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Multidielectric response of a two-dimensional electron gas in tilted magnetic fields
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The infrared transmission of a multilayer system containing a two-dimensional electron gas is evaluated as
a function of magnetic field for a configuration where the multilayer axis is tilted with respect to the direction
of the applied magnetic field. The specific case of a doped quantum well is considered and it is shown that
under the tilted configuration the cyclotron resonance couples to the mixed plasmon-intersubband mode by
pure dielectric effects.
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I. INTRODUCTION If the layer is made of a QW, the electronic states of an

The dielectric constant of a quasitwo-dimensional elec_electron of charge and effective massn, are guantized,

. . . . along thez direction, into electric subbands of energy
tronic gas(Q2DEG, In the Faraday conﬂguraﬂonz hereafter with corresponding wave functiong, (p=interger=1). For
called the perpendicular Faraddi?F configuration, has . . K
been derived in quantum mechanics in different wags. each of these electnc_subban(_js, t.he s_mgle-partlcle energy
This configuration corresponds to the wave vedtoof the spectrum of electrons, in they direction, in th% presence of
incoming light parallel to the growtl axis of the 2D layer Bt’ tcon;(slsts of eqLuaI(ij S?ace[g_wiz_bhf%/(rq;)] e.n::‘rgy
and to the applied magnetic fieBl. The infrared transmis- states known as Landau _eye{ ) abeied with an integer
sion of a multidielectric layered compound, in the PF con-'ndeXN going from O to |nf|.n|t){(BZ being thg perpendicular
figuration, including layer with conducting particles, has colr}:pbonenf[ off’;hetmaggeﬁlc fle)lgEach LLis flért?ﬁm;me
been the object of many repoftResults have also been SPIit by Spin €fiects and has a egenergiy-e L /N o
published in the case when, keeping till/B, the z axis is the tilted configuration, the LL attached to a given electric
rotated by an anglé with resbect to thé (andB) direction, subba}nd interact .With some O.f th‘? LL attached to the.upper
but without any conducting layer being included in the electric subband in a way which is well documented in the

structure>® The insertion of a conducting layer in such tilted literature” This is a strong interacti'on which can, in the case
Faraday(TF) configuration noticeably changes the resultsOf a quljlare Q.W’tr?e ]Erelzlate_d ong In pgrtur?fatl?n fthéo@&?lt d
because as we shall see in the following, all components off€ shall seein the following, the main elfects for a tite

the dielectric tenso€ become nonzero and the structure of Configuration originates ffO”? this mixing of ”.‘B.a’?d Xy
the electromagnetic field inside the whole structure igpart of the 2DEG wave function and therefore it is important

changed. The interpretation of experimental results oﬁhat this effect be treated with .th(.a best accuracy. As demon-
Q2DEG for instance, in tilted magnetic fields, is stronglysnated by I\_/Ierhﬁ and_Maan“’, this is the case, if we assume
dependant on these aspects and requires an approprigt z*-conf|n|ng po'FennaI\/(z) .be parabolic of the .fornV(z)
model. The object of this report is to provide such a model” m'/2)0?7%; the interelectric subbar)d energy IS now con-
which will be applied to the specific case of a doped quanStant and equal t&() and the coupling can be evaluated

tum well (QW) sandwiched between multilayered dielectric analytically at all orders. Merlin has treated this one-electron
structures of nonconducting materials. model in quantum mechanics and obtains an exact analytical

In the first part we will derive the dielectric tensor of the Selution of the different eigenvalues and related wave func-

doped QW in the TF configuration and then treat the problen§iOns: It iS, however, not easy from such an approach to de-
of the multilayer transmission including it. We will give Ve the dielectric function of the Q2DEG gas.
some specific examples based on real experimental results ON the other hand, there exists an alternative to treat the

and discuss the consequences in different limits. same model using a_semic_lassical approach, more appropri-
ate to calculate the dielectric tensor: one can solve the same

problem using the equation of motion for the position
Il. DIELECTRIC TENSOR OF A CONDUCTING LAYER =(x,y,2) and the corresponding velocity=dr/dt of the

