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Direct observation of the intersubband Bernstein modes:
Many-body coupling with spin- and charge-density excitations
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The spectrum of collective intersubband magneto excitations in a quasi-two-dimensional electron system
confined in a single quantum well has been studied by inelastic light scattering spectroscopy. Intersubband
Bernstein modes with a change of the Landau level index up to three were observed in a perpendicular
magnetic field. It is demonstrated that Bernstein modes couple with intersubband charge and spin density
excitations through many-body Coulomb interaction, and the coupling strength is governed by the in-plane
momentum. Detailed measurements of the coupling strength dispersion were performed and compared with
theoretical simulation§.50163-182@9)50320-3

Intersubband collective excitations in a quasi-two-been a considerable experimental problem, as the optical
dimensional electron syste@DES confined in a semicon- transitions with an excitation of the ISBMs do not conserve
ductor quantum wellQW) have long been a subject for the- the LL index, being therefore dipole forbidden in both infra-
oretical and experimental interdst. Two essentially red absorption and inelastic light scattering. One possible
different intersubband collective modes have been detectegay to overcome the problem of LL index conservation is to
in the infrared absorption and resonance inelastic light scagouple the in-plane and transverse electron motion by an
tering, which are the charge and spin density excitationgn-plane magnetic fieldg;).° Using a tilted magnetic field,
(CDEs and SDBs™? The former is associated with a mac- the ISBMs withA==*1 (nis an LL indey were detected in
roscopic polarization of the quasi-2DES perpendicular to thénfrared absorption and inelastic light scatterifgThe ex-
QW plane(depolarization shijt while the latter is associated periments demonstrated, however, that the parallel compo-
with the Coulomb interaction between the electron in thenent of the magnetic field modified the spectrum of magneto-
upper subband and the hole left behind in the lower subbanexcitations considerably. The effect®f could be accounted
(excitonic shifi. The excitonic shift reduces the SDE energyfor at zero in-plane momenturty), when the energy spec-
relatively to the single-particle-excitatiofSPE energies. trum of ISBMs in aB, is trivial.’ At nonzeroq the ISBMs
The CDE could be shifted both up and down from the SPEgnergies are renormalized by the many-body Coulomb
depending on the parameters of the quasi-2BES. interaction’ In this case two different contributions due to

When a magnetic field is applied perpendicular to the QWthe Coulomb interaction an8; could not be easily sepa-
interface, the quasi-2D energy spectrum becomes completehated.
discrete. This results in a different type of intersubband col- In the present work, we report on a direct observation of
lective excitations, intersubband Bernstein mo@@scom-  ISBMs at nonzera) in a perpendicularmagnetic field. This
bined resonancgsinvolving transitions with a simultaneous allows us to extract the many-body contribution to the spec-
change of the quantum subband and Landau IeuMe) in-  trum of ISBMs. As a manifestation of the many-body Cou-
dexes. While the intrasubband magneto excitations in quaslemb interaction, a coupling of ISBMs with both principal
2DES have been extensively discussed both theoretically aridtersubband excitations, SDE and CDE, occurs. The cou-
experimentally;? the properties of intersubband magneto-pling becomes stronger, whitgincreases, demonstrating an
excitations are not so well understood up to now, mainly duéncreasing role of Coulomb correlations. The spectrum of
to a lack of the experimental information. A direct observa-intersubband collective magneto excitations is modeled
tion of the intersubband Bernstein mod#¢SBMs) had long  within a framework of the time-dependent local density ap-
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proximation (TDLDA) treating the direct and exchange- 4 L CDE
correlation Coulomb terms self-consistently. A close agree- SDE .5
ment between experiment and theory is found. /R\JM 43T
A set of high quality asymmetrically doped 9 I, CDE
Al,Ga _,As/GaAs heterostructures with a single QW of 250 B, SDE 4 o4t

A has been studied. The electron density)(and mobility

(w) in different samples vary from 0.5 to 6<8L0* cm™2 and
from 1 to 7x 10° cn?/(V s), respectively. The high quality of
the samples is confirmed by extremely narrow luminescence
and inelastic light scattering lings-0.3 and 0.15 meV, re-

B
spectively. Samples were immersed in a cryostat with a su- M iﬁ
perconducting solenoid operating from 0 to 11 T at a base MM/ 15T
temperature of 1.5 K. WL, 13T
To study ISBMs at nonzerq we employed resonant in- =

