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Retardation effects on intra- and intersubband plasmons in quantum wells and their
manifestations in grating-coupler-assisted optical transmission
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The dispersion relations of intra- and intersubband plasmon polaritons in quantum wells are investigated in
the small wave-vector region. It is shown that the intrasubband plasmon polariton is a normal mode of the
layered semiconductor microstructure for all wave vectors. The intersubband plasmon polariton, however,
appears in two branches. The higher-frequency branch is a radiative virtual mode and the lower-frequency
branch is a normal mode. It is shown that the normal modes appear as maxima and the virtual mode as a
minimum in the relative transmission spectra of samples with a grating coupler above the electron system.
Thus, the well-known deformation of the transmission line shape of the intersubband plasmon mode from a
maximum for smaller grating periods to a minimum for larger grating periods is explained by the excitation of
the radiative virtual intersubband plasmon polariton above the onset of the Rayleigh anomaly.
[S0163-182609)14031-1

Electron-gas systems have well-defined collective modeing for q,< \/s,w/c, are observable. The investigation of the
of charge-density oscillations, the plasmons. Their dispersio@®2D plasmon dispersion relation is only possible with the
relations characteristically depend on the dimensionality ohelp of a grating coupler, generating in-plane wave vector
the system. These collective excitations give rise to effectsomponents g, = (w/c)sin@q+(2a/d)n; n=0,£1,£2, ...
observable in a variety of physical situations. Thus, the propperpendicular to the stripes of the grating with periodicity
erties of interacting electron systems and their collective exd'®~!8 and, henceforth, couple the incident light with the
citations are of fundamental interest. The ability to growplasmons that become by this way radiative modes. This
modulation-doped semiconductor structures made possibkhows quite generally that the FIR optical properties are re-
the study of quasi-two-dimensional electron J&@2DEG lated only to the radiative modes of the system and not to the
systems. Q2D plasmons have been investigated theoreticaliyonradiative normal modes. Thus, it is important to analyze
(see, e.g., Refs. 138nd experimentally(see, e.g., Refs. very carefully the collective excitations in the near vicinity
9-16. Caused by the size quantization, the collective exci{left and righy of the light line.
tation spectrum becomes split in intrasubband plasmons, The current-response theory, describing the linear re-
connected with collectivécoherent electron motion within ~ SPonse of the system, gives the relation between the exter-
one subband, and intersubband plasmons, connected wiilly a}pph_egj?vector potentiah®" and the induced vector
collective electron motion between two different subbandsPotentialA™,

Typically, these collective electron motions are not indepen-
dent, and thus, due to the intersubband coup(iSf), the
mode spectrum is of hybrid type.

As shown in Refs. 3 and 7, retardation effects influence

Aa(QH;Z| w) = AEXt(QH; Z| (,0)

the modes only in a very narrow range around the dispersion +,u,02 f dz’f dz'D (02,2’ |w)
relation of lightw=cq; /e, [g,=(dx.qy), 2D wave vector, By
a,=|ql; ep, background dielectric constant, vacuum X P (022" )AL 2" o), (1)

speed of light However, this is the region of the most op-

tical experiments. Far-infrare(FIR) transmission spectros-

copy is a very profitable method to study the Q2Dwhere A(q;;z|w)=A%Yq;;zlo)+AM(q;z|w) is the total
plasmons’'®****However, if FIR radiation is applied to a vector potential,P,4(q;;z,Z/w) are the components of the
semiconductor microstructure, it cannot couple directly toirreducible (propey polarization tensore, B=X,Y,Z, ug iS
the normal modes of this system. This is true because ththe permeability in vacuum, an®,(q;z,z'|w) is the
Q2D plasmons exist fog,> Jepwlc, but the accessible in- Green’s tensor of the inhomogeneous wave equdfmnmde-
plane wave vector in a FIR experimentds=(w/c)sin®,, tails see Ref. ¥ This equation gives the dispersion relation
where® is the ray angle of the incident wave. In this caseof the collective excitations in random-phase approximation
one can only excite radiative modes, which are virtual(RPA) including retardation, i.e., of the Q2D intra- and in-
modes. Thus, for a Q2DEG in samples with flat surfacestersubband plasmon polariton&oupled plasmon-photon
only the so-called collective intersubband resonances, existhodes, in the form
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Herein, Pﬁg'(q”,w) is the matrix polarization tensor of the