) ) ) ) electron subjected tB and to the electromagnetic fieket
Keeping thez direction perpendicular to the plane of the

conducting layer of thicknesd, the magnetic field is ap- o
plied in a tilted configuration such thét,B)=06. The wave m—=-mw+-(vXB)-mQ%z+eE, (1)
vectork is assumed colinear with the direction of the field dt

but in the opposite direction. Theaxis is taken in the inci-

dence planéz, k). This configuration reflects the experimen- Wherey is the inverse of the scattering time aadhe unit
tal configuration encountered in major infrared experimentd€ctor in thez direction. Taking the time evolution d as
in high magnetic fields. e Eq. (1) can be written in a matrix form adl-r
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=(e/m")E or r=(e/m" )M L.E. Definingo=w+iy, M has aly = oy,
the following components:
Qyyx  CQxy COxz aEZF: _ %
M=~ yy Qyy Qyy |, (2 ww =}
T Qyz Qyy Oz a)I?ZF: a5F= 0, (6)
with The poles of the general dielectric constant afg and the
_ (0% - Dw) two zeros ofD [Eg. (4)] which have a positive real part.
ox = wD ' Neglecting the damping, these two poles are given by
2, 2 2_ 22 2 27172
_ 00~ Dw) L (il S N (7
Qyy D , 2 2
We note that these solutions are exactly the same than those
i M obtained from the quantum mechanical treatment of the
Az =1 D ' problem®? In the PF configuration they correspond to the
pure CR modew. and the interelectric-subband modk
(02 - Do) + 06’ This last mode is not activg in 'the PF configuration sirlce the
ayy= 2 componeng, of E is zero in this case. In the TF configura-
D tion, however, it becomes active and the pole corresponding
to w. is also changed in a way which is not negligible. For
= WeyWez very large values of}, (two-dimensional limif, this pole
o D’ tends tow., but this is only true in this limit.
Before analyzing the way to derive the multidielectric re-
wgz_ B2 sponse of conducting systems with such a dielectric constant,
Qz7= “p ) it is worth to comment on the approximations involved in the
present model. It is clear that this model, derived in the limit
with k—0, ignores retardation effects as well as all electron-
~ ~ ~ electron interactions. However, due to the Kohn theorem,
D =%% - 0% - wfbw + w02 4 these interactions should not influeneepriori, the cyclo-
and wg,=eB,/(m'c), wcy=eB\//(m*C), w§=w§Z+ wgy, t.ro.n resonance response. This is true as Iong as nqnparapo—
For a volumetric carrier densitp, the polarizationP licity (NP) effects are neglected. In the same idea, this semi-

=nyer and the components of the electronic part of the tenclassical approach does not include the LL quantization of
sorg are given byeﬁ'=w,23aij with w?=4mn,e2/m’ being the the electronic levels, which is also not critical when NP ef-
effective plasma frequency squared directly related to théects are neglected. They are, however, not always negli-
strength of the absorption of the cyclotron resona(@R)  9ible, especially at high fields, and therefore, in this case,
transition. In the case of a doped squared QW, of widtve ~ ONe should adapt the model to take them into account: a way
assumeny=ng/L where ng is the areal electronic density. t0 do so is explained in the Appendix. o

Adding the high frequency paft..) to the lattice contribu- A second point to be discussed is the approximation made
tion of the dielectric constant of the polar material hostingPy {reating the square QW as a parabolic one. Note first that

the carriers, the components of the tafatan be written as: N Ed. (1) as well as in the parabolic modél,the effective
massm is the same along all directions: along théirec-

e=e 1 w5~ Wio S+ wla (5) tion its real physical meaning is not always clear especially
v we—wis ) P for QW widths lower than the magnetic field length. In the

@~ W0 : ; 7
o ~ PF conflguratlor{Eq. (6)], the characteristics of the well en-
wherewro andw o are the transverse and longitudinal opti- ers jn £ and does not depend on the magnetic field. It can

cal frequencies of the infrared active phonon, respectivelyi,qeed be compared to known resdf€.In general the con-

