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The magnetopolaron wave function and energy for resonantly coupled electronic and vibrational excitations
in a quantum well are derived and used to evaluate the efficiency of Raman scattering by two LO phonons. A
strong increase of the scattering intensity along with the splitting of Raman peaks is predicted in the magne-
topolaron regime[S0163-182(106)03848-9

[. INTRODUCTION in bulk semiconductors was investigated in Refs. 28 and 29,
both for Frdilich and deformation potential interactions. An

Raman scattering from semiconducting low-dimensionainitial theoretical approach to two- and three-LO-phonon Ra-
structures provides information on the spectrum of electronignan scattering from quantum wells in the magnetopolaron
and lattice excitatiorfsand is used along with many other regime was discussed in Refs. 9—11 under the approximation
techniques for sample characterization. Over the past yeard infinitely high barriers and heavy holes,>m,. The
the process of one-LO-phonon Raman scattering in quantumipole-forbidden one-LO-phonon process was studied in
wells has attracted considerable attention from both experiRefs. 30 and 32.
mentalists and theorists* However, less attention was paid  In this paper we derive analytical expressions for the
to the multiphonon processes because of difficulties in thenagnetopolaron wave function and apply the results to cal-
measurement and the interpretation of the data. To outulating the scattering efficiency of Raman scattering by two
knowledge, there are only a few investigations of thisLO phonons. We show that the resonant coupling between
kind >4 pure electronic and mixed electron-phonon states results in a

In this paper we develop a theoretical model for the magstrong increase of the scattering intensity and a splitting of
netopolaron effect(Johnson-Larsen efféet!) in two-  the Raman peaks. The paper is organized as follows. The
phonon Raman scattering from semiconductor quantum-welhodel is given in Sec. Il. The polaron wave function and
structures. The Johnson-Larsen effect appears when the eenergy are calculated in Sec. Il for the casgy~ w, o and
ergy separation of a pair of Landau levels becomes close tthe results are used to calculate the two phonon scattering
the energy of an optical phonon efficiency in Sec. IV. Section V is devoted to the discussion

and the main conclusions of the work.
Nfiwey=f oo, (1)

wherew.=|e|H/(mC), n is an integerg is the charge of Il. MODEL

gation of the effect by Johnson and LarSen’ was per-  AE_ for electrons and holes, respectively. The magnetic field
formed for bulk semiconductors. Korovin and Patfbhiave s directed perpendicular to the QW plagie the z direction

shown that in this case the magnetopolaron splitting is;ng the corresponding vector potential is taken as
~ a3 ; i 19 _ :
a”fhw o, Wherea is the Franlich™ electron-phonon cou

pling constan{for a review see also Ref. 20This estimate

changes to~ o¥%w o in the case of quantum welf.The A=A(0xH,0). @

magnetopolaron effect in two-dimensional and quasi-two-

dimensional systems was also investigated in Refs. 22—27The width of the barriers is assumed to be large enough to
The appearance of magnetopolaron effects in Raman scateglect tunneling of electrons and holes outside the well. The

tering has been studied theoretically in Refs. 9—11 and 284aser frequency will be taken within the interval where only

32. The corresponding splitting of a one-phonon Raman peathe discrete part of the QW electron and hole excitation spec-
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trum is relevant for intermediate states in the two LO-phonon :
Raman scattering. The electron wave function is then given n=1| - n=1,N=0
by N=1| | /7 |
. : n=0,N =2
1 . ol [n=
VP mxY,2)=Pn(x+afk)=e"er(2), (3 3| N=0[ P,
0 L > |
y Z
+ n=0,N=1
where o £
¥ |
L — H(/)p( Xz) W y N
X)= —=—=——=H (X/ag)exp — =— |, n=0,N=0
" i, 242 iy ¢
| [TRIPLE POLARON|
lCﬁ |
a.H: T
eH | [DOUBLE POLARON]
. . . e . 1]
H,(t) is a Hermite polynomial, ang,(z) the normalized 0eH=0 0

electron wave function of thenth discrete staf€ in a one-
dimensional QW, which can be written as