Intensity
i)UU
=~}
g
-

elastic light scattering, a method having been proved to be a a) spE i, PE

most powerful tool to measure the dispersion of collective . . . . OT
excitations in quasi-2DES.The inelastic light scattering 20 24 28 32
spectra were obtained with a Ti-sapphire laser tunable above Raman shift (meV)

the fundamental band gdf,. The excitation power density _
was about 0.1—-1 W/ctn The back-scattering geometry was FIG. 1. Inelastic light scatte{ing fz;Jectra of a sample with QW
applied for the measurements, being performed with a two‘-"”dfrl1 of 250 A andn,=6.8x 10" cm * measured a=0.4x 10°
fiber optical system? One fiber was used for photoexcitation €M » EL=1.587 eV, and different magnetic fields.
while through another fiber the scattered light was collected.
To distinguish inelastic light scattering from CDE and SDE  An example of inelastic light scattering spectra of a
type excitations copolarized and cross-polarized incident andample withn,=6.8x 10'* cm 2 measured ag=0.4x 10°
scattered beams were used. Polarization of the light wasm ! andE, =1.587 meV is shown in Fig. 1. The zero mag-
achieved with linear polarizers operating at liquid heliumnetic field spectrum consists of two narrow peaks at 25.7 and
temperatures, which were attached to the ends of the fibe®0.7 meV arising from SDE and CDE, and a broad band
just nearby the sample. The in-plane momentum was transituated between them, which is commonly assigned to the
ferred into the quasi-2DES via the light scattering processscattering by SPE continuufiFig. 1(a)].> Proper selection
Its value was defined by an arrangement of the fibers relativeules for SDE and CDE were checked using standard polar-
to the sample surface. The maximum accessipl|m our ized and depolarized configurations for incident and scatter-
configuration was 1.210° cm 1. The scattered light was ing beams. Upon a sweeping of magnetic fiel®) the SPE
detected by a CCD camera and a double grating monochrdsand splits into a set of distinct spectral components, marked
mator Ramanor U-1000, which provided a spectral resoluin Fig. 1 asB,,, B_;, B_,, B_3, andLy. B,, andB_,
tion of 0.04 meV. Then situ Hall measurements were em- shift upward and downward from the maximum of the SPE
ployed to control the electron density under quasi-band, whileB increases. At a small but finite magnetic field
equilibrium illumination conditions. Part of the polarization B, , crosses the CDE, ari8l_,, crosses SDE. Whil8, ; and
measurements were performed in an optical cryostat with 8 , approach CDE and SDE, respectively, their energies
split-coil magnet producing a magnetic field up to 7 T. and intensities undergo a modification, clearly manifesting a
The problem of LL index conservation in a perpendicularcoupling betweerB, ; and CDE, andB_; and SDE[Figs.
magnetic field has been circumvented by using incoming and(b) and Xc)]. At large B the principal intersubband reso-
outgoing resonances involving the light and heavy holenances, SDE and CDE, and positioned between them broad
states near the top of the valence band in the QW. The stat¢s, band dominate the spectiBig. 1(d)].
of heavy and light holes with different LL indexes are The experimentally determined energies of the inelastic
coupled in a perpendicular magnetic fiéfd?and as a result  light scattering lines acquired in the whole rangeEpfandB
the usually forbidden inelastic light scattering by ISBMs be-have been combined in a single plot. Figure 2 illustrates the
comes allowed. It has to be noted, however, that the inelasti;agnetic field dependence of the Raman shift measured for
light scattering efficiency in a magnetic field is a function of all the observed lines. It is seen that the energies of both
two independent parameters, an applied magnetic field an@DE and SDE are almost independent Bnbeyond the
laser excitation energyl( ), as the spectral density of in- crossing range witl_; andB_;. The energies oB.., step
coming and outgoing resonances is nonunifdrth.is not  from the intersubband gap and form positive and negative
necessarily that scattering by a particular resonance will beL fan diagrams corresponding to an effective mass of about
observable, if both parameters are fixed. To detect the maxp.07im, (m, is the mass of the free electiorSince this
mum possible number of ISBMs in the whole range of mag-effective mass nearly coincides with the electron effective
netic fields under consideration, we performed a large set ghass in GaAs (0.068,), B. , is to be associated with scat-
measurements varying the magnetic field @dindepen-  tering by ISBMs, whose energies have to converge to the
dently. In fact, theE, was tuned through 140 meV aboktg  single-particle excitation energies Gt 0,
in a step of about 2 meV. For each step the inelastic light
scattering spectra were measured in the whole range of mag-
netic fields. Egn=[fildio*nhio, @



