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Collective interband excitations in the Raman spectra of quantum wires
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A unifying theory for the collective interband excitations of the interacting electrons in a quantum wire with
several occupied subbands is developed by using the bosonization method. Interband spin- and charge-density
excitations for two subbands are treated in detail. The results are used to clarify the physical nature of the
interband modes detected in recent Raman scattering experiments, especially the so-called single-particle
excitations[S0163-18209)00611-9

In spite of considerable effort, the excitation spectra ofEr is adjusted such that the Fermi velocities;
interacting electrons in clean quantum wires with several oc= \2(Ex—E;)/m of n occupied bands are approximately the
cupied subbands have not yet been fully understood. Onlgame. This can be realized in experiment. For example, for a
very limited physical understanding of the results of thepoxlike confinement potential, the+ 1st subband is ener-
_available Raman ex_per_iments—the standa_rd tool for d?tecbetically far away from thenth band and it is possible to
ing elementary excitatiofts-has been achieved by using agjustE, well in between. When the bands are energetically
mean-field theories as the random phase approximatiogm st equidistant—the case of parabolic confinement—one
(RPA) or the Hartree-Fock approa¢hiFA). >~ can suspect that with more than the lowestubbands occu-

On the other hand, for only one occupied subband, resultgied, the experimentally observéterbandexcitations will
for the one-dimensional Luttinger-liquid modé&lhave been be dominated only by the transitions between the lowest
shown_ not only to be consiste_nt With. experjmentally Ob'bands, in analogy with the previous findings for inéra-
servedintraband charge- and spin-density excitatio@DE ey citationst? Although we have not included screening

7-11 :
ﬁ:;jats);% "sinblfé.alasﬁié?eagfgfar:igﬁ;(f%epsg ;alrzvtfggéﬂ;'?eddue to higher subbands, we find our results consistent with
S gie-p ) ) existing experiments, especially regarding tiesonant be-
alizations of this approach to include several subbk¥hds . .
havior not treated previously.

have been found to be difficult. Treating two coupled sub- As di d below in more detail. w n motion
bands led to some picture for the ground-state properties anH S discussed belo ore detail, we USe an assumptio
at is equivalent to neglecting the interplay betwéeina

for the energetically lowest excitatioh®.%” Neglecting cer-  hat. - : ) .
tain interaction matrix element@trabandexcitation spectra and intérbandexcitations. This leads to a quadratic Hamil-
were obtained®8 An attempt to generalize the bosonization tonian that can be diagonalized in the presence of the inter-

technique of the Luttinger-liquid model for theterband ~ &ction. For the latter, we take into account Coulomb and
features in the Raman spectra of several subband quantuffchange matrix elements. All the modes are found to be
wires has not yet been attempted_ A consistent theory th&O”eCtive CDE's and SDE’s. We calculate the cross section
can account for both the CDE and SDE, as well as thdor Raman scattering far from and closer to resonance. For
“SPE” in the energy region of thénterband modes pres- simplicity, we apply our theory to the case of only two oc-
ently does not exist. cupied subbands,=1,2.

In this paper, we describe a novel approach to treat the We find two pairs of branches correspondingrtterband
interbandexcitations of quantum wires by using approxima- CDE and SDE. Neag=0, only two of these—one CDE and
tions that are similar to thbosonization methodsed previ- one SDE—have nonvanishing weights in the nonresonant
ously for the explanation of thantraband modes, particu- Raman cross section. The other two areyat), degenerate.
larly concerning the “SPE.” We describe the main resultsThese contribute to the Raman cross section near resonance,
and show that they can be successfully applied to explain theehen the energy of the incident photofiss; approaches
positions and the heights of the peaks in the Raman specti, the gap energy. Additionally, the usual selection rules—
of state-of-the-art quantum wires. A full report of the highly CDE in the polarized, SDE in the depolarized configurations
nontrivial calculations and a detailed discussion of the resultsf incident and scattered photons—cannot be applied near
in comparison with the experiments will be given resonance giving rise to an interpretation of the experimen-
elsewheré? tally observed interband “SPE” in terms of combined inter