Q2DEG in RPA(Ref. 9 andDKlKZK’K(qH,w) are the matrix
elements of the Green’s tensor of the inhomogeneous wave
equation assuming envelope wave functigngz) and sub-
band energiesty(k) =& +h2%k2/(2m) of the quantum
well (QW) containing the Q2DEGK=0,1,2 ...; m,, ef-
fective conduction-band-edge mass

In the following, we restrict omp-polarized Q2D plasmon
polaritons, assuming without loss on generatify- (d,,0), _ 172
and consider the two lowest-frequency plasmon polaritons of +a,[ agot S(q), wp)) aoo])) 9
the Q2DEG in the electric quantum limionly the lowest
subband is occupigdheglecting the intersubband coupling and for thep-polarized(1-0) intersubband plasmon polar-
by using the diagonal approximation, i.e., only tf@-0) iton
intrasubband plasmon polariton and ttie-0) intersubband 5
plasmon polariton are considered. All these approximations 10_{92 N2pece {210
are well satisfied for usual QW'’s, used in experime(sese, -
e.g., discussions in Refs. 6 and Ih this case, the dispersion
relation of the(0-0) intrasubband plasmon polariton follows
from Eq. (2) in the form

qf -
Xy a1~ a—l[,Bll+S(q”,w),31]]] (8

A Egs. (3) and(4), it follows for the p-polarized(0-0) in-
trasubband plasmon polariton

2
N2pece
2m6808 by

00

@Wpp~ a,(1+8(q;,0p))

hegep,

o2 ISR
X all_a_[ﬁu"'s(q'wé%)ﬁ'lﬂ)} . (10

1— 1oD%%(q, @) x°,(q ) =0. (3  Equation(9) determines the frequency=wp’(q) of the

(0-0) intrasubband plasmon-polariton mode and ELD)

This dispersion relation represents the independent collectivigat of the (1-0) intersubband plasmon-polariton mode
electron motion in subbang(k;). The dispersion relation of _wlo(q”) In the above equations, is the permittivity in

the (1-0)intersubband plasmon polariton is given by vacuum, e, is the background dielectric constant (
n 1 B =1,2,3... denotes the different layerof that layer in
1= oDz @) xzA ) @) =0, 4 \which the Q2DEG is quantum confined, ang,= Ch

2\1/2
which represents the independent collective electron motior &b,@?/c?)"% Further, we have definedy=—(¢k¢o
between the subbanc&,(ku) and Sl(ku) Herein, we have |z—2Z'||¢keo), aKK——<(pK(pO|(Z+Z Mekeo),  Brk=

defined Dk (q”,w) Da,g O(qp o), Xox( Q) ) (—1/2)<2<pK<pon Z'|?lekepo), and Bux=(—1/2)¢xeo|
_Pxx(qH'w) and Xzz(quw) zz(qu )+Pzz(qlliw) It is (z+2')?| ek ¢o), Which depend on the shape of the confining

important to notethalD (qH,w) contains direct and image potential forming the QW for the Q2DEG.Q4

parts for layered systems in which the materials have dlffer;(“:1 &)lh s thf sfub:)and hsehparatlon fregluefncy, and
ent polarizabilities. Further, in deriving E(l) we kept only (a1, ) is a geometry factor, which is responsible for image

the terlei)(l because all the other terms are in highereffeCtr?]sand depends on the concrete form of the multilayer
z zz?

order ofg,. This is possible because we are interested in thé ?%Ztgee efig(itg‘s;[:aor:’cﬁleoI:neozzf?(g}”/satgm ?nlr\]/vtr?lihatr)jgtr(]};eom

range of small wave vectorg, where the long-wavelength

approximation (LWA) is W(‘§|I fulfilled: qk®<1 and (0=2) is filled by vacuum, layer=1 of thicknessd,

