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Interband electron Raman scattering in a quantum wire in a transverse magnetic field
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Electron Raman scatteri@RS is investigated in a parabolic semiconductor quantum wire in a transverse
magnetic field neglected by phonon-assisted transitions. The ERS cross section is calculated as a function of a
frequency shift and magnetic field. The process involves an interband electronic transition and an intraband
transition between quantized subbands. We analyze the differential cross section for different scattering con-
figurations. We study selection rules for the processes. Some singularities in the Raman spectra are found and
interpreted. The scattering spectrum shows density-of-states peaks and interband matrix elements maxima and
a strong resonance when the scattered frequency equals the “hybrid” frequency or confinement frequency
depending on the light polarization. Numerical results are presented for a GaAs/AlGaAs quantum wire.
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I. INTRODUCTION photon of the incident radiation field creates a virtual

Low-dimensional semiconductor systems, quantum wire§l€ctron-hole paifEHP) in an intermediate crystal state by
in particular, have attracted considerable attention because gfeans of an electron interband transition involving the crys-
their novel physical properties and application potential. Intal valence and conduction bands. An electron in the conduc-

recent years a number of innovative techniqgues have bedion band is subject to a second intraband transition with
developed to grow or to fabricate and to study experimenemission of a secondary radiation photon. Therefore, in the
tally a variety of quantum wire structures having differentfinal state we have a real EHP in the crystal and a photon of
geometries and potentials. Many recent experimental anghe secondary radiation. The influence of external fields on
theoretical studies have been performed on quantum wire§,ch processes for bulk semiconductors is investigated in
subjected to a transverse magnetic fiefdElectronic prop- Refs. 16 and 17.

erties of quantum wells in a transverse magnetic field have |, this work we present a systematic study of the inter-

been investigated in .REfS' 8 and 9. The §ubband dispersio&md ERS in a direct band gap semiconducting parabolic
and magnetoabsorption have been studied for rectangularuamum wire in a transverse magnetic field. In these sys-

quantum WIres in Ref. 10. . . C tems, due to electron confinement and magnetic field, the
A magnetic field perpendicular to the wire axis ‘free- conduction(valence band is split in a subband system and
electron” direction can change significantly the electronic:t " bet them d tp ine ERS Y N .

states of a semiconductor quantum wire. ransitions between them determine processes. Numeri-
cal results for the ERS differential cross section are pre-

Electron Raman scatterindERS seems to be a useful ; . ) .
technique, providing direct information on the energy bandS€nted for a GaAs/AlGaAs quantum wire. This artical is

structure and optical properties of the investigatedorganized as follows. In Sec. Il the energy spectrum and
systemd1-13 In particular, the electronic structure of semi- Wave functions for a quantum wire with parabolic confine-

conductor materials and nanostructures can be thoroughfjent potential in a transverse magnetic field are given. In
investigated considering different polarizations for the inci-Sec. Il we present the general relations needed for our cal-
dent and emitted radiatio¥t. The differential cross section, in culations of the ERS differential cross section. Section IV is
the general case, usually shows singularities related to inteflevoted to calculations of ERS differential cross sections.
band and intraband transitions. This latter result strongly deFinally, Sec. V is concerned with a discussion of the obtained
pends on the scattering configurations: the structure of sirresults.

gularities varies when photon polarizations change. This

feature of ERS allows us to determine the subband structure

of the system by a direct inspection of singularity positions

in the spectra. For bulk semiconductors ERS has been stud- II. WAVE FUNCTIONS AND ENERGY SPECTRUM

ied in the presence of external magnetic and electric

fields1®17In the case of a quantum well preliminary results ) ) ) o
were reported in Ref. 18. We consider a quantum wire aligned along yhaxis with