. cogk,d/2), m=135, ...
"’m(z)zcme’(p("mz)x{ —sink.d/2), m=2,46, ...
for z=0,

. co§kn(z—d/2)], m=13)5, ...
"’m(z)zcmx[ sink (z—d/2)], m=2.46, ...
for 0<z=<d and,
¢m(2)=Crexd — kp(z—d)]
cogk,d/2), m=13)5, ...
{sin(kdeZ), m=2,4,6, ... @

for z=d, whered is the QW width,
c2 2Km
M1+ kpd £ cogkpd) + (K /Km) Sin(kyd)

is the normalization constant with uppgéower) sign for the
odd (even levels,

km=V2mMee&/h?, km=vQZ—Kk2, Qe=\2mMAE./A?,

andk,, for the mth level is found from the equations

t
Col= ——, tlan=— ==
Be—t? Be—t?

for odd and even states, respectively=kd/2 and
Be=Q.d/2. There are no states fa=0, while the level

m=1 always exists independent of the width and depth o
the QW. The existence of all other levels is subject to th
conditionk,,<Q.. The electron energy calculated at the bot-

tom of each QW band is
Efm=(N+1Qliwentep,. (5
Similarly, the wave function of the hole is

1 .
Wh (%Y, 2) =@ (x—aik)—e"Vel(2), ()
Ky \/L—y

e

®eH

FIG. 1. Schematic representation of the energy states of the
electron and phonon subsystems shown as a function of magnetic
field (normalized to the cyclotron frequency of the conduction elec-
trons. Double and triple polaron splitting appears in the vicinity of
points where either two or three branches crose at=w, g, re-
spectively. The splitting abe= w| o/2 is not shown in the figure.

where <prn‘1(z) can be obtained from the: (z) through the
substitution (ng,AE.)—(m,,AE,). The energy of the hole
is

eH

opp=——. (7

h _ h
Enm=Eg+(n+1U2hopy+en, e

[lI. POLARON WAVE FUNCTION

Let us assume that the magnetic-field strength lies in the
interval wherew.y=w o. We do not take into account the
phonon dispersion and broadening and we assume that the
energy separation of different phonon modes is larger than
the polaron splitting so that in the theory we only have to
consider one phonon mode at a time. The energy separation
of size quantized levels in the electronic subsystem is as-
sumed to be larger than bothw, o and% we, which allows
us to consider only one specific QW level. The energy spec-
trum of the system consisting @f one electron in the Lan-
dau leveln corresponding to some size quantized statend
(i) N LO phonons is shown in Fig. 1, where the origin of
electron energies is taken to k€,. The electron-phonon
interaction results in the splitting of degenerate states at all
crossing points and double, triple, and higher polarons ap-
pear in the energy spectrum. In this paper we are interested
mainly in the effects related to the degeneracy of the two
states =1, N=0) and =0, N=1) at the magnetic field
wey= w| o . For the polaron wave function we use the ansatz

0.(x,y,2,0)[0)= X aq(ky) 1 (%y,2)[0)
y

+ 2 as(ky, 1) Woy (x,y,2)b}|0),
y,V

®
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where the superscriptésubscripts e (m) of the electron (n=1, N=0). All other possible transitions lead to correc-
wave functions have been omittebl] (b,) is the creation tions of higher order i when wey=w ¢ .?*% Therefore
(destruction operator for the phonom, and|0) is the pho-
non vacuum. The first and the second terms in the wave entiA\ —
function of Eq. (8) correspond to the stateN=0 and V®,|0)=C,(r.,2)[0) (14
N=1, respectively. The index labels the phonon states and
consists of the quantum numbegs andj, whereq, is the
in-plane wave-vector component amfdcorresponds to the
phonon size quantization. In the limit of three-dimensional . . +
phonons the indek has to be substituted by the wave-vector Ve[0)= ; Cy(r..2)b,|0). (15
component),. The approximation of dispersionless phonons
is well justified for the quasi-two-dimensional modes of
GaAs—AlAs structures whed™> 50 A. Our approach is valid
for wide enough QW'’s, where interface phonon effects ar . -
not important in the polaron regime. Their role in the mag_ghonons. Usmg Eqs(.g), (1.1)’ (14), and (15), the Schre
netopolaron effect in narrow QW's has been studied in Ref. Inger equation may be written as
24,

Let us substitute Eq8) into the Schrdinger equation

and

The derivation of the polaron wave function and energy is
gormally the same for three- and quasi-two-dimensional

(E=31) X ag(ky) W1y |0)+ (E~ 2o~ hwro)

HO=EO, 9 Y
where X ‘I’o,kyz al(kyav)me)
k v
H=Ho+V® Ho=He+Hp, (10) ¢
He (Hp) is the Hamiltonian of electrongphonons, and - ao(ky)‘l’l,kyE Ch(r.,2)b]|0)
V¢ is the electron-phonon Hntich interaction. It is easy to ky Y
see that

. =2 Woi, X ai(ky,)C,y(r,,2)[0)
HeWox =[eht (L2 wen] oy, g v

. =0. (16)
HeW1y =[em+ (3/Dhwen] oy,
. . Let us multiply the above equation on the left-hand side by
Hpnl0)=0, Hpb,|0) =% w ob,[0). (1) (0| and(0|b,,. Making use of the orthonormality of the

From here on, the electron energy is calculated with the enphonon states, we arrive at the system of equations

ergy e, as the origin and the notatioR =% wey/2,
3 ,1=3hwey/2 is used.

