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Far-IR absorption of short-period quantum wires and the transition from one to two dimensions
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We investigate the far-IR absorption of short-period parallel quantum wires in a perpendicular quantizing
magnetic field. The external time-dependent electric field is linearly polarized along the wire modulation. The
mutual Coulomb interaction of the electrons is treated self-consistently in the ground state and in the absorp-
tion calculation within the Hartree approximation. We consider the effects of a metal gate grating coupler, with
the same or with a different period as the wire modulation, on the absorption. The evolution of the magneto-
plasmon in the nonlocal region where it is split into several Bernstein modes is discussed in the transition from
narrow to broad wires and isolated to overlapping wires. We show that in the case of narrow and not strongly
modulated wires the absorption can be directly correlated with the underlying electronic band structure.
[S0163-182698)11203-1

I. INTRODUCTION dispersion. Furthermore, we take into account the grating
coupler effects of the metal gate on the incident FIR
P radiation!®!! The external time-dependent electric field is
Al Ga,_xAs-GaAs heterostructures by a periodically mOdu'hence modulated with a large wave vector, the lowest inverse

fg‘;‘ljyi%etzl \?Sggzn bti(;g cge:cv%éf?ﬁgp‘gaigsggéor{hSytwol_attice vector of the gate structure. This is an approximation
dimensional electron gas(2DEG) at the insulator- to the leading order compared to the studies of the grating

. . . coupler effects mentioned abo¥@.In principle, the 2DEG
semiconductor interface the properties of a 2DEG can b%anpbe modulated by an independen?metﬁod, i.e., not by the

studied in the entire range from a homogeneous system t ate structure.

isolated wires. ; ;
. . We calculate the FIR absorption fully quantum mechani-
The theory of far-infraredFIR) absorption of thehomo- cally with the help of the inverse dielectric function. The

gentgou§DE|G 'r? th(; presdencei of t(?i m;rt]al gatg iCt!nﬁ aS dutual Coulomb interaction of the electrons is treated within
gl\;/lra 'Bg Collép erdas eer:j Deve %pe”%aly theng, chaic t’hanqhe Hartree approximation both in the ground state and in the
acbonaid and Liu and Das sarmain hose papers the absorption calculation, i.e., the absorption is obtained in the

FIR response has been calculated semiclassically, allowing_ -\ of the random-phase approximation. The intra- or

the presence of a weak magnetic field. The FIR absorption of o ive Coulomb interactions thus enter the model on equal
a modulatedsystem, for instance due to the presence of ooting

gate potential, has been extensively studied experimentally We show that as the width of the wires is reduced the

for a simple unidirectional modulatiorand calculated self- resulting Landau band structure can be identified through the

consistently for a sinusoidal potential and strong magneti(éffec,[S of its van Hove singularitie&/HS) on the FIR ab-

fields. Mode_s specnjc to more struc_tureq _modulatlon SUChsorption. The evolution of the FIR absorption is traced from
as parallel pairs of wires have been identified as Well.

The well-known magnetoplasmon dispersion law for athe case of weakly coupled wires to the case of a weakly

4 o . “modulated 2DEG by increasing the electron density but
gglrg?geneous 2DEG with densipy in a strong magnetic keeping the modulation strength constant. We systematically

use the induced density to sort out the complex hierarchy of
absorption modes caused by the modulation of the electron
gas or by the electric coupling between wires.

Parallel quantum wires can be produced in

w?= w2+ 2mpee?ql km, (1.9
which is valid in the lowest order in the wave vectpri.e.,
as long as the second term is much smaller than the first one. Il. MODEL
For shorter wavelengths or for lower magnetic fields the . .
magnetoplasma oscillations have higher branches, around We con§|ger a.t;no'tt:iuli:]e?hZI?_'EG .:?ca'ted in the plane
harmonics of the cyclotron frequenayw., N=2.3,..., = (x.y) and describe it wi € Ramiltonian
known as Bernstein modésThe Bernstein modes are like-