RAPID COMMUNICATIONS

PRB 59 DIRECT OBSERVATION OF THE INTERSUBBAD . .. R12 753
34] #BasB, ’ || ? P
P oy 342 & £ e 122
3] S L gy 3 E 1 /i‘ii
o~~~ CDE/yy/oldd .1“';:‘“’"‘. />\ <~ g/ d“ ,’/iz 022 9
P I £ —— 2| 0 o2 £
& £ g ] A = 324 0 010203 % 0 0102 0353 24 &
= 280 “55%° 1 hQ < . qly 002:.- qu o &
54: J =< °o°°°°°°°°°°°o°°°°°°°°°°°°o°o°oooo¢ooooo N ,.5 “ ....0 (1)- R 0 _ﬁ
—8 lA °% Ly seneenesnnans®s’ 56000000 1 ase®® .
264 NOou o2 g °o°°°.:.o~"'°' 00%° g
g SDE- % 1 E 0 o a:f:-“"""'"'""% 5
22 \?9 B""% e B o N o°
1 % - %, B, 28 . : . : 28
%Ba % e o 1 2 3 1 2 3
207 Y S, Magnetic field (T)
0 1 2 3 4 5 6

FIG. 3. The energies of the}; and w3, (@, and w-; and
Magnetic field (T) w?,(b) coupled modes at two different, 0.4x 10° cm™! (open

circles and 0.8<10° cm™ (solid circles, measured in a sample

FIG. 2. Fan plot of the intersubband magneto excitationg at \yith QW width of 250 A anch,= 6.8x 101 cm~2. Dispersions of
_ _l . . . . . -
=0.4x10° cm™*, experimentdots and simulationgdashed lines A; andA, are shown in the left and right insets, respectively. The

measured in a sample with a QW width of 250 A ang=6.8  j3shed lines are simulated dispersion curves.
x 10" cm™2. The simulated curves above tHig),, demonstrate

only charge-density-type excitations, while belok(), spin-
density-type excitations are shown. A large open circiat0 T €lectric functiorf. Following Ref. 9 the long-wave approxi-
shows the maximum of SPE continuum. The dash-dotted line is anation x*%q,w)~(qlg)® (Ig=\kc/eB is a magnetic
guide for the eye pointing th#w,, as determined by the extrapo- length is used, which implies neglecting electron transitions
lating of ISBMs energies tB=0 T. with An>3. The result of the simulations is shown in Fig. 2
by dashed lines. The resonance splittings between 1SBM
for n+0.! Here, (), andw,=eB/mcc are the electron inter- (ISBM_,,) and CDE(SDE) naturally appear in the simulated
subband and cyclotron frequencies. We stress that ISBMspectrum(Fig. 2). At |[An|>1 they are too small to be com-
with |An|=1 aredirectly observed in a perpendicular mag- pared with the experiment, but that between ISBM
netic field for the first time. (ISBM_;) and CDE(SDE) is seen to be in perfect agreement
The formula(1) which is a quasi-2D analog of the Kohn with the experimental resu{Fig. 2). One may thus conclude
theorem states that the energies of combined intersubbanthat the experimentally observed resonance splittings are in-
cyclotron excitations are not modified by the Coulomb inter-deed due to thenany-body couplindgetween ISBM, and
action atq=0." At small, but nonzerog it describes the principal intersubband collective excitations, CDE and SDE.
ISBM energies satisfactorily far from the crossing range ofThe ISBM,; and CDE are coupled by the direct Coulomb
ISBM,; (ISBM_;) with CDE (SDE). When the energy of interaction, while ISBM,; and SDE are coupled by the
ISBM..; (ISBM_,) approaches that of CDESDE) a reso-  exchange-correlation Coulomb interaction. Further, we will
nance splitting occurésee Fig. 2 A theoretical description refer to ISBM, ; and CDE coupled modes agtl andw’ 4,
of the resonance coupling between ISBMand CDE in per-  and to ISBM.; and SDE coupled modes as ; andw” ;.
pendicular magnetic field was previously achieved within a Experimentally the coupling strength betweeii;(w_,)
framework of the random-phase approximati&PA).° The ndw’ (") can be varied in two different wayst) by
RPA approach could be naturally extended to a more gener%wanging q and (i) by changingn, (both direct and

