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Retardation effects on intra- and intersubband plasmons in quantum wells and their
manifestations in grating-coupler-assisted optical transmission

L. Wendler
Anna-Siemsen-Straße 66, D-07745 Jena, Germany

T. Kraft
Schlehenstraße 10, D-16321 Bernau, Germany

~Received 13 May 1998!

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.
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Electron-gas systems have well-defined collective mo
of charge-density oscillations, the plasmons. Their dispers
relations characteristically depend on the dimensionality
the system. These collective excitations give rise to effe
observable in a variety of physical situations. Thus, the pr
erties of interacting electron systems and their collective
citations are of fundamental interest. The ability to gro
modulation-doped semiconductor structures made poss
the study of quasi-two-dimensional electron gas~Q2DEG!
systems. Q2D plasmons have been investigated theoreti
~see, e.g., Refs. 1–8! and experimentally~see, e.g., Refs
9–16!. Caused by the size quantization, the collective ex
tation spectrum becomes split in intrasubband plasmo
connected with collective~coherent! electron motion within
one subband, and intersubband plasmons, connected
collective electron motion between two different subban
Typically, these collective electron motions are not indep
dent, and thus, due to the intersubband coupling~ISC!, the
mode spectrum is of hybrid type.

As shown in Refs. 3 and 7, retardation effects influen
the modes only in a very narrow range around the disper
relation of lightv5cqi /A«b @qi5(qx ,qy), 2D wave vector,
qi5uqiu; «b , background dielectric constant;c, vacuum
speed of light#. However, this is the region of the most o
tical experiments. Far-infrared~FIR! transmission spectros
copy is a very profitable method to study the Q2
plasmons.9,10,12,14However, if FIR radiation is applied to a
semiconductor microstructure, it cannot couple directly
the normal modes of this system. This is true because
Q2D plasmons exist forqi.A«bv/c, but the accessible in
plane wave vector in a FIR experiment isqi5(v/c)sinQ0,
whereQ0 is the ray angle of the incident wave. In this ca
one can only excite radiative modes, which are virtu
modes. Thus, for a Q2DEG in samples with flat surfac
only the so-called collective intersubband resonances, e
PRB 600163-1829/99/60~24!/16603~8!/$15.00
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ing for qi,A«bv/c, are observable. The investigation of th
Q2D plasmon dispersion relation is only possible with t
help of a grating coupler, generating in-plane wave vec
components qi5(v/c)sinQ01(2p/d)n; n50,61,62, . . .
perpendicular to the stripes of the grating with periodic
d16–18 and, henceforth, couple the incident light with th
plasmons that become by this way radiative modes. T
shows quite generally that the FIR optical properties are
lated only to the radiative modes of the system and not to
nonradiative normal modes. Thus, it is important to analy
very carefully the collective excitations in the near vicini
~left and right! of the light line.

The current-response theory, describing the linear
sponse of the system, gives the relation between the ex
nally applied vector potentialAext and the induced vecto
potentialA ind,7

Aa~qi;zuv!5Aa
ext~qi;zuv!

1m0(
bg

E dz8E dz9Dab~qi;z,z8uv!

3Pbg~qi;z8,z9uv!Ag~qi;z9uv!, ~1!

where A(qi;zuv)5Aext(qi;zuv)1A ind(qi;zuv) is the total
vector potential,Pab(qi;z,zuv) are the components of th
irreducible ~proper! polarization tensor,a,b5x,y,z, m0 is
the permeability in vacuum, andDab(qi;z,z8uv) is the
Green’s tensor of the inhomogeneous wave equation~for de-
tails see Ref. 7!. This equation gives the dispersion relatio
of the collective excitations in random-phase approximat
~RPA! including retardation, i.e., of the Q2D intra- and in
tersubband plasmon polaritons~coupled plasmon-photon
modes!, in the form
16 603 ©1999 The American Physical Society
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16 604 PRB 60L. WENDLER AND T. KRAFT
detFdagdKK1
dK8K2

2m0(
b

Dab
K1K2K8K

~qi,v!Pbg
KK8~qi,v!G

50. ~2!