Raman scattering in low-dimensional semiconductor sys2 transverse magnetic fietti=H(0,0,H) applied along the
tems has been the subject of many theoretical and exper@Xis. The quantum wire is characterized by parabolic con-
mental investigation¥2° Interband ERS processes can befinements in théx,z) plane. The effective mass Schrodinger
qualitatively described in the following way: absorption of a equation for an electron in a conduction band is
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where A=A(0,xH, 0) is the vector potential in the Landau
gauge wq. characterizes the parabolic potential of a quantum
wire for electrons in a conduction band, angd and -e are

the electron effective mass and charge, respectively. We look
for the solution in the form

YelXY,2) = o) 7(2) Py,

wherep, .=7k, ¢ is the quasimomentum of an electron.
Shifting the origin of coordinates and separating the vari-
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are the units of lengthd,,(£) is the Hermitian polynomial.

ables in the usual way we obtain the eigenfunctions and ei-
genvalues of the Schrédinger equatidn:

X=X z)\ .
N Nk o = ‘PN19< - e) 77N26< L_e) e, (2
e

hZ 2 2
Ee= (Nye + 1/2)iwe + (Noe + 1/2)fiwoge + —kLe<f—°e) .
2me \ we
3) lll. PRELIMINARY RELATIONS
The wave functions and energy eigenvalues for electron§
in valence band are as follows: 10

The general expression for the ERS differential cross sec-
n is given by%18

doc V2u2n(ve)

dQdv,  87%c*n(y)

wherec is the light velocity in vacuumn(v) is refraction

index as a function of the radiation frequeneyijs the (unit)
polarization vector for the secondary radiation fiélds the

W(vs€9), (12

X— Z)\
Ny Ny Ky = (PNlh< —EXOh> 7/N2h< L_> ey, (4)
e

h

Eh = - Eg - (Nlh + 1/2)ﬁ?1)h - (N2h + 1/2)ﬁa)0h

222 o \2 normalization volume,ys is the secondary radiation fre-
——L'h<~—0h) , (5) quency, andy, is the frequency of the incident radiation.
2my \ o W(vs, € is the transition rate calculated according to
whereEg is the energy gap between the valence and conduc- W(vg ) = 2—772 Mo+ M |28(Es - E), (13
tion bands in the absence of an external magnetic field and O
won is the oscillator frequency of the parabolic potential for,, . ..
electrons in the valence band. In ER)—(5), <f||:|. |a><a|I:| i) <f||:| |b><b||:|- i)
MJ:E js | +E | js ' (14)

~ _ [2 2 j
Weh =\ Wog(h) T We(h) (6) a

In Eq. (14), j=e,h are for the cases of electrons or holes,
respectively, andi) and|f) denote initial and final states of
the system with their corresponding energisand E;. |a)

Ei-Ea b Ei-Ep

is the “hybrid” frequency. The subscripts and h denote
conduction and valence bands, respectively,

eH and|b) are intermediate states with energigsandE,,.

We(h) = () The operatoH, is of the form

e(h) Mg C p [
, _ , ~ e j2mn . . .
is the cyclotron frequencyny, is the effective mass, and H = fT_b V—a ‘p, Pp=-ihV, (15

V)
_ hogp wherem, is the free-electron mass. This operator describes
Xoe(h) = me(h@éh) Kye(h) (®) the interaction with the incident radiation field in the dipole

approximation. The interaction with the secondary-radiation

is the oscillator center. field is described by the operator

The full energy spectrum in Eq$2)—(5) is governed by R e [2mh
the quantum numbeere(h), NZE(h)Y and kye(h): HjS: —
m] VVS

&-p, j=eh. (16)
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This Hamiltonian describes the photon emission by the 0ol = 7 7 7 7 T 7 T 71T 7
electron(hole) after transitions between conductioralence V= V—
subbands of the system. In E.4) the intermediate states - H= I oe
|a) represent an EHP in a virtual stdtfter absorption of the
incident photoly, while the statesb) are related to the “in-
terference diagramg®® This latter term involves a negli-
gible contribution whenever the energy g&p is large
enough(for instance, this is the case for GgAend will not
be considered in the present work.

We established that the processes of ERS given in th
following are possible.