. (0)_ 112 . (—d;<z<0) is filled by a material characterized by,
Gi@zpec<1 [Kp'=(27Nzpeg) ™ Fermi wave vector of sub- (o o 1y a4 metal simulating a gate on top of the saiple

band&o(ky); Nope, electron number per unit aréazpes, — Jayer y=2 has a finite thickness, (—(d; +d,)<z<—d;)

effective t7h|ckness of the Q2DHG Using the LWA  4nq s filled with a materiale.g., the wider-gap semiconduc-

expressions tor) characterized bye,,, and regionv=3 (z<—(d,
+d,)) is filled with a material(e.g., the smaller-gap semi-

2
X2 (qpw)=— M, (5) conductoy characterized by the background dielectric con-
> Me stanteps and contains the QW, one has
2 2 M o3+ T 012X — 2a,d5)
Nopece h D) _ TasTTlor 20z
1 _ _ 12DE S(Qpw)=7—= exd2as(d;+d,)],
Xed @) = Me | 2MeQy0 02— O3, © ) 14712 M 2z€XP(—2a,d)) H2as(dytdo)]
where
00 __ C%a, F 1ot rorexp—2a;d;)
DA @)= — 5 S11+S(g),w) w _112tlo 101
SbVw 012 1+I’01rlzexq—2a1d1)

+a,[ agot S(q), ®) agol}, (7)  and
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FIG. 1. Dispersion relations of th@®-0) intrasubband plasmon 1.92
polaritonw ) (heavy solid ling and of the (0-0)intrasubband plas-
mon wgo (dashed lingin dependence on the 2D wave vector. The - -
LWA dispersion curves are calculated from E@®. and (11).
1 ) 90 [ A R NN TR AN S N
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In the absence of the metal film, we have

FIG. 2. Dispersion relations of thel-0) intrasubband plasmon

polariton w3 (heavy solid ling and of the (1-0)intrasubband

lo3+rgrexp—2asd,) plasmonw‘l,0 (dashed lingin dependence on the 2D wave vector.
= 1+ gp I 236XH — 2a,05) exp(2asd,) The LWA dispersion curves are calculated from Ed€) and(12).

As mentioned in the text for the upper branch.«Rg" is plotted.
and for a half-space geometry with the semi-infinite region 2The symbol @) denotes the positions of the maxima and minima
(0<2z) and the semi-infinite region 3z&0), it follows in the relative transmission spectra of Fig. 4, and the symillls (
S(dy, @) =T 3. and (¢ ) denote those of Fig. 5 fob=1.749° and®,=4.377°,

If one neglects retardation effects,~o, one obtains respectively.
from Egs.(9) and(10) the explicit LWA dispersion relations

S(q, @) =T gpzexp(2a3d,)

of the (0-0)intrasubband plasmon characterized  by: (PO(Z)zng/%*Ko_z, ¢1(z)=2;<§’"7_
n Gez 1/2 (1_K3?)97K12, Where ?:_Z_(dl+d2), Ko= 1/(Zo_d),

wgo:[ LqH(l%—S(qH)—i-qu[ozoo-i-S(qH)ZOO]) k1= —[(Zo0=21) Ko+ 3]/ (20— 21), K2:[12K§/(K3_K0K1
2Mee oy +&9)1Y3 and k3= (ko+ k1)/3, with d=[%2/(2m.eF)]*3

(1) zx=¢&c/(eF), and&c=eFdx, wherexy are the zeros of
and that of thg(1-0) intersubband plasmon the Airy function, F=e (nopep.t fNopeg)/(e0es), and we
have usedf=0.3, n,peg=1X 10" cm ? for the electron
Napece™Q 1o — concentration, and for the concentration of the depletion
fieoen (@1= Ol ButS@Q)Bul)| chargesn,pep,=5x% 10° cm ™2 (for details see Ref.)@n the
(12 numerical analysis. With these envelope wave functions, one

which are the original LWA results of the corresponding obtains ago=—16/(16xo), aoo=—3/ko, a11=5(xox2)’/
density-response schentsee, e.g., Refs. 6 and.7Please (Kot &1)", @ndB11=16(xok7)*/ (ro+ K1)°=—B11.

