr the precise shape &f, are X f
of little importance(provideda is small enoughto the ex-
tent that the central assumption of our model is that actual (13
experiments involve an inhomogeneous broadening of the o
levels rather than an homogeneous one as it arises from m{there we have specialized to the ground Landau lewel (
croscopic scatterers. Our belief is that a macroscopic area 6f 0) of the initial subband and where
the sample is involved when measuring the output of a quan-
tum cascade laser. Hence, we envision the light emitted by Anz,nl(L):E”z(L)_Eﬂl(L)' (14)

P(L)S[A, n(L)—n'fw.—hooldL,

nz,nl

—co0
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In principle, there is also a variation of the squared matrix 6x10"2
element withL. It is small however compared to those asso-
ciated with the variations of the argument of the delta func-
tion. For simplicity we have neglected these variations. The
energy dif'ference?snz,nl is a monotonously decreasing func-

tion of L. In order to keep analytical results as far as possible,
we shall assume that arouhq the energy di1°ferencAnz,nl

varies linearly withL:

4x10"

2x10"?

Scattering rate (s™)

A, 0 (L)=20—H(L—Lo), (15 0

Magnetic field (T)

where y>0 a priori depends om, andn;. With this (mi-

nor) assumption Eq(13) simplifies as FIG. 2. Calculated scattering rates #sfor the LO-phonon

emission between the ground Landau level ofiesubband to the

1 2 ~ (2 Landau levels of th&; subbandGaAs well, Al 4Ga, s5As barri-
=7 > [(nz,n=0ky|He_pplng,n’ ky)l ers. The Gaussian widtld is 6 meV.
7'nz,n,ky k;,n’
1 (Ao—n’ﬁwc—hw,_o)2> % [(Xn,le™"% xn )|?
X exp — , — ) =0%(1+n.o) S(Q),
(16)
e—)\2Q2/2 1 )\zQz n’
whered= vy o is the width of the Gaussian distribution of the S(Q)= 2 _r(T)
energy differenceAnzvnl. Hence, as seen from E(L5), the oN2m nron'l
inhomogeneous broadening model results in an expression of o _ 2
. . ) ; (Ap—n"hw.—hw o)
the average scattering rate which looks like the one obtained xXexp — 5 , (18
by replacing the deltalike peaks of the Landau-levels density 20

of states by Gaussians. A typical value for linewidths in

guantum cascade laser structures-i2 meV?® as a conse- Wheren g is the mean number of LO phonons. It is worth

quence in the following we will také=6 meV. remarking that ¢ is k, independent, which recalls the im-
Before discussing the limiting behavior of the scatteringplicit in-plane translation invariance of the inhomogeneous

rate in both limitsB— 0 andB— in Sec. III, let us mention broadening model. Thus, E(L8) represents also the average

that Eq.(16) shows tha{1/7,, ) displays maxima when- scattering rate of the population of the ground Landau level

ever the following condition is syatisfied: of the subbanah,. Equation(18) can be made a little more

explicit by evaluating the summation ovgy. One readily

finds:
Ao—ﬁwLo=n'ﬁwc. (17)
2
This means that a plot of the maxima versuB Will show — ) =(1+ nLo)m<i_ i)
peaks which are separated &}/[m* (Ay— 7%, o)]. There- 27 Tn, 0k, 8meg \&. &
fore if two series of peaks show up in the Fourier transform .
of (#/(2m7)), the two periods will directly give access to % fo f(Q)S(Q)dOQ, (19)

the energy differences,,,— E,, andE,,~E,."*

It is also important to note that thil/7) peaks occur at _
the intersubband magnetopolaron resonances. Hence, botheref(Q) is the form factor:
models of a weak coupling or a strong coupling between

electrons and LO phonons provide the same qualitative result . ) .

as far as the variations dfl/7) versusB are concerned. f(Q)ZJ f dzdZ xq (2)xn,(Z') Xn,(2) x0,(Z")
Thus, it is not the mere observation of the oscillatory behav-

ior versusB which can discriminate between both descrip- xexp(—Qlz—2']), (20

tions of the electron-phonon coupling. Rather, we believe

that the measurement of the absolute value of the scatteringhich vanishes both @ =0 (like Q) and whenQ— o (like

frequency can give us a hint on which approach is morel/Q).

likely to be correct since, in general, the strong coupling We show in Fig. 2 the calculated scattering rates veBsus

regime leads to a less efficient energy relaxationroughly ~ for the LO phonon emission between the ground Landau

a factor of 10 than the weak coupling one. level of theE, subband to the Landau levels of tke sub-
After some manipulations and using E§), we find band for a GaAs well clad by GasAly4As barriers. Two
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different well widths(50 A and 90 A, respectively with 1
E,—E; energies of 212 meV and 111 meV, respectively, N
have been considered. ~

Il. THE WEAK- AND STRONG-FIELD LIMITS N ~

In the weak-field limit, i.e.;hw.—0, S(Q) in Eq. (18 J(\Jﬁ'\/‘ 2 N -~

can after some manipulations be approximated by

N of states
~

exp\ — , N

£#2Q2 2 ~ U q 1 Manifold
AO_ -

S(Q)=G4(Q)=

1
s\2m

(21 N

wherem* is the effective mass at the edge of the excited
subband. We recognize B 5Q) a broadened delta function | acti )
of the energy difference between the edge of the initial suptVe-Well active region.