We consider quasi-1D confined interacting electrons withand intraband SDE's.
effective massn. The one-particle spectrum consists of para-  All of our results are consistent with the existing Raman
bolic  bands, Ej(k)zEj+h2k2/2m, where E; (] data. Furthermore, we predict new structures that suggest to
=1,2,3...) are theonfinement energies. They parametrizereinterpret the Raman spectra of quantum wires in the region
the confinement potential. We assume that the Fermi energyf the interbandtransitions.

0163-1829/99/5@.1)/72974)/$15.00 PRB 59 7297 ©1999 The American Physical Society



7298 BRIEF REPORTS PRB 59

In order to describe the interband excitations, we rewritevherev =(vg;+vgy)/2, and
the Hamiltonian of the noninteracting electrons

1 1
=—=(p12ytp12)), 012==(p12;—p12))- (8
Hozjgk Ej(k)cfs(k)cjs(k), (1) P12 \/E P12 T P12, 12 \/E P12~ P12,

[c]-TS(k), ¢;(K) Fermion operators; spin quantum numbek For the interaction, we start from the general form
wave numbefras a quadratic form in the densities

> HEm 2 Vim(@)ck(k+a)c)s, (k')cis (K +a)CmK).

_ / kk'
pis(@=2 clkta)c(=pjs@+piida. @ > 1 )

The matrix element¥;;;,(q) are obtained by projecting the
Here,p(*) andp{™) correspond to the independent brancheshree-dimensional Coulomb potenti(r) on the subbands
of the spectrum wittk>0 andk<0, respectively, with an and Fourier transforming with respect x¢** By using the
extension of the Hilbert space to states with negativeFermion operators corresponding to left and right spectral

energies. branchegcf. Eq. (4)], one can decompose the interaction
Of crucial importance for the diagonalization of the into many nontrivial contributions. Important for the inter-
Hamiltonian is that commutation relations of the form band excitations are
[Ho.pifs(a) ] pi} (@) (3) 1 . . :
e e = 2 [V —DV%edp %), @
can be constructed. From Ed4) and(2) one can show that 2|—q,m/
(neglecting termscq?)
V /
[Ho.p{h@)]= (Ei~E))pifi(a) Ho== 50 2 oqloly. 10
qA#EN

hZ
+qu2+ keia "(k+a)cid)(k). (4 Here, we defined density operator§’=3,.;vM(q) (v
A= =p,o), and abbreviated the interaction matrix elements by
For theintrabanddensities = j we obtain the required com- V=V, (0)x€?/eq (i#]), and Ve,~V(2kg), with ke
mutator if we assume that in the sum on the right-hand side- (k¢, +kg,)/2. Only the CDE feel the Coulomb repulsion.
k~NKg;, consistent with the linearization of the dispersion  The total Hamiltonian for the interband excitatioht,
nearkg; . We do not consider this case in the following as +H +H, being quadratic in the densities, can be diagonal-
the results have been described previodsly. ized separately for CDE and SDE by generalizing the
Fori+#], we replacek~\(kg;+Kg2)/2 which is equiva-  method used previously by Penc and Solyom for the intra-
lent to neglecting multiple pair excitations between inter anchand excitationd’ One obtains two quartic equations that
intraband mode$) The commutators of the densities are are biquadratic. There are two CDEIs, , and two SDE's,
(AN=%) s. corresponding to energies

[P0 e (a)]=(— 1) S sspibs(a+a"), (5) 72022
EZ(q)=EL(0)| 1=AL ——/. (1D
(@) o (—~a') =
12s(9 1Po1s q 1
The energy scales are given by
— )T k+g—qg’ ()\)k_ (9 k—q’
2 Loy (k+a-a)ely (k) — g (k=a") E2 (0)=E, TT (TEIVEVL, (12
M (e—