H=Hy+Vmoat+VH - 2.1
wise known in single wires and dofts. 0" Ymod?® TH @

In this paper we want to focus our attention on the FIRHo=(P+eA)?%/2m is the Hamiltonian of the noninteracting
absorption of a periodically modulated 2DEG in a perpen-system. We employ the Landau gauge for the vector poten-
dicular quantizing magnetic field, in the regime where thetial A=(0,BX). VpoX)=V cosKx) is the simplest model
Bernstein modes are a prominent feature of the frequencgf an electrostatic potential modulation varying in only one
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direction. Vy is the Hartree potential “felt” by each elec-

tron, self-consistently with the particle density, (@)

q=1.0K

1000 K

p(X)= 2 p, oI pKX), (22 08

p=0 =0.7K

=0.6K

2 ’ 2 =0.5K
e p(x') €?2m Pp 500 2 1

= — P = —_— q=0'4K

VHOO= J'dr r—=r'|  « K 1322:1 p CospR). o

(2 3) WS g=0.2K

' A q=0.1K

wherex is the dielectric constant of the semiconductor host 0 =D
of the 2DEG. We assume the electrical neutrality to be en- 1 2 8 4 5

sured by a uniform background of positive charges, of den- /e,

sity —epy. The eigenstates of the Hamiltonigh 1) are cal-

culated numerically, within an iterative scheme, by 2 (b;

successive diagonalization in the basis of the wave functions ‘¢

corresponding téd,, known as Landau wave functions. The > 1000 '

resulting single-particle energiesEn,XOZ Enxgrar & - f

=2mx/K, have a one-dimensional periodic band structure, © ‘

wheren=0,1,2,... is the Landau quantum number afd b A A 205K

is the center coordinate. We assume spin degeneracy. The o 500 _jb_m q=0.4K |

eigenfunctions of H have the form L2 o — o

exp(—ixoy/IZ)t//n,xo(x), whereL is a normalization length and ~ 2;0,1.(

| = (hc/eB)¥2is the magnetic length. a o —=az0.01K
We consider a time-dependent electric field incident to the 1 2 o)/m3 4 5

2DEG, linearly polarized in the direction of the modulation
with only one Fourier component, of wave vectpe (q,0)

and frequencyw. This field is supposed to be sufficiently 1600 I
small, within the linear-response regime. We denote by
dexd(q,w) the associated electric potential.
In order to evaluate the absorption due to plasma oscilla- 1200 |
tions we need to calculate first the dielectric matrix
ece(q,w), whereG and G’ are vectors in the reciprocal
space, of the formmK, m=0,£1,+2,.... We use the |
random-phase approximation, as described, e.g., in the paper 800
by Wulf et al,* in which
2me? 400
SGG/(q,a)):aeel_WXGG/(C',(O). 0 10 20 30 40
ho (meV)
The dielectric susceptibilityg g is given by the Lindhard
formula, which in our case reads FIG. 1. (a) Absorption spectra for a homogeneous syst&m.
=2m/a, a=50 nm. The filling factor is 2 and the densipy,
1 a F(Enx,) —FEn x,) =1.8x10" cm 2 (b) Same aga), but with a modulation of pe-
Xee'(Q,w)=—3% E f dXg . riod a=50 nm and amplitud& =5 meV. (c) Same modulation as
aml® 15 Jo Enxo ™ Enx,~ho—in (b), with a variable magnetic field such that the filling factor

evolves between 1 and §=K.
X o A+ G) oix (A G)), (2.4 a

where F is the Fermi function,7—0%, and Jy.x (q) ~ Coupler devices, thatig=g; =K andG=0. For simplicity,
we will normalize the external potential in E@.5) such that

— igx

I xale iy (L47)3] o 0) =L

The absorption power can be caI(]:éulated from the Joule |, order to avoid calculation of the plasma poles of the
law of heating, which may be written d@s dielectric matrix, we assume a finitg=7% /50 in Eq.(2.4).

® In other words, we assume an unspecified dissipation mecha-
P(q,w)=— yp Im Séé(ql;w)q|¢ext(q’w)|2! (2.5 nism, \_Nhich leads us directly to the oscillator strength of the
™ collective modes and thus to measurable results.

where q=q,;+G. Due to the periodicity of the system

ece(d,w)=eg_k e -k(d+K,w) and we can take €q; IIl. RESULTS

<K. We will be mostly interested in the case when the

wavelength of the incident field is identical to that of the  The parameters of our model are those for GaAs: the elec-
modulation, as in the absorption experiments with gratingtron massm=0.06#n, and k=12.4. The temperature will
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FIG. 2. Curves of Fig. (c) corresponding to=2 (full line) and
v=1.2 (dashed ling magnified.