note that the associatef{q,) follows from S(q;,w) for «; If retardation is included, it is found that both modes are
—q,. While the intrasubband plasmon starts tpe=0 at affected. It becomes obvious from Figs. 1 and 2 that the
»=0 because of the vanishing restoring force, the intersublntérsubband mode is more drastically modified than the in-
band plasmon starts faf;=0 above the subband separation frasubband mode. It is seen that in comparison to the nonre-

frequency Q0. This frequency shift A2%= w (q;=0) tarded solutionw,’ the dispersion curve of the intrasubband

—Qy, is the depolarization shift. plasmon polaritorw?) is slightly pushed down, so that it

The dispersion curves of th¢0-0) intrasubband and always lies to the right of the light line=cq,/ e, (in the
(1-0) intersubband plasmons and that of the associated plagbsence of image effects only this once light line is present
mon polaritons are plotted in Figs. 1 and 2, respectivelyThis is true because E¢p) has only a real solutiom,”, and
neglecting image effects. For numerical calculation we havmenceforthwg% is a nonradiative normal mode of the system
chosen a GaAs-Ga,Al,As single heterostructuréSHS  with electromagnetic fields decaying exponentially from the
(GaAs, e,,=e,=12.87; g, static dielectric constant and surfaces of the sample into the surrounding medium. For
Me=0.0662n,; M, bare electron magsith a triangular-  larger wave vectorsp)’ approachessp’.
well confining potential. The Q2DEG in the SHS we have The dispersion curve of the intersubband plasmon polar-

112
10_] 2
w0, = [ Qft

14
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15 T T T T transmission experiments, where only this small wave-vector
region is accessible, the intersubband resonance shows a
relatively sharp peak in the spectrum.

It is interesting to note that in the earlier work of Kliewer
and Fuch$"?? on phonon-polaritons of macroscopically
thick slabs virtual modes with similar properties were found.
Thus, summarizing the properties ©f9 andw 5" , it seems
51 B that the intra- and intersubband plasmon polaritons of a
semiconductor heterostructure behave like the surface plas-
mon polaritons of a macroscopically thick metal or doped
0 L) semiconductor layefsee, e.g., Refs. 23—28n this case two

0.0 0.5 1.0 1.5 2.0 2.5 3.0 nonradiative branches exist right to the light line, approach-
q (103 cm™) ing for large wave vectors the asymptote)p/\/i
[wp=(N3pece? (e0epMe))Y% 3D plasma frequendy and
FIG. 3. —Im w0 as a function of the 2D wave vector calcu- start atq,=0 atw=0. The so-called upper modalso called

10~ h

- 10+
Im 9o

w (1083 s

lated from Eq.(10). high-frequency or “normal” modgis antisymmetric, and
the lower mode(low-frequency or “tangential” modgis
iton, by contrast, is split into two branchez%%+ and ‘”rlfr); . symmetric, analogous as the intra- and intersubband plasmon

These two branches,>" and wy) arise due to the anti- modes, respectively. Thenacroscopig surface modes are

crossing effect of the mode’ with the photon dispersion accompanied by surface polarization charges only. For the

relationw=cq”/\/s—s to form the coupledhybrid) (1-0) in-  UPPer m_ode an excess of charge_ o_lensity at a ppint on one
tersubband plasmon-photon mode. The lower branch lies justTface is accompanied by a deficiency at a point directly

below the light line and goes to the asympterg) for larger across the_s:jag on the oth(tar_ Slérface’.twh”efthﬁ lower mode Is
wave vectorsy,. It corresponds to the real solution of Eq. accompanied by a Symmetric diSposition of charge excess or

(10), and thereforewé%’ is a nonradiative normal mode of deficiency at opposing points on the two surfaces. Whereas

the nonradiative normal modes of a macroscopically thick

the system with electromagnetic fields decaying EXPONENg|ah are Fano-type modes, the radiative branch, existing to

tially from the surfaces of the sample into the surroundin . Lo )
medium. Usually this branch is called the intersubband plagt—he left of the light line, is a Brewster-type mode. Its real part

mon (polariton. The implicit equation has a second solution of the frequency starts foy; =0 at ©=w, and approaches
10+ "\which is complex. Here we assungeto be real and wchH/\/s_b for larger wave vectors. Further, like for the