band and the total electron energy in the final subband. We,

note that the electron has gained in-plane kinetic energy b&'VINg the necessary energy conservation, t_he_y allovy elec-
cause the global in-plane invariance of the interactingf_rons in a state where LO-phonon relaxation is impossible to

S each another state in which relaxation is allowed. In the
electron-phonon system forces the electron to acoQira

he | | fter the | . ith O bh magnetic quantum limit, we can keep only the0 term in
the layer plane after the interaction with one LO phonon.cq “1g) |n addition, we use a convenient interpolation of

N

FIG. 3. Schematic conduction-band profile for a structure with a

Finally, the average population relaxation time reads the form factorf(Q), that is
|{Xn, €79 xn )12 —olse
—(1+N0) Y G Q). _ 2z Z oy m,
27 70,0 5 P+ Q@? Q= (23
(22 “Qrh
It is clear that Eq(22) is the expression of the intersubband —|z=7'],. ,
relaxation time for the emission of phonons from the edge of B= 12 , (24)
En, to a lower subbamﬂEnl for an inhomogeneously broad- zf f IXn.(2) xn.(2)|2dz dZ
n n
ened heterostructure. If, in addition, we neglect the inhomo- ! 2

geneous broadening we replacy(Q) by dAg—7fw o

—#2Q?%/(2m*)] and Eq.(22) will coincide with the Fermi

golden rule expression of the intersubband relaxation time.
Finally, let us discuss the strong magnetic-field regime

whereq is a fitting parametefknown e.g., by requiring that
Eqg. (24) has the right slope @=0] and

and propose a structure which is meant to take benefit of the |Z—Z'|n1,n2:J f xn (2)x7 (2)|2— 2|

changes in the electron-phonon interaction in heterostruc- 2

tures by a magnetic field. It consists of a two-well active X x* (2 )xn.(2') dz dZ (25)
N n2 '

region sandwiched between injection/extraction regions. In

this case, there is only one subband below the excited state

and the change in its lifetime is maximized. We show in Fig. 10 pr—
3 the schematic conduction-band edge profile in this struc-
ture. The transition energl,—E; will correspond to 137
meV. Figure 4 shows the changes in the calculated popula- 5
tion relaxation time of the excited subbakg versusB. This
lifetime is increased by a factor of 2 &=15 T and by a
factor of 5 atB=19 T. The study of the broadening of the
Landau levels and the means to reduce it are thus an impor-
tant issue in the perspective of exploiting the effects of low
magnetic field on the mid-infrared devices. For longer wave-
length, it is even possible to reach at high magnetic field a I I I ST VI R R A
regime where the cyclotron energy exceeds the intersubband 0 5 10 15 20
energies. In this case, one c_)f t.he main cause of popglation Magnetic field (T)

transfer, the irreversible emission of LO phonons, will be
quenched and the excited-state lifetime will become limited FIG. 4. Population relaxation time of the excitgg subband vs

by other mechanisms. We think that in this case electronmagnetic field for the structure shown in Fig. 3. The Gaussian width
electron interactions have an important role for relaxation:s is 6 meV.

Lifetime (ps)
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Therefore, in the strong-field regime, the intersubband scatsample to samp)eand will be governed by transitions in the
tering rate associated with the LO phonon emission behavdsil states of the lowest Landau level. A satisfactory theory of

like LO phonon emission between such singular densities of
states remains to be built.
1 eZwLO( 1 1)
=(1+nL0) — =
< Tnz,o,ky> deo \&w & IV. CONCLUSION

e(AOtho)zl(Zﬁz)( —2eB|z- z’|nl’n2> In conclusion, we have calculated the population relax-

X ation time of an excited subband due to the electron-LO

5\/2 h phonon interaction for inhomogeneously broadened semi-

5 conductor heterostructures subjected to a quantizing mag-
3 netic field. In spite of the discrete density of states, we have

o xe X
X fo dx. (26) shown that a weak-coupling description of the electron-LO
14 . /268 2 2eB phonon interaction remains possible. As a result, we have
ax —+ BX| — : - . o
3 3 shown that the population relaxation rate is an oscillating

. . function of the magnetic field. In addition, our formalism

It is worth remarking that Eq(26) shows that once the  reqyces to the well known expressions for this relaxation rate
=1 level of theE, phonon replica is beyond a few meV's \yheng 0. Finally, we have shown that a quantizing mag-
from then=0 level of theE,,, subband, the scattering time netic field can be a very powerful tool to quench the LO
reaches very large valuecause the Gaussian has a veryphonon assisted transfer in carefully designed heterostruc-
large and negative argumeénit even larger field, we find a tures. The case of heterostructures violating the weak-
small decrease of,,;. This is because the inhomogeneouscoupling regime for the electron-phonon interaction remains
broadening model is, in essen@independent, leading to a to be investigated more thoroughly both on the experimental
Gaussian contribution which does not vary wghHowever, —and theoretical sides.

a very different behavior would arise if, e.g., a homogeneous
broadening,a priori B dependent, of the level were taken
into account. In fact, in the magnetic quantum limit, the in-
tersubband relaxation will be very sensitive to disorder ef- The LPMC-ENS is “laboratoire assocau CNRS et aux
fects (hence, experimentally, it will vary strongly from Universites Paris 6 et Paris 7.”
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