0 15304560 0 15304560 0 15 3.045 6.0

be fixed to 1 K. We truncate the Fourier series such that Kx Kx Kx
ImK|<MK and we achieve numerical convergence for 5 _ _ o _
<M<15. FIG. 4. Density profiles for various indicated frequencies taken

As has been mentioned in the Introduction, the magnetof-rom the absorption spectrum of Fig. 2=2. The full lines show
plasmon dispersion at low magnetic fields and short Wavet-he ground-state density, the dashed lines the maximal induced den-

lengths splits into Bernstein modes due to the interactior?ity' and the marked curves the extreme density configurations.
with harmonics of the cyclotron resonance. In Figa)lwe ] .

show the absorption power in the regime of the Bernstein The absorption peaks of Fig. 2 reflect the nonparallel Lan-
modes, for the homogeneous system, for wave vectors varflau bands or, equivalently, a certain dispersion in the center-
ing from 0.0K to K, with K=2m/a anda=50 nm. The coordinate space of the energy interval between pairs of Lan-
electron density is fixed tpo=1.8x 10'* cm 2 and the mag- dau bands. This is best seen _for:2, where for each
netic field is B=3.74 T, which corresponds to the filing Bernstein mode we can energetically relate the lowest and

factor v=2. Equation(1.1) holds only for wave vectors be- the highest subpeaks to the inter-Landau-IeveI_ trapsitions
low q=0.2K for the present choice of parameters. In Fig_f’iround the center and around thg edges of the Brllloqm zone,
1(b) we display the results for a modulated system, with a-€-» Xo=0 andX,=/K, respectively. The energy disper-
modulation perioda=50 nm and a modulation amplitude Sion is locally flat in those regions or, in other words, the
V=5meV. As we observe, each peak corresponding to &ensity of states has van Hove singularities, such that the
Bernstein mode splits into several subpeaks. The samgngle-particle transitions may turn into collective excitations
modulation effect is evidenced in Fig(cl, where we have With @ slightly different energy.

fixed the wave vector of the incident fielg=K, but we For instance, for 28.<w<3.6w., the peak atw
sweep the magnetic field such that the filling factor varies=2-9%w. corresponds to the energy intervél;o—Eqo
between 1 and 3. The traces for=1.2 andv=2 are mag- = 2:77wc, plus a blueshift determined in part by the in-
nified in Fig. 2. Each Bernstein mode has up to four sub<creased energy distance between the adjacent lefigle,
peaks. —Eox,» with, say, 0<Xy<0.5K, and in part by the external

We start to analyze this complicated internal structure byelectric field, similarly to the second term of Ed..1). The
showing in Fig. 3 the energy spectra corresponding to Fig. Zhighest peaks, ab=3.32v, andw= 3.37w., apart from this
The periodic Landau bands are displayed in half of a Bril-small splitting, can be related to the energy interval between
louin zone, i.e., for &KX,=. Due to the short period, in the other pair of VHS'SEs..;x — Eo .« = 3.27w. . The small
the absence of the Coulomb interaction the energy bands agp|itting of the highest mode cannot be explained only in
not parallel. This is seen here only for=2, where the Fermi  terms of the energy spectrum. The middle peak, «at
level is in an energy gap and thus the screening effects are 3.1g,_., may be put in correspondence with the average
small and the energy dispersion larfféig. 3@]. For v energy interval and thus considered as a combination of the
=1.2[Fig. 3b)] the Hartree screening reduces the energywo types of VHS modes. Qualitatively, the same structure is

dispersion to very narrow bands. obtained for the Bernstein modes around the other multiples
of w,.
Jws ‘ 15 Mo ; : Forv=1.2, the dash.ed Ii.ne of Fig. 2, the states around the
central VHS of the Brillouin zone become empty and the
. 4 S— 41 ] corresponding subpeaks vanish. The bands are nearly flat,
§ 3l 15} ] due to the screening effect, but the splitting of the higher
53 ] subpeaks is still present. Similar results have been obtained
2 o2 121 1 very recently by Brataas, Zhang, and Chetcal® for the
0 14t ] singularities of the imaginary part of the dielectric function
presssssnzr ] of modulated systems, by analytical calculations, without the
0 : : o : : : inclusion of the screening in the ground state, but also related
0 1 2 3 0 1 2 3
KX, KX, to the nonparallel Landau bands.

In order to support the above interpretation of the Bern-

FIG. 3. Energy spectra fqp) =2 and(b) v=1.2 in half of the ~ Stein subpeaks, in Fig. 4 we show the particle density at
Brillouin zone. The dashed horizontal lines show the Fermi level. equilibrium p(x), the induced densitp;,q(x), and the ex-
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FIG. 7. Density profiles for oscillations in the absorption spec-
trum of Fig. 5, for v=1.6. (@) Aw=10.2 meV and(b) fw
=11.8 meV.