Herein, Pab
KK8(qi,v) is the matrix polarization tensor of th

Q2DEG in RPA~Ref. 7! andDab
K1K2K8K(qi,v) are the matrix

elements of the Green’s tensor of the inhomogeneous w
equation assuming envelope wave functionswK(z) and sub-
band energiesEK(ki)5EK1\2ki

2/(2me) of the quantum
well ~QW! containing the Q2DEG (K50,1,2, . . . ; me , ef-
fective conduction-band-edge mass!.

In the following, we restrict onp-polarized Q2D plasmon
polaritons, assuming without loss on generalityqi5(qx,0),
and consider the two lowest-frequency plasmon polariton
the Q2DEG in the electric quantum limit~only the lowest
subband is occupied! neglecting the intersubband couplin
by using the diagonal approximation, i.e., only the(0-0)
intrasubband plasmon polariton and the(1-0) intersubband
plasmon polariton are considered. All these approximati
are well satisfied for usual QW’s, used in experiments~see,
e.g., discussions in Refs. 6 and 7!. In this case, the dispersio
relation of the(0-0) intrasubband plasmon polariton follow
from Eq. ~2! in the form

12m0Dxx
00~qi,v!xxx

0 ~qi,v!50. ~3!

This dispersion relation represents the independent collec
electron motion in subbandE0(ki). The dispersion relation o
the (1-0) intersubband plasmon polariton is given by

12m0Dzz
11~qi,v!xzz

1 ~qi,v!50, ~4!

which represents the independent collective electron mo
between the subbandsE0(ki) and E1(ki). Herein, we have

defined Dab
KK8(qi,v)[Dab

K0K80(qi,v), xxx
0 (qi,v)

[Pxx
00(qi,v), and xzz

1 (qi,v)[Pzz
10(qi,v)1Pzz

01(qi,v). It is

important to note thatDab
KK8(qi,v) contains direct and imag

parts for layered systems in which the materials have dif
ent polarizabilities. Further, in deriving Eq.~4! we kept only
the termDzz

11xzz
1 , because all the other terms are in high

order ofqi. This is possible because we are interested in
range of small wave vectorsqi, where the long-wavelength
approximation ~LWA ! is well fulfilled: qikF

(0)!1 and
qia2DEG!1 @kF

(0)5(2pn2DEG)1/2, Fermi wave vector of sub
bandE0(ki); n2DEG, electron number per unit area;a2DEG,
effective thickness of the Q2DEG#. Using the LWA
expressions7

xxx
0 ~qi,v!52

n2DEGe2

me
, ~5!

xzz
1 ~qi,v!52

n2DEGe2

me
F \

2meV10

v2

v22V10
2 G , ~6!

Dxx
00~qi,v!52

c2an

2«bnv2
$11S~qi,v!

1an@a001S„qi,v!ā00#%, ~7!
ve

of

s

ve

n

r-

r
e

and

Dzz
11~qi,v!52

c2

2«bnv2 S 2meV10

\ D 2

3H a112
qi

2

an
@b111S~qi,v!b̄11#J ~8!

in Eqs. ~3! and ~4!, it follows for the p-polarized(0-0) in-
trasubband plasmon polariton

vpp
005H n2DEGe2

2me«0«bn
an~11S~qi,vpp

00!

1an@a001S~qi,vpp
00!ā00# !J 1/2

~9!

and for thep-polarized(1-0) intersubband plasmon polar
iton

vpp
105H V10

2 1
n2DEGe2V10

\«0«bn

3S a112
qi

2

an
@b111S~qi,vpp

10!b̄11# D J 1/2

. ~10!