“’95@ o b lex. i ¢ L dispersion relation of the intersubband plasmon mode, if re-
@pp Itp efomptﬁxytlﬁei’t\r/]v'e aﬁs_ume af[pure ebmpo(rja aMBardation is neglected, the upper mode has one branch that
ng. 1tIs notewortny that tis coice acts as a boundary CoNgia s forq,=0 at w=w, and approaches, /2 for large

d|t|.on for the radlat|ve.eX|t phannel. In Ref. 1_9. it was shownq”_ Thus, we conclude that for small wave vectors the Q2D
quite generally that with this boundary condition for the ra- 10+ .
behave like the lower and the

00
diative exit channel one selects different types of VirtualBIasgr]oszrTaocc:zezg%:nodfc;p?nacrosco ically thick slab
modes describing differer{experimental situations. In the PP . : pically thic o
regionq, < Js.wlc, real photons can couple with the inter- Up to now we have investigated the collective excitations

S I

T - . of the freely oscillating Q2DEG. The question, which we
subband mode_, and thus, the br?’“ﬁ IS a rad|_at|ve VI how elaborate, is how these collective excitations manifest in
tual mode, which decays by radiating energy into the sur

. : S N _optical spectra. Of special interest is the coupling of incident
rounding medium, i.e., it has a finite lifetime. Henceforth, in b P P Ping

e . : FIR light with the (1-0) intersubband plasmon mode, on
a FIR transmission experiment performed in the absence Of\5i'lhich we concentrate in the following. Because the investi-
grating coupler only this virtual mode, which is usually

led collective int bband dimensional gation of normal modes is not directly accessible in FIR
called coflective Intersubban res_on_ar( ensional reso- spectroscopy, one uses a grating coupler of pediod/hich
nance, is excited and the transmission spectrum exhibits

minimum at the positiono=Rew:%" . The resonance split- enerates in-plane - wave-vector - componentsy,
fing is RewlOJr—Rewlo’%l.?GXplpO“ <1 for the chosen —(w/c)5|_n®0+ 2w/d)n; _n—O,t 1,+2,... perpendlcular

pPp | pp : . to the stripes of the grating and converts the in-plane com-
parameters. It is noteworthy that it was predicted long ago by,onents of the incident electromagnetic field in the perpen-
Fern.aIF0 that (classical plasma oscillations in a metal film gicylar component. By this way, the grating produces the
that mv_olve motion no[(r)rlal .to the slab can.radlate. It IS SeeNinfinite) set of light linesw= (c/\eg) |q,+ (27/d) n| form-
from Fig. 3 that|Im w,,"| is zero forq,, increases with jng jight cones centered af= — (27/d) n. Consequently,
Increasing wave vector, and shows a pronounced Toﬁx'mu%e portions of a dispersion curve of the sample without the
at a finite wave vector. For larger wave vectdisi wy,"|  grating lying inside these light cones, ie., fow
rapidly tends to zero. Comparing Figs. 2 and 3, it becomeg(c/\/g—s) |g,+ (27/d) n|, become radiative. The periodic-
obvious that the condition to den ?; asamode, i.e., the ity of the grating may influence the dispersion curves of the
condition of a weak damping, Re,) >[Im w5, is ful-  freely propagating modes itself: due to the Bragg scattering
filled for g;<1.5x10° cm™* and for q,>2.5x10° cm™ L. of the modes and the resulting mode coupling minigaps may
Thus, forq,=0 no radiative damping is present, and for occur atq,=(m/d)n (see, e.g., Ref. 26 for the theory of
small wave vectors, the radiative damping cot?f is not  classical surface polaritons on periodic surface profiles; Ref.

very strong. This is the deeper physical reason why in FIR27 for a recent experiment on surface plasmon polaritons on