FIG. 5. Absorption spectra for a modulated system wath
=200 nm and V=20 meV. The average density ip,=1.8
X 10" em 2, q=K.

gime the Landau bands are parallel and the screening effects
are stronger than before. In Fig. 5 we display the absorption
for frequencies within the interval &k <w<3w., again

with a complicated structure of the Bernstein modes. As in

For graphical reasons we have amplified the induced densitj’® case witla=50 nm, this structure also reflects the many
The frequency of Fig. @), w=2.70w,, is chosen between ranches of the magnetoplasma oscillation specfrurat

two collective modes, where the absorption power is very?oW the intemal peaks cannot be related to the energy spec-
small. The characteristic feature of such absorptionless osciltum @s before because the excitation energies between the
lations is that the evolution of the density preserves the recentral and the lateral VHS coincide, e.g,, like in Fig. 6. Here
flection symmetry of the unit cell, a kind of a breathing the energy dispersion in the vicinity of the Fermi level is flat

mode, attributed to single-particle excitations in the presencdU€ t0 the electrostatic screeniHgSince the states around
of a dissipation mechanism. the center of the Brillouin zone are less populated than those

For the frequencies corresponding to collective peaké"ﬂ the edges, the active frequencies in the absorption spec-

[Figs. 4b) and 4c)], we observe a global shift of the particle trum correspond to dipolar oscillations of the density

density inside the unit cell, i.e., we observe dipolar modes. If1@Xima, as shown in Fig. 7. The absorbant modes differ by
Fig. 4b) both the density minima, aroundx=0 andKx the number of nodes in the induced density. In particular, for

=2 and the maxima. aroundx= 7. have horizontal os- »= 1.6, the height of the absorption peaks is lower for the
cillations along thex direction. The amplitude for the modes with fewer nodes, which is somewhat contrary to the

minimais larger than for the maxima, which is in agreementeXpeCFat!on' L -

with the domination of this mode by the transitions around A similar situation is shown in Fig. 8. Here lvve h?v.e re-
the centerof the Brillouin zone(associated with the maxi- duced the mean paf“c.'e dgnsny fa=0.5x10" cm n
mum modulation-potential energyVe also observe a strong order to explore the limit of isolated, parallel quantum wires.

breathing component, due to the continuous spectrum of '€ magnetic field is fixed t8=4.67 T. Even if the strips
single-particle transitions of higher energies, which can bd" Petween the wires are depleted to nearly zero particle den-

associated with the blueshift. In Fig(c} we have dipolar sity in t_he.ground state, t_he wires still interact in the presence
oscillations of the densitynaxima i.e., of frequency corre- of_ the |r_10|dent electric field. Consequently, the qscnllanns
sponding to thdateral VHS, with only a small breathing With @ high number of nodes, capable of penetrating into the
contribution, due to the excitation gap above. The neighbord€pPleted strips, like in Fig.(8), are energetically favored
ing mode, withw = 3.320,, (Fig. 2), is very similar to that of with respect to those with fewer nodes, but keep a rigid wire
Fig. 4(c), but has an additional node in the induced density SeParatioriFig. &c)]. Here we depict the density configura-

Also, the soft mode for=3.18, is similar to that of Fig. tons for the middle and the right peaks in the group with

4(b), with one node less in the induced density, but with a_three maxima of Fig. @). I_:or strictly |sqlated WIres the .

stronger breathing component. induced density would be either symmetric or antisymmetric
We will discuss now the situation when the modulationWith respect to the wire center. This condition is best obeyed

period is much larger than the magnetic length. In this rePY the mode a=1.26v., which is thus specific to the wire
response, the other modes still being under the influence of

the electric coupling between the wires.

3 T
\ In Fig. 9a) we display the evolution of the absorption

spectra with increasing density, from the limit of isolated
T wires po=0.1x10" cm 2 up to well coupled wiresp,
=0.9x 10" cm 2. The wave vector of the time-dependent
electric field is now smallg=0.1K, in order to concentrate
0 3 the attention only on the effects of increasing the electron
density on the absorption in a periodic system. The effect of
the gate, which we neglect here, is mainly to repeat the same
FIG. 6. Landau bands for the modulation of Fig. 5, with for each Bernstein mode. The Fermi level is always in the
=1.6. Landau band witm=0. For the lowest density the energy

treme density profiles during the oscillatiopéx) = pi,q4(X)
inside a unit cell GB=x=27 for v=2 andq=K. Obviously,
the minima(maxima of the equilibrium density correspond
to the maximaminima) of the modulation-potential energy.