The lattice part oF is written here for a cubic crystal but can fined character of the Q2DEG is taken into account by the
be easily extended to a tetragonal one, this contribution to niroduction of the so-called form factors appearing as a cor-

remaining diagonal. Note that fa=0 (PF configuration for  action to ?, replacing the geometrical thicknesby an
which w¢;=awc) the componentsy; reduce to the standard effective lengthL. which is different. This correction ap-
results plies to all components{' in Eq. (5). This is related to the

w strength of the CR transition and will be further discussed

w
anF: - m when comparing the predictions of the model to real experi-
¢ mental results. A second correction has also to be applied to
¢ as a multiplicative factor which is the optical oscillator
af(’yF: - i%, strength of the transition between the electric subbands
o(0”— wp) levels'® which depends of the shape of tke&onfining po-
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tential. Restricting the discussion to transitions between theents E,(z=-d), Hy(z=-d), H,(z=-d), E/(z=-d). These

two lower electric subband level&k; — E,) this quantity is  continuity relations can be expressed in matrix notation as

defined asfy ,=2/(x1|pdx2)|*/ (M fiw, ) (p, being thezcom-  F.=M,.A at z=0 and similarly atz=—d, F,=M4-A. Then

ponent of the momentun.w; ; the energy splitting of levels  the relations between the incident and transmitted fields are

E, andE,) and is about 0.96 for an infinite square QW and_ 1Ft:K/|\t'Fi Wherewzm-ﬁ? is the transfer matrix which

for the parabolic QW. They therefore do not differ much in g ghecific for each layem and therefore should be written

that case but the form factor itself could vary and only a - —r

comparison with real experimental results could evaluate th810re explicitly asM . . .

approximation made in the present model. Wh_en the structure is m?‘de M d|ffere_n_t Ia)_/ers corre-
Finally, it is easy with a parabolic model to go to different sponding to different materials with specific dlelectrf\con-

limits and in particular to the three-dimension@D) case, ~stant, the total transfer matrix of the structuré 1"

letting Q — 0, while keepingw? constant. This 3D case has =IT"_ MY

been extensively studied and following the earlier work of

Ginzburd! reviewed in more general configurations by Palik

and Furdynd? It can be shown that the present results agree V. TRANSMISSION OF THE MULTILAYER SYSTEM

with these previous studies. . . . .
P We will assume in the following that the multilayer struc-

ture is inside the vacuum and label the corresponding elec-
IIl. MULTIDIELECTRIC TRANSFER MATRIX tromagnetic parameters with an index 0. In the absence of

) ) ] ] _any polarization, the components of the incident field are
Once the dielectric tensor of the layer is defined, we are igyritten as (Ex0,Hy,0,Ey,0,Hy0) and those of the outgoing

position to evaluate the different electromagnetic moges fig|q Fro 8S (Exg, Hy=0roEx . Eyio Hy=—Eyi/Gz0). The ex-

=kc/w that such a medium can sustain: this is obtained in &t variation of the incident waves as a function ofis
standard wa¥# by solving the following determinant:

written as
2o _ _ —
|a°8 — ag; — ij| =0 ® Eyo=F expliky 2 + G expl— ik, q2),
in which all componentsy, are zero by symmetry angj, is
conserved. This equation has four solutiajs or k, for Hy 0=~ 0,0l (F explik,02) — G exp(- ik, 02)],
which gf =0 ,+0. In the absence of free particles this set of
solutions decomposes into two subsets of solutiapgand Ey o= explik,2) +J exp(-ik,02),

+qre corresponding to the standard transverse magnetic
(TM) and transverse electrid@E) modes, respectivelyThe

1
introduction of free particles mixes these two sets of modes Hy o= —I[I explik,02) — J exp(— ik, 02)], (10
and the actual solutions have to be obtained by numerical Az0
computation. whereG and J refer to the amplitude of incident waves,

In order to evaluate the transmission of a multilayer strucand| to that of the reflected ones angdo=—cog6).
ture one has to express for each layer the transmitted elec- Taking the originz=0 at the surface of the samplg, o
tromagnetic field as a function of the incident one. The total_= ~ __ : e,
electric fieldE and the corresponding magnetic fidtdcan =M -Fio(2=0) which relates the components of the trans

be written formally in each medium as a linear combinationm'tted T'E“ld to the parameter‘_é, G, I, andJ. In a more
convenient form, one can define new vectBrsof compo-
of the four waves

nents (E,,Ex,Ey . Ey) and V of components(F,G,1,J)