Equation ~9! determines the frequencyv5vpp
00(qi) of the

(0-0) intrasubband plasmon-polariton mode and Eq.~10!
that of the(1-0) intersubband plasmon-polariton modev
5vpp

10(qi). In the above equations,«0 is the permittivity in
vacuum, «bn is the background dielectric constant (n
51,2,3, . . . denotes the different layers! of that layer in
which the Q2DEG is quantum confined, andan5(qi

2

2«bnv2/c2)1/2. Further, we have definedaKK52^wKw0

uz2z8iwKw0&, āKK52^wKw0u(z1z8)uwKw0&, bKK5

(21/2)^wKw0iz2z8u2uwKw0&, and b̄KK5(21/2)^wKw0u
(z1z8)2uwKw0&, which depend on the shape of the confini
potential forming the QW for the Q2DEG.V10
5(E12E0)/\ is the subband separation frequency, a
S(qi,v) is a geometry factor, which is responsible for ima
effects and depends on the concrete form of the multila
system.6 For instance, one hasS(qi,v)50 in the absence o
image effects. For the model system in which regionn50
(0,z) is filled by vacuum, layern51 of thicknessd1
(2d1,z,0) is filled by a material characterized by«b1
~e.g., by a metal simulating a gate on top of the samp!,
layer n52 has a finite thicknessd2 „2(d11d2),z,2d1…

and is filled with a material~e.g., the wider-gap semiconduc
tor! characterized by«b2 , and region n53 „z,2(d1
1d2)… is filled with a material~e.g., the smaller-gap sem
conductor! characterized by the background dielectric co
stant«b3 and contains the QW, one has

S~qi,v!5
r 231 r̃ 012exp~22a2d2!

11 r̃ 012 r 23exp~22a2d2!
exp@2a3~d11d2!#,

where

r̃ 0125
r 121r 01exp~22a1d1!

11r 01 r 12exp~22a1d1!

and
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r i j 5@«b ja i2«bia j #

@«b ja i1«bia j #
.

In the absence of the metal film, we have

S~qi,v!5 r̃ 023exp~2a3d2!

5
r 231r 02 exp~22a2d2!

11r 02 r 23exp~22a2d2!
exp~2a3d2!

and for a half-space geometry with the semi-infinite region
(0,z) and the semi-infinite region 3 (z,0), it follows
S(qi,v)5r 23.

If one neglects retardation effects,c→`, one obtains
from Eqs.~9! and~10! the explicit LWA dispersion relations
of the (0-0) intrasubband plasmon

vp
005H n2DEGe2

2me«0«bn
qi~11S~qi!1qi@a001S~qi!ā00# !J 1/2

~11!

and that of the(1-0) intersubband plasmon

vp
105H V10

2 1
n2DEGe2V10

\«0«bn
~a112qi@b111S~qi!b̄11# !J 1/2

,

~12!

which are the original LWA results of the correspondi
density-response scheme~see, e.g., Refs. 6 and 7!. Please
note that the associatedS(qi) follows from S(qi ,v) for a i
→qi . While the intrasubband plasmon starts forqi50 at
v50 because of the vanishing restoring force, the inters
band plasmon starts forqi50 above the subband separati
frequency V10. This frequency shift Dp

105vp
10(qi50)

2V10 is the depolarization shift.
The dispersion curves of the(0-0) intrasubband and

(1-0) intersubband plasmons and that of the associated p
mon polaritons are plotted in Figs. 1 and 2, respective
neglecting image effects. For numerical calculation we h
chosen a GaAs-Ga12xAl xAs single heterostructure~SHS!
~GaAs, «bn[«s512.87; «s , static dielectric constant an
me50.0662m0 ; m0 , bare electron mass! with a triangular-
well confining potential. The Q2DEG in the SHS we ha

FIG. 1. Dispersion relations of the(0-0) intrasubband plasmon
polaritonvpp

00 ~heavy solid line! and of the (0-0)intrasubband plas-
mon vp

00 ~dashed line! in dependence on the 2D wave vector. T
LWA dispersion curves are calculated from Eqs.~9! and ~11!.
2

b-

s-
,
e

characterized by: w0(z)52k0
3/2z̄e2k0z̄, w1(z)52k2

3/2z̄
(12k3z̄)e2k1z̄, where z̄52z2(d11d2), k051/(z02d),
k152@(z02z1)k013#/(z02z1), k25@12k1