We take the interactio’® in a general form (E_El)kE a0(ky)‘1’1,ky_k2 ‘Poky
y y
Ve=2) [C5(r ,2)b, +C*(r ,2)b]], (12 x>, ay(k,,v)C(r. ,2)=0,
where

(E=So—hwio) X ax(ky,»)Woy, ~ 2 ao(ky)
Yy

CV(rJ_ !Z):quiqi.rigv(z)v Yy

with  £,(z)=exp(q,2 for three-dimensional and X ‘Iflykij (r, ,2)=0. (17)
¢E(D)= M4, j(2) for quasi-two-dimensional phonons. For
Frohlich interactiort® with three-dimensional phonons In order to eliminate the dependence on the electron coordi-
_ Amal® V21 \/T nates, we multiply the first equation bly:k; and the second
Cq= _'ﬁ“’LO< Vo ) ql’ - 2Mew o’ by ‘lf:)‘,k; and integrate over. The following matrix element
5 appears
_ -1_ _-1
a oo (e —€07)s (13

: . : f vy CHUy

whereV, is the normalization volume ang, (¢..) the static Ok, —v = L&y

(high-frequency dielectric constant. The actual form of the )

function 7q, i(2) can be found in Refs. 34—-36. =S¢ kg exp{l—aﬁqx(kﬁ-k{,)
To calculate the double polaron wave functisee Fig. 1 yry 2

and the corresponding energy splitting, we take into account

only the coupling between two statesai=£0, N=1) and where

10(?), (18




Ulf(»)=U*(v)=M*(v)CiKo(anydy, — andy),

Knm(p) = Knm(pxapy)

min(n!,m!) 1/2-|nm( p)n—ml p( p2>
=——| i — exp — —
max(n!,m!) J2 4
xexi(¢—m/2)(n—mILin . p%2), (19
and
Mao(dl, ,j>=f:dz[qom<z>]2nqi i@,
(20)

Moo= [~ deen(FPexstia?)

for two- and three-dimensional phonons, respectivplis a

two-dimensional vectomp = \/pxz+ pyz, ¢=arctanp,/p,), and
Lp(t) is the Laguerre polynomial. Using E@L8) we arrive
at the system of equations

<E—zl>ao<ky>—2v a;(ky—ay,v)
xex —iafdy(ky,—a,/2]U(»)=0,

(E-2o—hwo)as(ky,v)—ag(ky+qy)

X expliaggx(ky+ay/2)JU* (v)=0. (22)

Finally, substitution of the coefficiert, (k, ,») from the sec-
ond equation in Eq(21) into the first one results in the
equation for the polaron energy

AZ
E—El—m=0, (22)
where
AZ=2 [U(w)[2, (23

14

Equation(22) has two solutions

\/(El_zo_ﬁwLo)z_'_Az,
(24)

2
where the indicea andb correspond to the upper and lower
signs, respectivelysee Fig. 1 Using the result of Eq(24),
we find the polaron wave function

_21+20+ﬁwLo +
= > +

Ea,b

exdiafig. k,—a,/2)]
®p|0>_k2y aOp(ky){\Ifl,ky+Ey Ep_EO_hC’)LO

T
X U* ( V)\Irovky_qybv} |0), (25)
wherep is a or b. Direct calculation shows that wave func-
tions of the two branches are orthogonfa® 0} ®,=0.
From the normalization conditiotﬁdsr@;p:l we find
that
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A2 -1
agp(ky)|?=| 1+ 26
kzy | Op( y)| (Ep_zo_ﬁwLO)z ( )

Let us choose the coefficieat(k,) as
A2 —-1/2
= ’ +

aOp(ky) 5ky‘ky 1 (Ep_zo_tho)Z ) (27)

so that the polaron wave functions are characterized by the
quantum numbek, . Substitution of Eq.(27) in Eq. (25
results in the final expression for the polaron wave functions