E=> aE,éh7, such thatE;=M -V with:
A
M=mg- MT- my,
H=> a,q, OE,&"7, (9)
A 1 0 0O o0
wherea, is the amplitude of the modewith components of =_ 0 -cogf)™ 0 0
E\ written asE, ,,E, ,, E, ,. Since only two components, for °lo 0 1 o |
each wave, are independent, one can normalize these com- 0 0 0 cog0)
ponents for instance a¥,=E,,/E,, 1, Z,=E,,/E,,. Fi-
nally, it is easier to define a third quanti¥ =q,Z, —q,. 1 1 0 0
In order to solve for the, coefficients of Eq(9) one has

to write the standard continuity relations for the tangential — | cod6) -cogo) 0 0 11
components oE andH which areE,, Hy,H,,E, across the my = 0 0 1 1 - (D)
interfaces az=0 andz=-d. At each interface, one obtains a 0 0 _cogf) cogo)

system of four linear equations relatiAg the vector of com-
ponentsa,, either toF;, a vector of componentg,(z=0), This corresponds to a system of four equations which has to
H,(z=0), H,(z=0),E,(z=0) or to F, the vectors of compo- be solved forE,/G,E,;/G,E,/J, andE,;/J. This resolu-
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FIG. 2. Absolute transmission spectryampty dot$, at 1.8 K,

FIG. 1. Energies of the minima of transmission, at 1.8 K, of aof a two-dimensional electron gas imbedded in a GaAs quantum
two-dimensional electron gas imbedded in a GaAs quantum well, ofvell, of width 13 nm, in a TF configuration with an angle
width 13 nm, around the TO energy of this compound, as a functior=26.5° andB, =20.9 T. The dotted lines refer to the LO energies of
of the component of the field perpendicular to the QW pl&ne GaAs and AlAs and the dashed lines to the two cyclotron like
These data are obtained in PF configuraiiopen doty and in the  transitions CR1 and CR@&ee text The continuous line is the fit of
TF configuration for an anglé=26.5°(full dots). Full triangles and  the model to the data.
crosses are the observed phonon structures corresponding to the TO

and LO(slab modegof the structure, respectively. strength(see the Appendix In the present case we use, for
fitting the data, the value of the concentratio=9

tion can be performed analytically if we consider specialx 10t'cmi? whereas a value ohf=9.4x 10'cmi? is ob-

polarized conditions for the incoming light. For instance if tained from transport measurements on a parent nonliftoff

we assume the incident electric field polarized alongxhe sample. The reason for this slight discrepancy is not clear at

direction(the so-called TE polarizatior,G, andl are non  present.

zero butJ=0 andE;{/G, EJ7/G can be expressed as func-  The data which are displayed in Fig. 2 reproduce the ab-

tion of the matrix elements d¥l . Similarly, if we assume the solute transmission spectra obtained at fixed value of the
incident magnetic field polarized along the x directiothe ~ Magnetic field. There are features which do not depend on
so-called TM polarization) G=0 but notl, J, andF, and we  the magnetic field: they correspond to a strong absorption
can solve the system fd& '/J, E'Y/J. This finally allows related to the TO phonons of GaAs and AlAs and also weak
to find the transmission for any kind of incident polarization. @bsorption lines related to the corresponding LO maules

tical dotted lineg which are known to become active in ab-

V. COMPARISON WITH EXPERIMENTAL RESULTS sorption for thin slalisin the TF configuration. These LO
structures are less visible for the tilt angleorresponding to

We now compare the predictions of the model with resultsFig. 3 but become important when increasiféf The mag-
which have been recently publish&dThe experimental data netic field dependent structures are two additional lines re-
correspond to infrared magneto-absorption of a single anthted to the CR and labeled CR1 and CR2rtical dashed
symmetrically doped QW of GaAs sandwiched betweenines) in the order of increasing energies: at low fields CR1
GaAs-AlAs superlattices, the whole epilayer structure beingraries much like the standard CR line observed in the PF
liftoff from the native GaAs substrate and deposited on a Stconfiguration and CR2 remains pinned to some energy lower
substraté?® The interest in this case is that the data corre-than the LO energy of the GaAs layers. Upon increasing the
spond toabsolutevalues of the transmission, for nonpolar- field there is a clear anticrossing between these transitions,
ized light, performed in PF and TF configurations for whichand at high fields CR1 remains pinnéat the same energy
all magnetic field dependent structures can be isolated anthan CR2 at low fields within the experimental ernors
compared to the present model. As an example, the expenvhereas CR2 evolves like a CR transition. Experimentally it
mental energies obtained on such a structure are displayasl observed that the anticrossing increases withut the
in Fig. 1, as a function oB,=B, for a specific sample pinning energy remains the same for a given sartbRor
with a doped GaAs QW of width.=13 nm. This QW this sample the experimental pinning energy is
is sandwiched between two superlatticegperiod 35.5+0.05 meV.
2.6 nm GaAs/1.3 nm AlAsof 58 and 12 periods, respec-  The continuous line in Fig. 2 is the fit of the data by
tively, the epilayer starting and ending with a GaAs cap layemdjusting the different parameters which enter the model.
of 20 nm. For each individual layer the dielectric constantThe phonon contribution which enters in the diagonal part of
and the corresponding transfer matrix has to be evaluateé can be fitted with well known parameters as reported in the
along the lines described earlier. The doping level of the QWiterature: we use here, for GaAs, the values fabrq
is determined by the adjustment of the CR oscillator=33.6 meV, a damping parametgfo(GaA9=0.37 meV, a
strength, in the field range where this resonance splits due tstatic value of the dielectric constas=12.5 ande,.=10.6.
NP effects, assuming the one-electron model for oscillatoSimilarly for AlAs we useZwro=45.9 meV, yo(AlAS)
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FIG. 4. Variation of the zeros of the component, for a TF
configuration with#=30° as a function oB, . Full lines are related
to an intersubband energyf)=65 meV and dotted lines taQ)
=30 meV.