5/(k0
22k0k1

1k1
2)#1/3, and k35(k01k1)/3, with d5@\2/(2meeF)#1/3,

zK5EK /(eF), andEK5eFdxK , wherexK are the zeros of
the Airy function, F5e (n2DEPL1 f n2DEG)/(«0«s), and we
have usedf 50.3, n2DEG5131011 cm22 for the electron
concentration, and for the concentration of the deplet
chargesn2DEPL553109 cm22 ~for details see Ref. 6! in the
numerical analysis. With these envelope wave functions,
obtains a005215/(16k0), ā00523/k0 , a1155(k0k2)3/
(k01k1)7, andb11516(k0k2)3/(k01k1)852b̄11.

If retardation is included, it is found that both modes a
affected. It becomes obvious from Figs. 1 and 2 that
intersubband mode is more drastically modified than the
trasubband mode. It is seen that in comparison to the no
tarded solutionvp

00 the dispersion curve of the intrasubban
plasmon polaritonvpp

00 is slightly pushed down, so that i
always lies to the right of the light linev5cqi /A«s ~in the
absence of image effects only this once light line is prese!.
This is true because Eq.~9! has only a real solutionvpp

00 , and
henceforth,vpp

00 is a nonradiative normal mode of the syste
with electromagnetic fields decaying exponentially from t
surfaces of the sample into the surrounding medium.
larger wave vectors,vpp

00 approachesvp
00.

The dispersion curve of the intersubband plasmon po

FIG. 2. Dispersion relations of the(1-0) intrasubband plasmon
polariton vpp

106 ~heavy solid line! and of the (1-0)intrasubband

plasmonvp
10 ~dashed line! in dependence on the 2D wave vecto

The LWA dispersion curves are calculated from Eqs.~10! and~12!.
As mentioned in the text for the upper branch, Revpp

101 is plotted.
The symbol (d) denotes the positions of the maxima and minim
in the relative transmission spectra of Fig. 4, and the symbols (j)
and (l) denote those of Fig. 5 forQ051.749° andQ054.377°,
respectively.
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16 606 PRB 60L. WENDLER AND T. KRAFT
iton, by contrast, is split into two branchesvpp
101 andvpp

102 .
These two branchesvpp

101 and vpp
102 arise due to the anti

crossing effect of the modevp
10 with the photon dispersion

relationv5cqi /A«s to form the coupled~hybrid! (1-0) in-
tersubband plasmon-photon mode. The lower branch lies
below the light line and goes to the asymptotevp

10 for larger
wave vectorsqi . It corresponds to the real solution of E
~10!, and therefore,vpp

102 is a nonradiative normal mode o
the system with electromagnetic fields decaying expon
tially from the surfaces of the sample into the surround
medium. Usually this branch is called the intersubband p
mon ~polariton!. The implicit equation has a second solutio
vpp

101 , which is complex. Here we assumeqi to be real and
vpp

101 to be complex, i.e., we assume a pure temporal da
ing. It is noteworthy that this choice acts as a boundary c
dition for the radiative exit channel. In Ref. 19 it was show
quite generally that with this boundary condition for the r
diative exit channel one selects different types of virtu
modes describing different~experimental! situations. In the
regionqi,A«sv/c, real photons can couple with the inte
subband mode, and thus, the branchvpp

101 is a radiative vir-
tual mode, which decays by radiating energy into the s
rounding medium, i.e., it has a finite lifetime. Henceforth,
a FIR transmission experiment performed in the absence
grating coupler only this virtual mode, which is usual
called collective intersubband resonance~dimensional reso-
nance!, is excited and the transmission spectrum exhibit
minimum at the positionv5Revpp