(a) The interband ERS process with the intermediate state
in the conduction bandFirst, an incident light quantum is
being absorbed creating an electron-hole pair between the
state(Ny,, Ny, in the valence band and the stéhé,N,,) in
the conduction band. Second, a scattered photon is emitte
due to an electronic transition from the stét,, N;,) to the 0 ==

) _ _ 1.02 1.04 108 108 1.10 112
state (N;¢,N5) in the conduction band. The Raman shift wv/E
hv=h(y—vy is equal to the excitation energy of the &

electron-hole pair created in the scattering process. FIG. 1. The Raman spectra of the parabolic quantum wire in the
(b) The interband ERS process with the intermediate stat§ scattering configuration faf=0. The diameted of the quantum

in the valence bandlwo electrons take part in the process. e is 2000 A. The incident radiation frequenty,=1.68 eV. The

After the absorption of an incident photon the first electronpositions of the singularities are defined by E¢s22) and (A23).

from the statg(N7;,,N;) in the valence band is lifted to the Resonant electron-hole transitions are indicated by,

state(Nye, Noe). The second electron from the stéby;,, Non)  Nie, Nop, Noe.

falls to the vacant state in th@y,,N5,) subband. The real

transition corresponds to a transition from the statg,, N,

to the stateNjg,Noe). In the following we present detailed numerical calcula-
In the initial stateli) we have an incident radiation photon tions of the differential cross section of a GaAs/AlGaAs

with frequencyy;, while the conduction band is empty and parabolic quantum wire in the presence of uniform magnetic

the valence band completely occupied by electrons. We neield as a function ofiv/Ey. The physical parameters used in
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IV. RESULTS AND DISCUSSION

glect by all the transitions assisted by phonons. our expressions arg;=1.5177 eV,m,=0.0665n,, and my
The initial state energy is =0.45m, (the heavy-hole bandTaking the ratio 60:40 for
the band-edge discontinuit)?! the conduction and valence
Ei=fu. (17 parrier heights are taken to bA,=255meV and A,
The final state of the process consists of an EHP in a reaf 170 meV. The oscillation frequencies,. and wg, of the
state and a scattered light with energy,. Thus, parabolic quantum wire are determined as
Ef=/ivg+Ey, +En, +En, +En, + Eg L
h22 2 pAe 2 MO H=8T | g V=8, | 1
+—kt(f—°) +—km<@) , (19 - S S
2Mg \ e 2my \ oy, 1200 |- . o Vi— &, s
=
where 7 1000 | S g ]
g «
Enyey = (Nieth) + 1/ fiwer), £ a0 N l’g‘a s
& - -8 |dgs) g .
(7)) Sa lea]l o
O = Do e
ENZe(h) = (NZe(h) + 1/2)ﬁw0e(h). (19) 0O 600 = V'?:: \ & ’gl E
For the electron intermediate statasthe energiek, are 400 _ s lg\:— < i
easily obtained from the above discussion: =] 9\: l
S
E ——F _ _ _ _ 200 Y .
Ei Ea— Eg ENlh ENZh ENie ENée L |
ﬁ22w2ﬁ22wh2 1 [ TR S T i
—z—kLe<~—oe —?:Lh =) +hy. (20) 102 104 106 108 110 112
Me \ we h \ Wh hV/Eg
Similar expressions can be written for the hole inter-
mediate-state energies. FIG. 2. Same that in Fig. 1 fad=8 T.
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FIG. 3. Same that in Fig. 1 fdd=16 T. FIG. 5. The Raman spectra for tHescattering configuration for
the magnetic field$1=16 T. Other parameters coincide with those
of Figs. 1-3.
2 [2Aqp
Woe(h) = .
d V Mgy