XCZs(k Q)]a)\)\’ass’- (6) Ei(o):EO\/li—Vex: (13)

Relations(5) and(6) imply that, strictly, interband and intra-
band modes areot decoupled. However, they may be de- the constants bA%L =[2+ (22 1)V]/2V and AT = — 1N,
coupled when considering expectation values in the groundh€ above expressions hold for not too lagend to the
state. By assuming(p{>)=0 and (cQ'T(k)c})(k’)y  order O(V3). We redefined Vg, =2V ,/hv, and V
=5 nD(k), wheren®)(k) is the Fermion particle num- =2V/hv. The complete excitation spectra, evaluated nu-
ber, one can show the right-hand side of Ef) to be merically by solving the secular equations are shown in Fig.
5)\)\75557 6q’qr(|_/277)(k|:1_k|:2_)\q) (W|th L the SyStem 1 . ) . .
length similar to the one-band caseCommutator(6) has Now we discuss the significance of the results for inter-
now the form necessary for the formal description of thepreting the above mentioned Raman scattering experiments
interband excitations as bosons. on quantum wires. The interband contribution to the differ-
The kinetic energy associated with the interband excitaéntial cross section is given by the dynamic auto-correlation
tions can then be cast into the quadratic form function of the generalized densit}f

h
o= (o (@pR)(~a)+ o (@ (-], () N= 2 clktacd K gmgor. (14
L g i#],k\,s Di(k,q)
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TABLE |. Collective interband modes observable in Raman

3 scattering in lowest order.
2.5
Nonresonant Resonant
Ef all q largeq polarized
E” smallq polarized
ET smallq depolarized
EZ largeq all q depolarized

0 0.2 0.4 0.6 0.8

FIG. 1. The interband excitation energietE, for the two-band ~ P€COMeS , for largerq. As a consequence, the weight of the
CDE (full lines) and SDE (dashed lines as a function of respective CDE peak shifts fro” to Ef. near resonance.
hvg/Eq (V=1V,=0.1). Energetically highest CDESDE) is = The crossover is determined by the Coulomb repulsion en-
ri(s-). ergy V.

We have summarized these results in Table |, together
Here, I'=(y,§-eo+isy,|gXeg|) contains information with the polarization rules.

about the relative polarization of inciderg) and scattered In addition, due to the higher order terms in the expansion
(eo) light. The constantsy, , are mean transition probabili- of the energy denominatd;(k,q), structure will appear in
ties. The quantities the resonant spectra, which does not obey the conventional
“selection rules.” Mixed combinations of intra and inter-
h?(k+q)? band SDEs_-modes become observableqiarallel polariza-

Di(k,q)=EX—fiw,+E;+ (15)

tion. They are commonly associated in experiments with
) “SPE.” In perpendiculamolarization only higher order con-
are the energy denominators due to the second-order pertUfihutions consisting of simultaneously propagating CDE and
bation theory in the electromagnetic field, wEﬁ’5 the en-  SDE are predicted.

ergy gap of the bulk material. The crucial point for the un-  Additional features may arise due to hybridization of inter
derstanding of the Raman spectra is the expansic[hi’dfin and intraband modes. In Ref. 3 the effect of hybridization
powers of k—Akg+q/2)/[Eg—7fiw,+Nhvq/2], with Eg between different branches of the excitation spectra has been

2m

=E2+E;+muv?/2. studied as a result of an asymmetry in the confinement po-
The lowest order term tential. In contrast, we want to point out here, that even for
symmetric confinement, interaction-induced hybridization
7,1((:4.eo)pfj")(q)ﬂ3/2|Q><eo|gi<j”(q) between intraband and interband modes will occur when
N(Q)=_2 i considering corrections to the “mean-field” approximation
ETPN Eg—fhw+hNvq/2 [cf. Eq. (6)]. This is of particular importance in view of the