101 . The resonance split
ting is Revpp

1012Revpp
102'1.7631011 s21 for the chosen

parameters. It is noteworthy that it was predicted long ago
Ferrell20 that ~classical! plasma oscillations in a metal film
that involve motion normal to the slab can radiate. It is se
from Fig. 3 that uIm vpp

101u is zero for qi , increases with
increasing wave vector, and shows a pronounced maxim
at a finite wave vector. For larger wave vectors,uIm vpp

101u
rapidly tends to zero. Comparing Figs. 2 and 3, it becom
obvious that the condition to denotevpp

101 as a mode, i.e., the
condition of a weak damping, Revpp

101@uIm vpp
101u, is ful-

filled for qi,1.53103 cm21 and for qi.2.53103 cm21.
Thus, for qi50 no radiative damping is present, and f
small wave vectors, the radiative damping ofvpp

101 is not
very strong. This is the deeper physical reason why in F

FIG. 3. 2Im vpp
101 as a function of the 2D wave vector calcu

lated from Eq.~10!.
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transmission experiments, where only this small wave-vec
region is accessible, the intersubband resonance show
relatively sharp peak in the spectrum.

It is interesting to note that in the earlier work of Kliewe
and Fuchs21,22 on phonon-polaritons of macroscopical
thick slabs virtual modes with similar properties were foun
Thus, summarizing the properties ofvpp

00 andvpp
106 , it seems

that the intra- and intersubband plasmon polaritons o
semiconductor heterostructure behave like the surface p
mon polaritons of a macroscopically thick metal or dop
semiconductor layer~see, e.g., Refs. 23–25!. In this case two
nonradiative branches exist right to the light line, approa
ing for large wave vectors the asymptotevp /A2
@vp5„n3DEGe2/(«0«bme)…

1/2, 3D plasma frequency#, and
start atqi50 atv50. The so-called upper mode~also called
high-frequency or ‘‘normal’’ mode! is antisymmetric, and
the lower mode~low-frequency or ‘‘tangential’’ mode! is
symmetric, analogous as the intra- and intersubband plas
modes, respectively. The~macroscopic! surface modes are
accompanied by surface polarization charges only. For
upper mode an excess of charge density at a point on
surface is accompanied by a deficiency at a point dire
across the slab on the other surface, while the lower mod
accompanied by a symmetric disposition of charge exces
deficiency at opposing points on the two surfaces. Wher
the nonradiative normal modes of a macroscopically th
slab are Fano-type modes, the radiative branch, existin
the left of the light line, is a Brewster-type mode. Its real p
of the frequency starts forqi50 at v5vp and approaches
v5cqi /A«b for larger wave vectors. Further, like for th
dispersion relation of the intersubband plasmon mode, if
tardation is neglected, the upper mode has one branch
starts forqi50 at v5vp and approachesvp /A2 for large
qi . Thus, we conclude that for small wave vectors the Q
plasmon modesvpp

00 andvpp
106 behave like the lower and th

upper surface mode of a macroscopically thick slab.
Up to now we have investigated the collective excitatio

of the freely oscillating Q2DEG. The question, which w
now elaborate, is how these collective excitations manifes
optical spectra. Of special interest is the coupling of incid
FIR light with the (1-0) intersubband plasmon mode, o
which we concentrate in the following. Because the inve
gation of normal modes is not directly accessible in F
spectroscopy, one uses a grating coupler of periodd, which
generates in-plane wave-vector componentsqi