to use the same value 6i,** for a given sample. With all
these constrains, the fitted spectra displayed in Fig. 4, are
obtained fori{)=65 meV andf#=26.5°. Indeed, when look-

FIG. 3. Fit of the relative transmission curves @&t 26.5° for ing at. different samples.with the Sqme width(of 13 nm)
different values ofB,. The curves are shifted for clarity,. Empty Put different concentrations, one finds fé) values of

dots are experimental points and the full continuous curves the co@3+3 meV whereas for samples with a QW width of 10 nm
responding calculated relative transmission spectra. #0=105+3 meV}* Finally, ¢ is obtained with an uncer-
tainty of £0.5° and thereforB, is given with a correspond-
=0.56 meV, g;=9.9, ande..=8.16. These values are kept ing error-bar in the TF configuration.
fixed for all configurations, angles, and magnetic field val- As can be seen in Fig. 4, the overall agreement is encour-
ues. The fit of the features which are magnetic field depenaging knowing the simplicity of the model. It can indeed
dent is more easily done on the experimental spectra of theaproduce the anticrossing behavior observed experimentally,
relative transmissidft obtained by dividing the absolute including its increase with the angle and validates the experi-
transmission spectra, at fixed value of field, by that at 0 T. Inmental finding(Fig. 1) that the CR lines in the TF configu-
these spectra all phonons features disappear as shown in Figition does not depend only @, as reported sometimes in
3. Though these features do not appear any more, they male literature. It is also important to stress that, at this level of
be indirectly seen through interferences effects between thgrecision, the model works for different samples with differ-
TO and the CR absorptions and therefore spectra in whicent well widths and carrier concentrations and therefore it
both transitions overlap should be analyzed keeping in minthas captured the main physics which appears in such studies.
this potential problem. As a consequence we are in a position to assign the pinning

The fitting procedure, which gives rise to the continuousjevel which appears in the data below the LO energy.
spectra displayed in this figure, involves different steps. One

has first to evaluate the effective mass entering into the

expression ofv?, wey, andw¢, and the damping parameter of V1. DISCUSSION OF THE RESULTS

the electrons this is done by fitting spectra in the PF configu-

ration. It is assumed, since the cyclotron motion depends It is clear that the interaction observed in the TF configu-
only on B, that, for a given value of this parameten’ ration originates from the components of the dielectric ten-
should be the same. Therefore, we are left with two paramsSOr- In particular, the energy of the pinning level, appearing
eters to fit the spectra in the TF configuration, the angle in Fig. 1 for instance, corresponds to one of the zeros, of
and the inter-electric subband ener2. 6 has also to be thezzcomponent of the total dielectric tens@q. (5)). Ne-
fitted because, in the TF configuration, the Si substrate, sugglecting damping, these zeros are solutions of the following
porting the epilayer, is glued to a sample holder wedgedduation:
mechanically by a known angkg,. The Si substrate is, how- 2
ever, itself wedged by few degrees to avoid interferences P
effects, and there is always an uncertainty of few degrees + Q5 (0fo + 05)]0? — i (QPulo+ Q505 =0,
betweend and 6,14 For a given value of and knowing the (12
total value of the applied magnetic field, is deduced and

thereforem’. The fit of the CR line is now dependent 6h WhereQ;:wﬁ/sm.