(16) fact that signatures of the hybridization have been observed

leads to the “classical selection rule,” namely that CDE andin €xperiment. o ,
SDE appear only in the polarized and depolarized configu- Quantum wires in the two-band limit have been studied
rations, respectively. For photon energies such thak expe’rlmentally by Goinet al." Signatures of the mterband_
— )| >#v(q one obtains by summing over the branch indexCDE's have bee_n detected by_ these measurements, which
\ in Eq. (16) that only symmetric combinations of charge Nave to be assigned epnerget3|cally to the modes denoted
and spin densitiesy,= Vi(j+)+Vi(f)a (v=p,0) are observ- :’:}bove” ag . [at energyI.Ei(O)]._ The structure de_noted as

i , . “SPE” has to be associated with the above-mentioned com-
able. Closer to resonandég~f w,, the corresponding anti- ination of inter and intraband SDEs. In particular, thier-
symmetric densitiesy,= v ~»{”, in Eq. (16) become pand“SPE” appearing in the spectra at energies near and
dominant. slightly aboveE, (=3 meV) has to be associated wih .

In order to see which of the above collective modes apin addition, by analyzing the data in Figs. 2 and 3 of Ref. 8
pear in the spectra, we have to expregg in terms of the  (q~0), we find full consistency with the predicted crossover
eigenmodes . ands. . The results of the diagonalization pehavior when approaching resonari€able .
shows that, basicallyps is given byr . for all wave num- More recent experiments on quantum wires with several
bers. Similiarly,o,~s_. Thus, off resonance for atl, the  subbands occupie¥*! reveal considerably rich structure
collective charge mode, will appear in the Raman spec- concerning especially interband transitions. Signature in the
trum in parallel polarization, while the collective spin mode polarized out-of-resonance Raman spectra of the high-
s_ will be present only near resonance. energy, so-called depolarization-shifted CDE between

For the other densities, the dependence on the wave numearest-neighbored subbands has been reported in this work.
ber is important. Neag=0, o, is dominated bys, , while  Also, signatures of the corresponding SDE’s were detected
with increasing wave numbet;s~s_. This means that in in the depolarized spectra at small wave numbers. They ap-
the off-resonant Raman spectra the weight of the spin modgsear roughly at an energy about a factor of two smaller.
is shifted fromE¢ towardsE? . The crossover is determined From this, we estimate our above interaction matrix element
by the exchange interactioN.,. For the antisymmetric V=1, which corresponds roughly to the energetic interband
charge density, we find correspondingly~r_ (q~0). It  distance. Closer to resonance, a branch of excitatiasso-
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ciated in that work with “SPE’} has been found in both ably and clarifies their physical meaning. We provide an ana-
polarizations corresponding to energies which increase withytical framework that treats both, intra and interband exci-
increasing wave number. According to our findings, theseations on an equal and transparent footing. Furthermore, due
can be associated with the antisymmetric SBE which  to the bosonization technique, our theory allows a systematic
contains the exchange interaction. Consistent with this interand quantitative study of the behavior of the peak strengths
pretation, its dispersion isg® but only in the regiorhqv  in the Raman spectrwhen approaching resonancélost
<Eo\Vex [cf. Eq.(11)]. From the very small energy differ- importantly, our model provides insight into the physical na-
ences between these and the S®Fobserved in the depo- ture of the excitations observed in the Raman spectra, and we
larized spectra; which have a very small negative curva- have demonstrated that the “SPE” in quantum wires can be

ture, we estimatéd/,, to be_ at least an order of magnitude consistently understood within the framework of collective
smaller thanV. More detailed analysis of the experimental oy itations.

data, and more experiments on quantum wires with two oc-

cupied subbands, would provide clearer evidence for the twvo We acknowledge useful discussions with E. Galleani
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