. . : The structure of the differential cross section, as given in the
whered is the quantum wire diameter. figures, provides a transparent understanding of the energy
In Figs. .1_3. we show the _Raman .SpeCtFa of the _paraboll ubband structure of the parabolic quantum wire in a trans-
quantum wire in theX scattering configuration for dnfferept verse magnetic field.
2000 A The inciden raciation frequenty, —1.68 ev. The " 1e present work we have applied a smpified mode
positions of the singularities are defined by Eqs_for the electronic structure of the system. In a more_reallstlc
(A22)—(A24). case we should consider the real band structure using a cal-
culation model like that of the Luttinger-Kohn or Kane

Figures 4 and 5 show the Raman spectra forZhscat- . _
tering configuration for the magnetic field$=8 T andH model. The above-mentioned assumptions would lead to bet-
=16 T. Other parameters coincide with those of Figs. 1-3ter results, but entail more complicated calculations. How-

ever, within the limits of our simple model we are able to
take into account the essential physical properties of the dis-

T T T T T T T T T
i cussed problem. The fundamental features of the differential
400 H=8 T vi—o || Vi@, cross section, as described in our work, should not change
very much in real quantum wire case.
It can be easily proved that the singular peak in the dif-
_3of ~ f NAC) s - ferential cross section will be present irrespective of the
-“_é" é & Sl = 2 o= = model used for the subband structure and may be determined
£ = g N 7 Z"A‘—; = for the values ofivg equal to the energy difference between
»awl XS 1 ol | two subbandshvs=fin—-hv=E;-Ej, where E;>E} are
8 l g r electron energies in the subbands, respectively. At present
L 1 there is a lack of experimental work on this type of the ERS.
Our major aim in performing these calculations is to stimu-
100 |- 1 late experimental research in this directfdn.
0 J 1 N 1 . 1 . 1 N 1 —_——
1.02 1.04 1.06 1.08 1.10 1.12 APPENDIX: CALCULATION OF THE RAMAN
w/E, SCATTERING CROSS SECTION
FIG. 4. The. Raman spectra for tZEscatterlng Co_nf'gu.rat'on for The matrix elements of the intraband transitions may be
the magnetic fieldsi=8 T. Other parameters coincide with those of .
Figs. 1-3. written as
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e
/ Nle +1
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<N1eﬂ N2e’ I(ye| esypy| N:,LeNée* k{/&) = ﬁk{/eesyéNée,NztaéNée,NZEakyel%’,ev
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A similar expression can be written for the interband ERS

process with the intermediate state in the valence band:

el 2wt
Fh VVS<N1h’N2h'kyh|esp|N1h,N2h,kyh>

el J2ah oL
:Hh V_VSRNlh’N2hvkyh|esxpx|N1th2hakyh>

+ (N, Nap, Kl €sypy N1, Non, Ky )

+ (N1, Nop, Kyl €6, N, Non, Ky, (A5)

where

(N3ps N, Ky €603 Ny, Non, Ky )

_ih N+ 1
__E_h EoxON, Nz |\ > Ny Ny -1
|Nin
- 75N1h,Nih+1:| 5kyh,l%’,h.

(N3p, N, Kj/ €6yPy [ N1p, N, Ky )

= ﬁkyhesyﬁNzhrNéh 5N1thih 5kyh~l3’/h’

(A6)

(A7)
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(N3 N, Ky €520 N1p, Non, Ky

_ih Nop + 1
== L_heszéNlh,Nih \/ TéNZh,Néh—l

_ o Neng ,
2 NNyl %h"\/h'
If we consider allowed electron transitions between con-

duction and valence bands, the interband matrix element in
the envelope function approximation may be written as

~ 2mh
<a|H'|i>:%VV_14(p°”e')

INlh'N:,Le(ky)JNZh*Née5 h‘K/e’ J =€

(A8)

INihvNle(ky)JNéh'NZBgl\}h'kye’ i=h,
(A9)

wherep,, is the momentum matrix element between the va-
lence and conduction bandsvaluated ak=0).