case by including the exchange-correlation interaction withine : .
D i xchange-correlation Coulomb terms are monotonic func-
TDLDA approximation*>*Using the TDLDA, the spec- tions of ng).>!® Figure 3 demonstrates energies of

trum of collective excitations involving intersubband transi- 5, — - % .

tions between the ground and first excited electron subban SICED ande(()Sw,l)i{neasur.ed attwo d|ffe(;lelnt v§tI2ues

has been simulated. It is proportional to the imaginary part of! & 0.4 and 0.8 10° cm _! a”9 f|xedn5=+6.8><_1 cm -

the polarization functiofy1(q, ) (the subscript refers to the The energy gap between, ;(w-,) andw,(w_,) coupled
modes[A(A,)] is nearly twice as large afj=0.8x10°

charge or spin-density responsehich results in cmL than that atg—0.4x 10° cm? (Fig. 3. Summarized
1-Reyi(q)x*(q,0)=0, dispersions of the\; andA, are shown in the left and right
7 insets to Fig. 3, respectively. Both; and A, increase with
Im 7, (q) x g, @) =0, increasingg. At small q (qlg<€1) they arelinear functions
of g in agreement with theoretical expectations. A quantative
where x!%(q,w) is the intersubband part of the polarization discrepancy between the experimental and simulated disper-
function of noninteracting quasi-2DES in a magneticsion curves forA, (see right inset to Fig.)3appears most
field®>!® y,(a) represents many-body effects and is ex-probably due to the static and dispersionless character of the
pressed through the depolarization shift and the exchangexchange-correlation functional used by the TDLDA theory.
correlation contribution «(q) and B;].%* The dynamical Using the samples grown with equal QW widths and dif-
screening of the direct Coulomb interaction by long-waveferent doping levels we have also studied theas function
LO phonons is included through a frequency-dependent dief ng. Figure 4 presents experimental valued\gfmeasured
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FIG. 4. Dependence of th&; on then, at fixedq of 1.1x 10°
cm L, experiment(circles and theory(dashed ling

at fixedq=1.1x10° cm %, and differentng. As one may
expect,A; decreases monotonously with decreasimg At
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We have not so far considered thg band, dominating
the inelastic light scattering spectra at high magnetic fields.
This line was discussed previoustytowever, its nature was
not completely understood. Our results could hardly support
an assignment df ; band to intersubband single-particle ex-
citations(as was proposed in Ref),&ince such an explana-
tion would demand a violation of the translation symmetry in
the studied samples. We did not find, however, any correla-
tion between the sample quality and scattering efficiency of
Lo. Since the nature of thiey band is still under debate, and
it does not have a direct connection to the matter discussed in
the present paper, we plan to considerltiédand separately
in the future.

In conclusion, we have measured the spectrum of inter-
subband collective excitations in a perpendicular magnetic
field. The intersubband Bernstein modes wkh=+1,23,
are observed and investigated. It have been found that at
nonzero in-plane momentum the intersubband Bernstein
mode withAn=+1 couples with the charge density excita-

largeng (ng=2x 10 cm™2) A, is effectively reduced due to tions through the direct Coulomb interaction, while the inter-
the optical phonon screening of the direct Coulomb interacSubband Bernstein mode withn=—1 couples with the

tion (Fig. 4). It is interesting to note thad; vanishes at

small, but finite,ns close to the critical electron density

spin density excitations through the exchange-correlation
Coulomb interaction. Energy gaps between the coupled
modes are linear functions of the in-plane momentum as long

~4x10° cm™? at which the direct and exchange-
correlation Coulomb terms become equil.Below n the

ISBM. ; does not cross the CDE anymore. Indeed, the cros
ing between ISBM, and CDE has not been detected below This work was supported by the Volkswagen Stiftung and

as the in-plane momentum is small if compared to the recip-
Sr_ocal magnetic length.

5x 10'° cm~2 in the experimental spectra.
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