\V]

Energy / ho,

KX,
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20 - - - wires the induced density at the single absorption peak has
(a) only two nodes inside each unit cell, as can be seen in Fig.
15 | ] 9(b). This kind of motion thus has a strong breathing com-
ponent, i.e., vertical oscillations of the total charge of the
10 | ] type shown in Fig. 4, and only small dipolénorizonta)
components that vanish with changing frequency. Hence the
5| ] internal motion of the electrons inside the wires has a strong
. contribution to the resonant modes or, in other words,
0 / L N Kohn’s theorem is not obeyed here due to the nonparabolic,
1 2 3 soft lateral confinement.
Increasing the density, the wire coupling allows additional
c charge oscillations inside the unit céRig. 9(c)], that may
cumulate a stronger total dipolar component, thus yielding
: higher absorption peaks. The lower the frequency, the higher
© f‘"". the number of nodes within each wire, as also noticed for
" gq=K, in Fig. 8. The mode aib=1.26w., with few nodes
per cell, corresponds to the only mode of the isolated wire
system. Such a mode is present in each trace of K, 9
being the highest in frequency but the lowest in amplitude.
Instead, the new modes, with additional internal oscillations,
grow rapidly at lower frequencies, when the density, and
thus the wire coupling, increases.
For a given mode, the characteristic wavelength of the
internal motions inside the unit cell is determined by the
FIG. 8. () Absorption peaks for the same modulation as for Fig. lateral confinement and by the wire coupling. In our periodic
5, but with the average densips=0.5< 10" cm™2 (b) and(c) are  system both of them result self-consistently from the external
two diagrams for the induced density. modulation potential, the magnetic field, and the electron
density. The evolution from a single-peak absorption around
dispersion is large, but only few states are occupied at thg,., specific to isolated wires, to the multipeak structure,
bottom of the energy spectrum, while for the highest densitypecific to the modulated system, thus occurs by the progres-
the Landau band becomes very narrow, due to screeningive appearance of new modes, with richer internal motion,
such that the depleted strips vanish. In the limit of isolatedand accumulating larger oscillator strength. For each density,
the number of nodes in the absorption maxima of Figy 9

P (arbitrary units)

1.0

0.5 0.5

Density (10" cm2)

§o=1.260,§

0 0

0 15 30 45 6.0 0 15 30 45 6.0
Kx Kx

[y R T gradually increases from right to left. When the density is
=k 09 ] increased further, beyond what is shown in Fig. 9, such that
= M more than one Landau band is occupied a stainigle peak
210 ] emergeswith energy and induced density specific to the ho-
Z ¢ 05 | mogeneous system.

] 03 ]
0.1 1 IV. SUMMARY
08 10 12 14 16

In the present paper we have explored the properties of
the FIR absorption of a 2DEG modulated in one direction,
varying the modulation and the electron density in order to
cover the whole range from isolated but electrically coupled
wires to a weakly modulated 2DEG. The electron-electron
interaction has been treated self-consistently within the time-
dependent Hartree approximation. Experimentally the transi-
tion from wires to an almost homogeneous 2DEG can be
achieved in heterostructures with a modulated metal gate,
e N which in turn also acts like a grating coupler for the incident

0 2r 4m 6m 8m 107 12 147 167 187 20m FIR radiation. The modulation of the incident field should be
Kx determined self-consistently including effects from the gate

FIG. 9. (a) Absorption spectra for various electron densities,and the three-dlmgnsmnal structur_e of the sanll?ﬂléo avoid
from 0.1 to 0.9 units of 18 cm™2, covering the transition from this problem that IS further_ compllcgted.by the presence of
isolated wires to a modulated system. The magnetic fiel@ is the magnetic field we considered primarily the effects of the
=4.67 T and the wave vector of the incident electric fieldgis WO lowest Fourier components in the incident figtg~0
=0.1 K. The induced electron density, in a full period of the per-andg=K). The presence of the short-wavelength component
turbed system, is forb) po=0.1x10" cm 2 and (c) po=0.5 and the magnetic field of intermediate strength place the dis-
x 10" cm™2, for the frequencies corresponding to the absorptionpersion of the magnetoplasmon in the regime of Bernstein
maxima. modes.

Induced density (arbitrary units)
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