PRB 60 RETARDATION EFFECTS ON INTRA- AND . .. 16 607

TvEr[rivreprrreprerrnld FTrrr T rrTrTTrrrriororTd
B _ | ©,=15.000° 4
d=31.416um
NS Y L\ 0.0
- d=28.560um 7 | 0,=9.223° \/:
d=27318um 0.0 —/\ 0.0
- ] | ©,=4.816° \/:
S~
Z - d=26.100um \/i 5 0.0
M i v L oe=431r \/
0.0 — 0.0
;‘::W\\ i B,=1.749° \/
\>~ 0.0
NG— X /R
0.25 ZEW\ i 0.0 \/_ 0.0
0.00 0.0 I~ g ]
02 I O T T T O O I I Qs b bl
“1.900 1.925 1.950 1.975 2.000 1.900 1.925 1950 1.975 2.000
w (1013 5°1) w (1013 5°1)
FIG. 4. Calculated relative transmission coefficienAT/T of FIG. 5. Calculated relative transmission coefficienAT/T of

the multilayer system in the near vicinity of tig&-0) intersubband  the multilayer system in the near vicinity of tii&-0) intersubband
plasmon mod€"“intersubband resonance’for ®,=0° and differ-  plasmon modé"intersubband resonance’for d=27.318um and
ent periodsd of the grating. different ray angle®,.

a Ag surface textured with a hexagonal array of dots and RetVNeré azpec= (8/5)[ A1/ (Mefd10) 1%(Ko+ K1) k3=03 is the
28 for experiments on 2D plasmons in the presence of &ffective thickness of the Q2DEG, phenomenological longi-
grating spatially modulating the 2DBGThe following re-  tudinal and transverse relaxation timgs=7, =1X10 S,
sults are obtained with our theory of the grating-coupler-2nd —oscillator  strength f1o=[7/(Mc{210) 1[8 (xox7) *x3/
induced optical response of multilayer systems of anisotropiéo+ «1)°1; regionv=4 is the semi-infinite GaAs substrate,
media (for details, see Refs. 17 and )18This theory de- characterized byy=es.
scribes both effects, possible resonance splitting of the The quantity, usually extracted from FIR transmission ex-
modes due to retardation and Bragg scattering. Which operiments is the relative change in transmission of
them occurs in the spectra strongly depends on the paranf=polarized light, —AT/T=1—T(n,ped)/T(0), on which
eters under consideration. For the sample used here, we ewe focus the following discussion. The numerical results for
pect the width of possible minigaps much below the theoretthe relative transmission coefficient are plotted in Fig. 4 for
ical resolution of the calculated spectra. Therefore, we us®o=0° and different periodd of the grating. It is important
the grating coupler only as measuring device to open addito note that for the plotted frequency range and grating peri-
tional radiative exit channels, i.e., we assume for the furthepds d<26 um only the zeroth-order diffracted waven (
discussion a nearly vanishing influence of the grating on the=0) is a propagating wave in the GaAs substrate, but for
“flat surface dispersion curves.” larger periods additionally the first-order diffracted waves
The numerical calculations are done for the following (n=*1) become propagating waves. b+ 27.318um the
model system: regionv=0 (0<z) is filled by vacuum. onset for the propagation of the first-order diffracted waves
Layer =1 is filled with the rectangular-groove grating of in the GaAs substrate takes placawat 1.922< 103 s * and
height h=50 nm, periodd=a+b [a is the width of the results in the so-called Rayleigh anonfdlyfor details, see
filled stripes, and is the spacing between the stripemark- ~ Refs. 17 and 18 appearing as the tip in the relative trans-
to-space ratid=a/b=1, and the stripes are filled with Ag, mission spectruntsee Fig. 4 Analyzing the spectra of Fig.
characterized by the 3D plasma frequengy=5.69x 10 4 in detall, it becomes obvious that the maxima appearing for
s and the phenomenological relaxation time= ~ d=20.940 um, d=22.440 um, d=24.166 um, and d
1.3165< 10" * s. For the GaAs-Ga ,Al,As SHS we use a =26.100um correspond to the lower intersubband plasmon-
homogeneous background dielectric constant to neglect inpolariton branchw;’ at g;=3.0x10° cm™, g,=2.8x 10°
age effects as done above in the calculation of the dispersictm™?, g,=2.6x10° cm™%, andq,=2.4x10° cm™?, respec-
relations. Thus, layer=2 is taken(only from the optical tively [see Fig. 2, where the symbol®{ represent these
point of view) as a 10 nm thick GaAs layefinstead of peak positionk It is seen that the coupling efficiency of the
Ga _,Al,As), characterized by the same background dielecincident FIR light with the modeué%’ increases with in-
tric constant as that of layers=3 and v=4: eyp=¢e5  creasingd up tod=26.100um, where the largest magnitude
=e4=e,=12.87. Layerv=3 contains the QW with the of the maximum in—AT/T results. Increasing the periali
optically anisotropic(uniaxia) Q2DEG, characterized by a the line shape of the maximum becomes more and more
local diagonal dielectric tensdfor details, see Refs. 7 and 8 asymmetric and, finally, transforms into a minimum. For
with plasma frequencywo=[nN,pece®/ (Mt o€ s3@opea) 1V2 =27.318 um a possible weak maximum cannot be distin-
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FIG. 6. 3D plot of the relative transmission
coefficient— AT/T as a function of the frequency
 and the periodl of the grating in the frequency
range of thg1-0) intersubband plasmon polariton
modes close to the onset of the Rayleigh anomaly
for ®,=0°. The calculation is performed for the
multilayer system under consideration.
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guished from the tip in the- AT/T spectrum representing (see, e.g., the two tips ab=1.906<10" s and w