Therefore, there is some iterative process betw@and () For a finite value of the magnetic field,, has three zeros
which converges rapidly. Of course, if different experimentalwhich vary withB , as illustrated in Fig. 4. These results are
data are obtained with different angles, the fitting process hagbtained using as parameters, a tilt angle30°, fwrg

Energy (meV)

® - (wfo + a)g + Q)+ [wfowg + Qz(wfo + wgz)
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=33.6 meV andiw =36.3 meV, ng/L=6.92x10cm 3,  and/or a effective length different fromand consequently a
and a fixed value of the effective mast=0.072n,. These parameterwf),Z different from 2. It is easy to solve the an-
are parameters close to those used to fit the data in Fig. &otropic model and derive equivalent E@$) and (5). We

One set of data in Fig. dull lines) is using the value of the  did not succeed, however, with such an approach, to reduce
intersubband energy)=65 meV (as in Fig. 3 which is  the discrepancies of the model with respect to the experimen-
higher thanfiw o(GaAs and the second set of datdotted  ta results, even by letting the parameters liker Q) varying
lines) corresponds to another valdg)=30 meV which i noticeably. This is not unexpected because this additional
lower in energy thakw 0. In both cases, at low value of the ¢qrrection to the model keeps the essential symmetry of the
magnetic field, the zero of lower energy corresponds to th‘f)roblem.

“cyclotron-like” transition whereas the two other modes of . present understanding is that the asymmetry of the

h|gbhber ((ajnerg}; rggve aA;mxed charac}er fpflg)r;r?non ang INtelspserved discrepancies reveals the existence of some inter-
suvband excitations. At zero magnetic field these Modes Al%.jon petween the CR-like transition and the GaAs TO

indeed the intersubband-phonon-plasmon modes o . . .
quasitwo-dimensional system as first observed by Pinetuk mode of the QW, as noticed experimentafysuch an inter-

al.'6 The analysis of experimental d&tahows that the mode action isa priori quite surprising because it is known that the
just below/aw, o is indeed the one which interacts with the deformation potential of the conduction band with the TO

CR mode(Fig. 1): for instance aB, =0 the energy of the mode is zero by symmetry in GaAs. Therefore, this wiI_I de-
calculated mode is 35.5 meV which compares very well withS€'Ve some more elaborated theoretical treatment which re-
the experimental findings displayed in Fig. 2. The observednains to be done. _ _ _
anticrossing is a pure dielectric effect which does not imply ~ Finally, the proposed parabolic model is by construction
any specific electron-phonon interaction. symmetric inz, like the QWs to which the model has been
The anticrossing splitting of,, is increasing with the applied: we found values f|t_ted fotQ) significantly lower
angle  but also when decreasifg as evidenced in Fig. 4. than the intersubband splittingw,,, evaluated for a QW
One notes that the anticrossing implies also the highest evith infinite barriers(for instance in the present ca#é)
ergy hybrid mode and one expects some strongly nonlinear 65 MeV andfiw, ;=92 meV). One expectsiw,; to be
variation of the “3CR-like” mode for samples where the in- lower than the preceding estimate which is, assumingrfor
tersubband energy is significantly lower than the energy ofh€ mean value ofn used to fit the data in the PF configu-
the phonons. This prediction has to be confirmed by experitation. One could improve the correspondence between en-
ments performed on samples with appropriate characteristic§fgies by increasingo ,, using the anisotropic model de-
In any case, the interaction is zero when0 but also dis- Scribed earlier, but the fit can only be done to a direct
appears when increasitig). This interaction goes indeed to Measurement of the corresponding intersubband absorption,
zero in the pure two-dimensional case, for any valug.gh ~ Which is very difficult for a simple QW. This, however,
the 3D case, when)=0, Eq. (12 reduces to known Should help to evaluate the pertinence of the model.
resultd217which means that for finite values of the magnetic ~Before concluding and, though it is not the purpose of the
field and one-phonon mode polar material one has alwaygresent paper, we would like to comment on the problem of
three solutions for the zeros ef, In the absence of mag- the polaron coupling. Based on the Frohlich interaction with
netic field on the other hand, there are only two solutions? Single electron this coupling is predicted to become reso-
which correspond, in the 3D case, to the well known coupled’@nt when the cyclotron energy coincides with the LO pho-
plasmon-phonon modest 128 This discussion is qualitative Non energy*?This should manifest in the PF configuration
because the real interaction, depicted in Fig. 3, implieg all @S an anticrossing of the CR energa&@sund the LO energy
dependent components of the dielectric tensor. or, in other words, the CR trgnsnmn energy should never
As clearly seen in Fig. 3, the model presents howevefross that of the LO energy. Itis clearly not apparent neither
some deficiencies: whereas it overestimates the splitting df the results of Fig. 1 nor on those obtained with carrier
the CR1-CR2 components at low fields, it underestimates {goncentrations down to%10'cm 2 We may argue that
at high fields. In the same time the component which remain§1is carrier concentration is still too high and could screen
pinned has an oscillator strength smaller than the experimeribe effect The problem on the experimental side is how-
tal one at low fields and higher than the experimental one a@Vver not simple and requires to obtain data free of any di-
high fields. Both discrepancies are systematic for differenglectric artifacts in the range of LO energies. The data re-
samples and tell that the model may have to be refined. In thRorted in Ref. 14 fulfill this requirement in GaAs. There are
present model, the strength of the absorption is only govother systems based on GalnAs where such conditions are
erned by one parametmf, [Eq. (6)], a quantity which com- Met, and it has bgen shown fo_r instance in Ref. 23 that for
bines a single value of the effective mafsr v<2) and that ~Samples with carrier concentration as low asmllcm_zl no
of the QW widthL. This quantity, using the parameters de_lnteracpon of polaron character is seen around neither the
scribed before, reproduces quite well the strength of the CEea@As-like nor the InAs-like LO energies. Therefore, the ex-
absorption in the PF configuration. Therefore, it should nofStence of polaronic effects on free carriers in real doped
be changed for the in-plane components of the dielectric terRolar materials remains, in our opinion, not yet proved.