We find that the matrix element&2)—A9) vanish unless
the following selection rule is satisfied:

kye = kyn=Kje= kjn =K. (A10)
The EHP does not change its total momentum during ab-

sorption or emission of a photofa photon momentum is
neglected It may be obtained that

1\Y2( 1 \M2 Ng!INg
INlh,N’ (k) ={—= - = -
le 7/ AT 2NntNieN NG
[Ny/2] [N3¢/2] k+j Ny +N! —2k=2
(— l) 12 1h™N1e ]
x> X

ko ko KIH(Ngp = 2K)1(Nge = 2))!

1 Nig2j 1\ Nip=2k
X\ = =
Le I-h

N2k

(Ngp = 2K)! ke
X > (Xoe = Xon) ™2~
S0 ml(Npy— 2k )t 0"
Nig—2j+ , .
% 12 : (N3 = 2j + p)!
v=0 V!(N:Il_e_ 2] tu- V)
~y  ~o\ (D)2
ex —(XOe‘XOh)z)}(Lg"'Lﬁ)
202+ 2\ 204}
~ Nig—2j+u-v
><r<”+1>(_ Li(XOe—xOh)) e
2

L2+12

![(— 1 +1]

(A11)

and
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(- 1) a+BoNog=2a+Noy=2

I-e I-h
F(Nge+ Ny — 2a — 28+ 1)
2
X , . (A12)
V2L L,

An expression analogous to Eq#11) and (A12) holds

for IN;,Lh'Nle(ky) and JNéh'NZe after making the replacements

N1n— Nip, andNoy — Ny,
Performing the summation ovéy in Eq. (13) we obtain
the ERS differential cross section:

d’o _( dza) +( d20') +< dza)
dQdvs  \ dQdy, dQdvs/ - \dQdws

eSX

’
eSZ

(A13)
where

(s
dQdvg

goYy— v

=2
Le M

B
g [ = {A(v)‘s“ze'”ée

N1e:NeN1pNon

eSX

Nie'Née'N:’Lh'Néh
/_ /—
X [VN1/2 Oy N, -1~ V(Nge + 1)/2 Oy 1]

AH)
B(y) 2nan

N+ 1
XINih,Nle(ky(V))‘]Néh,NZe( V5 ONy Nz -1
_ N i
5 ONppNp+

y ( Eg )1/2
fv = EN1e B ENlh B ENze - ENZh =
(A14)

X N Ky () I g+

X |es- X[?

and

( d’o ) _oou v
dQdyg ey Lf_, Y

xz[

N1e:N2eN1pNop

B
2 { A(v)

! ! ! ’
N1eNoeNgnNop

X
Iy Nz (K2 I s Oy Oy
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1 2
+ %' LY V))‘]Néh,N285N2h,Néh5N1h,Nih} :|

E 1/2
fv = EN1e B ENlh B ENze - ENzh =
X (k/(v)Lo)es- Y2, (A15)
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(30
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eSZ
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= { A(v) ONach

’ ! ’ !
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X [VN2e/2 Oy N1 V(Nge + 1)/2 Oy 1]

Y
X Ny (Ky () Iy v+ %5'\%'“&1

[Nap+1
Xz Ng(Ky( V))\]Néh,NZe( 5 NNy -1
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( E > 1/2

> g

hv = EN1e B ENlh B ENZe B ENzh ~E

(A16)

X |es-Z[?,
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_ e4|-y| ch€1|2ﬁ2n( vy 1

Oo— = l
T V2mmgmEg (et \/i<w_>i(w_>

Me\ we My \ wp

(A17)

ﬁ ! ! ~
A(v) = E_[V‘ 1+ (N = Noo) wge + (N1 = Njg) wel,
g
(A18)

ho , -
B(v) = E—[(Nzh = Nap) won + (N3, = Nyp)ap — v+ 1],
g

(A19)

(A20)

andk(v) is the root of thes function argument:

A _ — — — —
' hv - By ENle ENlh ENZe ENzh

V2
k =—
| y(V)| h 1 (‘UOe)2+—l (“"Oh)2
Mg\ ©g my\ @y,

(A21)
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The vectorsX, Y, andZ are unit vectors along the corre- selection rule|N;,—Nj=2n+1 (|Nj,—Ni=2n+1) takes
sponding Cartesian axes. place in intermediate magnetic fields.