the Rayleigh anomaly and the position of the minimum cor-=1.938< 10" s~ in the spectrum fo®,=1.749°), where
responds to the upper intersubband plasmon-polariton branche upper sign is valid forn>0 and the lower for
10+ at q;=2.3x10° cm . Becausew'%" is a radiative n<0.Analyzing the spectra of Fig. 5, we can interpret the

@pp pp
virtual mode, the energy radiation in the substrate causesaximum for®,=1.749° with the excitation oioé%’ and

T(N2pee)>T(0). The transmission spectruml(Nzoee) — the minimum withwl3', both atq,=2.32< 10° cm™* [the

shows a maximum at the position @%? and this is the  gympbols @) in Fig. 2 represent these peak positibrizur-
reason why we interpret the appearing minimumHAT/T  tner, in the case oB,=4.377° the same is true fo,
above the onset of the Rayleigh anomaly as caused by the 35103 cm™ (#) and also in the case & ,=4.816°
excitation of the radiative virtual mode. In the casesdof g, q,=2.355<10° cm™* (not to distinguish in Fig. 2 For
=28.560um andd=31.416 um only the minimum is ob- |arger ray angles, however, the positions of the maxima and
selg\J/rabIe in the spectra, corresponding to the upper modginima in the relative transmission spectra do not corre-
wpp atq=2.2x10° cm™* andq;=2.0x 10° cm™*, respec-  spond to the dispersion relations of the modes. The reason

tively. _ _ . for this result could be the very strong radiative damping of
In a recent paper we investigated the transformation of thene upper modeo;?f. However, this rapid increase of the

line shape of the intersubband plasma meéasonancein  ragiative damping above, = 2.35x< 10° cm™* (see Fig. 3is
relative transmission from a maximum with a Lorentzian line ot equivalently manifested in the relative transmission spec-
shape over a strongly asymmetric one to a minimum withy,5

increasing grating periotl. In this paper we concluded that T4 give a deeper inside in the effects appearing in the
this deformation is caused by the Rayleigh anoniédy the  re|ative transmission spectrum in the frequency range of the
situation considered in the present papee., due to the  (1_0) intersubband plasmon mode close to the onset of the
onset of the propagation of the first-order diffracted waves IRRayleigh anomaly we show in Fig a 3Dplot of —AT/T

the su.bstrate. _Now, we are able to give a more precise eXzersus frequencys and grating period! for the ray angle
planation of this behavior: as long as the only propagatlnq%:oo of the incidentp-polarized light. The Rayleigh
wave in the substrate is the zeroth-order wave, the relativgnommy corresponds for frequencies below the) inter-
transmission speptrum shows a maximum, (rfsponsmle faf,pband plasmon-polariton to the sharp maxim(gurre-

the normal(1-0) intersubband plasmon mo_d‘%p » butaf- sponding to the tips in Fig.)4which converts to the sharp
ter the onset of the Rayleigh anomaly, which itselfs appearginimum (i.e., the dips for frequencies above%” . Thus
only as a tip in the spectrum, the maximum disappears and @e Rayleigh anomaly which exactly corresponds to the light

minimum, responsible for the radiative virtugl-0) inter-  |ina in the GaAs substratey=cq,/ Je., extends from left to