5(v/c)sinQ01 (2p/d) n; n50,61,62, . . . perpendicular
to the stripes of the grating and converts the in-plane co
ponents of the incident electromagnetic field in the perp
dicular component. By this way, the grating produces
~infinite! set of light linesv5 (c/A«s) uqi1 (2p/d) nu form-
ing light cones centered atqi52(2p/d) n. Consequently,
the portions of a dispersion curve of the sample without
grating lying inside these light cones, i.e., forv
.(c/A«s) uqi1(2p/d) nu, become radiative. The periodic
ity of the grating may influence the dispersion curves of
freely propagating modes itself: due to the Bragg scatter
of the modes and the resulting mode coupling minigaps m
occur atqi5(p/d) n ~see, e.g., Ref. 26 for the theory o
classical surface polaritons on periodic surface profiles; R
27 for a recent experiment on surface plasmon polaritons
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a Ag surface textured with a hexagonal array of dots and R
28 for experiments on 2D plasmons in the presence o
grating spatially modulating the 2DEG!. The following re-
sults are obtained with our theory of the grating-coupl
induced optical response of multilayer systems of anisotro
media ~for details, see Refs. 17 and 18!. This theory de-
scribes both effects, possible resonance splitting of
modes due to retardation and Bragg scattering. Which
them occurs in the spectra strongly depends on the pa
eters under consideration. For the sample used here, we
pect the width of possible minigaps much below the theo
ical resolution of the calculated spectra. Therefore, we
the grating coupler only as measuring device to open a
tional radiative exit channels, i.e., we assume for the furt
discussion a nearly vanishing influence of the grating on
‘‘flat surface dispersion curves.’’

The numerical calculations are done for the followi
model system: regionn50 (0,z) is filled by vacuum.
Layer n51 is filled with the rectangular-groove grating o
height h550 nm, periodd5a1b @a is the width of the
filled stripes, andb is the spacing between the stripes#, mark-
to-space ratiot5a/b51, and the stripes are filled with Ag
characterized by the 3D plasma frequencyvp55.6931015

s21 and the phenomenological relaxation timet5
1.3165310214 s. For the GaAs-Ga12xAl xAs SHS we use a
homogeneous background dielectric constant to neglect
age effects as done above in the calculation of the disper
relations. Thus, layern52 is taken~only from the optical
point of view! as a 10 nm thick GaAs layer~instead of
Ga12xAl xAs!, characterized by the same background diel
tric constant as that of layersn53 and n54: «s25«s3
5«s4[«s512.87. Layern53 contains the QW with the
optically anisotropic~uniaxial! Q2DEG, characterized by
local diagonal dielectric tensor~for details, see Refs. 7 and 8!
with plasma frequencyv05@n2DEGe2/(me«0«s3a2DEG)#1/2,

FIG. 4. Calculated relative transmission coefficient2DT/T of
the multilayer system in the near vicinity of the(1-0) intersubband
plasmon mode~‘‘intersubband resonance’’! for Q050° and differ-
ent periodsd of the grating.
f.
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e
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e
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e
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where a2DEG5(8/5)@\/(meV10)#2(k01k1)k3
2[d3 is the

effective thickness of the Q2DEG, phenomenological lon
tudinal and transverse relaxation timest i5t'51310211 s,
and oscillator strength f 105@\/(meV10)#@8(k0k2)3k3

2/
(k01k1)6#; regionn54 is the semi-infinite GaAs substrate
characterized by«s45«s .

The quantity, usually extracted from FIR transmission e
periments is the relative change in transmission
p-polarized light, 2DT/T512T(n2DEG)/T(0), on which
we focus the following discussion. The numerical results
the relative transmission coefficient are plotted in Fig. 4
Q050° and different periodsd of the grating. It is important
to note that for the plotted frequency range and grating p
ods d,26 mm only the zeroth-order diffracted wave (n
50) is a propagating wave in the GaAs substrate, but
larger periods additionally the first-order diffracted wav
(n561) become propagating waves. Ford527.318mm the
onset for the propagation of the first-order diffracted wav
in the GaAs substrate takes place atv51.92231013 s21 and
results in the so-called Rayleigh anomaly29 ~for details, see
Refs. 17 and 18!, appearing as the tip in the relative tran
mission spectrum~see Fig. 4!. Analyzing the spectra of Fig
4 in detail, it becomes obvious that the maxima appearing
d520.940 mm, d522.440 mm, d524.166 mm, and d
526.100mm correspond to the lower intersubband plasmo
polariton branchvpp