Let us make some remarks concerning the above equa- As can be seen from Eg&A14) and(A16) the differential
tions. As indicated above, wheinv> E, the Raman process cross section is directly proportional to the density of states
involves the combination of intraband and interband transiof carriers in the valence and conduction bands and to the
tions. From Eq(A12) it follows thatJNZh,Née (‘]Néh-Nze) van-  interband matrix elements. In this case the scattering spec-
ishes unlesN,n+Ny=2n (N5, +Ny.=2n) wheren is an in-  trum shows density-of-states peaks and interband matrix el-
teger. So a transition can only take place betwlignand ements maximums. The positions of these structures are
NJe (N4, and Ny) subbands with the same pariggm—2n  given as follows:
and 2n+1—2n+1; mandn are integers But for Eq.(Al11)

= + + + +
quantum numberdN;, and N;, (N}, and N;) can change v =By, * By, Bnge + Eny * By (A22)
arbitrarily. . . , ~ Here, the following selection rules must be fulfillet;,
Hence, the following selection rules are obtained for in-=N, +1, Nj.=Nae (Ni;=Nyp*1,Nj =Ny,) for X scattering
terband transitions: configuration andNj.=Nyet1, Nig=Nie (N3,=Npn1,Nj,
INjp=NJJ=0,1,2, ..., [Nsy=N=0,2,4, ..., :N}h) for Z scattelnng configuration. In this case whidh,
-NiJ=2n+1 (|Nj,—Ny=2n+1) the spectrum shows
IN, =N =0,1,2, ..., [N —Npel=0,2,4, ... . maxima and whenN;,—N;[=2n (N3, —N;J=2n) the ERS

_ _ spectrum shows singular peaks. The peaks and maxima re-
(i) WhenH=0, Xpe=Xon=0, L.=L,, andL,=L;, which is lated to these structures correspond to interband EHP transi-
the oscillator center of the conduction and valence band eledions and their positions depend on the magnetic field.
trons coincident. Then, making the replacemeNy, Other singularities of EqgA14) and (A16) occur when-
—Nyn,Nje—Nio (Ng,— N7, Noe—Ni), we see that Eq. everA(»)=0 andB(»)=0. In the X scattering configuration
(A11) turns into Eq.(A12). Thus, forH=0 we have the se- this singularities are

lection rules ~ ~
VEY - W V=V~ Op (A23)
N;n—Nj/=0,2,4, ..., IN,y,—N,|=0,2,4, ..., . . .
INan =Ny [Nan = Nad Here the following selection rules are fulfilledd] =N,
INJ, =N =0,2,4, ..., [N}y —Noe =0,2,4, ... . +1, Noo=Nae and Ny, =Ny =1, Ny =Nap,

For theZ scattering configuration the Raman singularity
(i) The casewep> woer). This condition corresponds to is
the strong magnetic fields, and we have

VY~ Woe VIV~ wop (A24)
2
o = o 1+ < “’Oe<h)) ~ In this case the selection rules &&,=N, Nj,=Ny+1 and
e(h) = We(h) e(h) r_ r_
We(h) Nip=Nain, Nop=Nap—1.

As can be seen from Eq§A23) and(A24) these frequen-
cies correspond to electron transitions connecting the sub-
- o band edges for a process involving the conduction and va-
Xoe = Xon Le~Lp=1/—"=l, lence bandi.e., intraband transitionsWe can also notice
eH . : L .
that theY scattering configuration is free from Raman singu-
where |, is the magnetic length. For this case HAl11l) larities and relates to the selection ruld§=Nys, Njo=Nye
differs from zero whem;;, =N, (N;,=N3o). In this way, the  andN3; =Ny, N5, =Nop,.
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