sor.
. . VIl. CONCLUSION
The effective mass parameter, entering €9, has, how-
ever, no clear physical meaning along théirection. There- Using a parabolic model to mimic the one-dimensional

fore, one could introduce a parametey, different fromm’,  confinement of electron, we have derived all the components
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of the dielectric tensor for the configuration whief/B, the  and the one obtained from a quantum mechanical treatment
plane of the 2D structure being tilted with respect to thisread, respectively, as

direction. Using this model, we have derived the proper way

to obtain a complete transmission response of any kind of o __ g2 Na + Ny

multilayer structures containing conducting layers, in this mMy(0? - w2) My(w?—w?) |’

tilted configuration. The comparison of the model with re-
cent experimental data demonstrates that the model is glo- o
bally satisfactory though its predictions deserve more experi- &8 = — %2 (fuo = fava ) (N+ D)
mental investigation. X L 05 my(e?—ofan,) |

(A1)

wherefy . is the distribution function of carriers in théth
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APPENDIX
N, — Ggn(N+ 1)/L,
NP effects manifest themselves by different cyclotron fre-
ies f h le of LL. Neglecti I th
quencies for each couple o eglecting always the Mo — Myt]  Ocb— Onet sz (A2)

electron-electron interactions, one can treat the problem by
assigning to each cyclotron frequency a family of carrierswhere # is the filling factor of thehigher occupied LL in-
with a specific mass, relaxation time, and transition probabilcluding spin(0< n<2). This procedure can be easily ex-
ity. This allows to include temperature effects eventually.tended to all components of the electronic part of the dielec-
The total electronic contribution to the dielectric constant istric tensor. Therefore, the NP effects can be taken into
then simply obtained by adding the contribution of each fam-account with this modification of the semiclassical model.
ily of carriers. We further point out that the expression written in Eq.
As an example, we consider NP effects only for the or-(Al) assumes for the probability of the transition the stan-
bital part and neglect damping: for any value of the filling dard rules obtained in the one electron picture, though it is
factor v>2 (v=ng/Gg) which are not even, two different CR known that the CR transition has an excitonic character re-
frequenciesw,, and wg, have to be taken into account corre- vealing the electron-electron interacti&fiThis excitonic na-
sponding to two families of carriers with “effective” concen- ture may change these selection rules but since the overall
trationsn,, n,, and massem,, m,, respectively. The expres- model neglects the interactions between electrons, the proce-

sions forsiL, in the PF configuration, with the present model dure proposed in Eq$Al) and(A2) remains consistent.
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