10+
subband resonanae,," , appears. right on the— AT/T surface. Further, the lower mode)~

In Fig. 5 we shoyv the relative transmission spectrador corresponds to the maximum inAT/T for grating periods
:ZZ'?’;&Fm an(é d|f;§frfent r%y angle?o; Bicausz_;o@o below the onset of the Rayleigh anomaly a:nélg+ to the
#0° the first-order diffracted waves= + 1 ave different  inimum above the onset of the Rayleigh anomaly. Thus the
wave vectors, also two onsets for the Rayleigh anomaly oc- AT/T surface plotted over and d gives a direct and
cur at impressive picture of the—q, plane, i.e., of Fig. 2.
In Fig. 7 we show a 3D plot of the relative transmission
c,,(Rn): _ versus frequencyw and tilt angle®, for a fixed grating

Ved 17 (sin@/\sg) periodd=27.318 um. Here, the deep minimum correspond

2mc In|
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FIG. 7. 3D plot of the relative trans-
mission coefficient—=AT/T as a func-
tion of the frequencyw and the tilt

angle®, in the frequency range of the
“\1 15.0 (1-0) intersubband plasmon polariton
0.2 \"\"&":‘2"‘;\:‘& modes close to the onset of the Ray-
i “:25:;:;3;(\\\\\ 12.5 leigh anomaly ford=27.318 um. The
= 0.0 \\\\\\\ 10.0 calculation is performed for the
< \\ \ '\ multilayer system under consideration.
02 7.5 df@
y ¥
| 50 8

1.85
1.90
1.95

: 0.0
@ (10’38'1) 205 510

to the excitation ofwég+ and the tips and dips appearing to appear in FIR transmission spectra: the normal modes corre-
the left and right of this minimum, respectively, correspondspond to maxima and the virtual mode corresponds to a
to the onsets of the Rayleigh anomaly due to the additionaminimum in the relative transmission. Because the radiative
propagation of the first-order scattered wawes—1 and virtual intersubband resonance is only accessible in grating-
n=+1 coupler-assisted FIR transmission spectroscopy after the on-
in the GaAs substrate. The tips appearing at smaller freset of the Rayleigh anomaly, the line-shape deformation of
quencies with increasing tilt angle correspond to the wavéhe intersubband resonance is caused by the excitation of this
with n=—1 and the dips appearing at higher frequenciegnode. Thus, we have shown that with the help of a grating,
with increasing tilt angle correspond to the wave withwhich produces the first-order light cone= (c/\e4)|q,
n=+1. + (2m/d) | centered near the position of the retardation-

Summarizing, we have shown that the intrasubband plasnduced resonance splitting of the modes, it should be pos-
mon polariton is always a normal mode, whereas the intersible to observe experimentally the influence of the retarda-
subband plasmon polariton appears in two branches. Thion on the intersubband plasmon. For the chosen parameters
lower-frequency branch is a normal mode, but the higherminigaps due to Bragg scattering are not observed in the
frequency branch is a radiative virtual mode. These modespectra.
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2t should be noted that in general there are two types of grating

(or Wood's anomalies:(i) the Rayleigh wavelength-type and
(ii) the resonance-type anomaly, which is connected with the
excitation of a leaky surface wave propagating along the metal-
lic grating. As shown in detail in Ref. 18 for the here discussed
situation, the appearing tips and dips are caused by both types of
Wood's anomalies. This is true because in the far-infrared fre-
guency range, both types of Wood's anomalies occur at the
same frequency and thus, cannot be distinguished. Because the
onset of the Rayleigh wavelength-type anomaly is exactly deter-
mined by the onsefor disappearangef a particular diffracted
order of the propagating beafin the substrate for transmis-
sion), in the present paper we call the appearing anomalies Ray-
leigh anomaly.