102 at qi53.03103 cm21, qi52.83103

cm21, qi52.63103 cm21, andqi52.43103 cm21, respec-
tively @see Fig. 2, where the symbols (d) represent these
peak positions#. It is seen that the coupling efficiency of th
incident FIR light with the modevpp

102 increases with in-
creasingd up tod526.100mm, where the largest magnitud
of the maximum in2DT/T results. Increasing the periodd,
the line shape of the maximum becomes more and m
asymmetric and, finally, transforms into a minimum. Ford
527.318mm a possible weak maximum cannot be dist

FIG. 5. Calculated relative transmission coefficient2DT/T of
the multilayer system in the near vicinity of the(1-0) intersubband
plasmon mode~‘‘intersubband resonance’’! for d527.318mm and
different ray anglesQ0 .
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FIG. 6. 3D plot of the relative transmissio
coefficient2DT/T as a function of the frequency
v and the periodd of the grating in the frequency
range of the~1-0! intersubband plasmon polarito
modes close to the onset of the Rayleigh anom
for Q050°. The calculation is performed for th
multilayer system under consideration.
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guished from the tip in the2DT/T spectrum representin
the Rayleigh anomaly and the position of the minimum c
responds to the upper intersubband plasmon-polariton bra
vpp

101 at qi52.33103 cm21. Becausevpp
101 is a radiative

virtual mode, the energy radiation in the substrate cau
T(n2DEG).T(0). The transmission spectrumT(n2DEG)
shows a maximum at the position ofvpp

101 and this is the
reason why we interpret the appearing minimum in2DT/T
above the onset of the Rayleigh anomaly as caused by
excitation of the radiative virtual mode. In the cases ofd
528.560mm andd531.416mm only the minimum is ob-
servable in the spectra, corresponding to the upper m
vpp

101 at qi52.23103 cm21 andqi52.03103 cm21, respec-
tively.

In a recent paper we investigated the transformation of
line shape of the intersubband plasma mode~resonance! in
relative transmission from a maximum with a Lorentzian li
shape over a strongly asymmetric one to a minimum w
increasing grating period.17 In this paper we concluded tha
this deformation is caused by the Rayleigh anomaly~for the
situation considered in the present paper!, i.e., due to the
onset of the propagation of the first-order diffracted waves
the substrate. Now, we are able to give a more precise
planation of this behavior: as long as the only propagat
wave in the substrate is the zeroth-order wave, the rela
transmission spectrum shows a maximum, responsible
the normal(1-0) intersubband plasmon modevpp

102 , but af-
ter the onset of the Rayleigh anomaly, which itselfs appe
only as a tip in the spectrum, the maximum disappears a
minimum, responsible for the radiative virtual(1-0) inter-
subband resonancevpp

101 , appears.
In Fig. 5 we show the relative transmission spectra fod

527.318mm and different ray anglesQ0 . Because forQ0
Þ0° the first-order diffracted wavesn561 have different
wave vectors, also two onsets for the Rayleigh anomaly
cur at

vR
(n)5

2pc

A«sd

unu

17~sinQ0 /A«s!
-
ch

es

he

de

e

h

n
x-
g
e

or

rs
a

c-

~see, e.g., the two tips atv51.90631013 s21 and v
51.93831013 s21 in the spectrum forQ051.749°), where
the upper sign is valid forn.0 and the lower for
n,0.Analyzing the spectra of Fig. 5, we can interpret t
maximum forQ051.749° with the excitation ofvpp

102 and

the minimum withvpp
101 , both atqi52.323103 cm21 @the

symbols (j) in Fig. 2 represent these peak positions#. Fur-
ther, in the case ofQ054.377° the same is true forqi

52.353103 cm21 (l) and also in the case ofQ054.816°
for qi52.3553103 cm21 ~not to distinguish in Fig. 2!. For
larger ray angles, however, the positions of the maxima
minima in the relative transmission spectra do not cor
spond to the dispersion relations of the modes. The rea
for this result could be the very strong radiative damping
the upper modevpp

101 . However, this rapid increase of th
radiative damping aboveqi52.353103 cm21 ~see Fig. 3! is
not equivalently manifested in the relative transmission sp
tra.

To give a deeper inside in the effects appearing in
relative transmission spectrum in the frequency range of
~120! intersubband plasmon mode close to the onset of
Rayleigh anomaly we show in Fig. 6 a 3Dplot of 2DT/T
versus frequencyv and grating periodd for the ray angle
Q050° of the incident p-polarized light. The Rayleigh
anomaly corresponds for frequencies below the~1-0! inter-
subband plasmon-polariton to the sharp maximum~corre-
sponding to the tips in Fig. 4!, which converts to the sharp
minimum ~i.e., the dips! for frequencies abovevpp

106 . Thus
the Rayleigh anomaly which exactly corresponds to the li
line in the GaAs substrate,v5cqi/A«s, extends from left to
right on the2DT/T surface. Further, the lower modevpp

102

corresponds to the maximum in2DT/T for grating periods
below the onset of the Rayleigh anomaly andvpp

101 to the
minimum above the onset of the Rayleigh anomaly. Thus
2DT/T surface plotted overv and d gives a direct and
impressive picture of thev2qi plane, i.e., of Fig. 2.

In Fig. 7 we show a 3D plot of the relative transmissio
versus frequencyv and tilt angleQ0 for a fixed grating
period d527.318mm. Here, the deep minimum correspon
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FIG. 7. 3D plot of the relative trans
mission coefficient2DT/T as a func-
tion of the frequencyv and the tilt
angleQ0 in the frequency range of the
~1-0! intersubband plasmon polarito
modes close to the onset of the Ra
leigh anomaly ford527.318mm. The
calculation is performed for the
multilayer system under consideration
to
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ters
the
to the excitation ofvpp
101 and the tips and dips appearing

the left and right of this minimum, respectively, correspo
to the onsets of the Rayleigh anomaly due to the additio
propagation of the first-order scattered wavesn521 and
n511
in the GaAs substrate. The tips appearing at smaller
quencies with increasing tilt angle correspond to the w
with n521 and the dips appearing at higher frequenc
with increasing tilt angle correspond to the wave w
n511.

Summarizing, we have shown that the intrasubband p
mon polariton is always a normal mode, whereas the in
subband plasmon polariton appears in two branches.
lower-frequency branch is a normal mode, but the high
frequency branch is a radiative virtual mode. These mo
u

al

e-
e
s

s-
r-
he
r-
s

appear in FIR transmission spectra: the normal modes co
spond to maxima and the virtual mode corresponds t
minimum in the relative transmission. Because the radia
virtual intersubband resonance is only accessible in grat
coupler-assisted FIR transmission spectroscopy after the
set of the Rayleigh anomaly, the line-shape deformation
the intersubband resonance is caused by the excitation of
mode. Thus, we have shown that with the help of a grati
which produces the first-order light conev5 (c/A«s) uqi

1 (2p/d) u centered near the position of the retardatio
induced resonance splitting of the modes, it should be p
sible to observe experimentally the influence of the retar
tion on the intersubband plasmon. For the chosen parame
minigaps due to Bragg scattering are not observed in
spectra.
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29It should be noted that in general there are two types of gra
~or Wood’s! anomalies:~i! the Rayleigh wavelength-type an
~ii ! the resonance-type anomaly, which is connected with
excitation of a leaky surface wave propagating along the me
lic grating. As shown in detail in Ref. 18 for the here discuss
situation, the appearing tips and dips are caused by both type
Wood’s anomalies. This is true because in the far-infrared
quency range, both types of Wood’s anomalies occur at
same frequency and thus, cannot be distinguished. Becaus
onset of the Rayleigh wavelength-type anomaly is exactly de
mined by the onset~or disappearance! of a particular diffracted
order of the propagating beam~in the substrate for transmis
sion!, in the present paper we call the appearing anomalies R
leigh anomaly.