A2 —-1/2

Ep_zo_ﬁwLo)z

exdiaZay(ky—ay/2)]
\Iil'ky—’_z,, Ep—20—fhwo

®pky|0>: 1+ (

X

X u*(v)\lfo,ky_qybi} |0), (28)

which are orthonorma,ld3r@;,%@p,ky: 8p,p' Ok, ;- Under

conditions of exact resonancew.y=w o We have
Exp=21*A and the splitingAE .= E,—E,=2A is pro-
portional to \/a, a characteristic feature of the quasi-two-
dimensional systems, as has been shown by Koretval. in
Ref. 21(see also Refs. 22 and RFAccording to the calcu-
lations of Ref. 24, the magnetopolaron splitting in GaAs-
AlAs QW's is ~0.2h v . In the limitk,=0 the wave func-
tion of Eq.(28) is reduced to the one in EQL5) of Ref. 23,
where the two-phonon term has also been taken into account.
Note that the two-phonon contribution is not important for
the calculation of the magnetopolaron splitting to the lowest
order ina.

We proceed to estimate the magnetopolaron splitting
AE=2A for Frohlich interaction with three-dimensional LO
phonons. Using Eqg19) and(13) we obtain

I o0
AEsp= 2% 010\ /%[ fo dxxexp( —X)

* |M3D(qz)|2 2
Xf_oc q22x+—a,ﬂq§ , (29

wherex=aZ%q?/2. For quasi-two-dimensional phonons

2.2
RO

2

S 2.2
AEyp=2 2m? dqg, exp(—azqi/2)

112
: (30)

xg |Cql? Map(qy )2

whereS is the normalization area. The polaron wave func-
tion under conditions of exact resonance can be written as
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pky(weH:wLo)|0>

1

V2

XU*(V)‘I’O’ky_qybIhO).

1 _
Wy, =22 exdiafadky—ay/2)]

(31

Since bothA andU* are of ordera, the two component

(n=1, N=0) and h=0, N=1) are equally represented in

the polaron state.

Finally, we give below the expressions for the magneto-
polaron energy and wave function far from the resonance

where

A<ti|wey—wiol- (32

The results are different for lowdieft) and higher(right)

magnetic fieldgsee Fig. L In particular,
E.,=E 3ﬁ + ol
ar = Eb|= 5 Wen H(oen—wio)’

®aky,r|0>:®bky,l|o>

s exfiafid.(ky—a,/2)]

v fi(wen— @1 0)

:|:\P1’ky+

|0); (33

X U*(u)\lfo,ky_qybi

1 A2
Ea’| = Eb,rz EﬁweH+tho+ m,
e

®aky,l|o>:®bky,r|o>

A‘I’l,ky . 1

| (00— wen) A

Ey exfiaau(k,—q,/2)]

x u*<v>wo,kyqyb1] 0). (34

Equations(34) coincide with the results of the lowest order

perturbation theory when only n&E0, N=1)—(n=1,
N=0) transitions are taken into account. The steﬁ)@s;zw

andbky,, are formed mainly by the state=1, N=0 with

a small admixture of states=0, N=1, whereas the oppo-

site is true for the state@akyJ and @bky,r. The energy

I. G. LANG et al. 54

emit the quantuns of scattered light:

Voc?nng
W,

(277)3U|Uswsa)| (39

€5,855€1 80\ Suypr =
wherew,, g, n;, andy, (wg, &, Ng, andug) are the fre-
quency, polarization, refractive index, and group velocity of
incident (scatteregllight. Using Fermi’'s golden rule,

2

W= KHHDPSE~Ep, (36)

e (U IVIBY BV
D=2 e eyE-8) -~ @

In Eq. (37), U, (Ug) corresponds to the interaction of elec-
tronic subsystem with incideriscatterefllight. The ground-
state wave function of the crystal can be written as

Wi=6(r1=r,)0), (39)

wherer, (r,) is a coordinate of electrothole). Similarly,
the wave function of the final state in the process of Raman
scattering by two LO phonons is

W= 8(r,—rp)b] b} |0). (39)
The matrix elements of), and U in Eq. (37) include the
constantdV, andMy:

’7Tﬁ1/2
M'<s>:‘(v—o

wherep,, is the interband matrix element of the momentum
operator. The interaction of the electronic subsystem with
phononsv=Ve+V" has been defined in E(L2), where one
has to substitut€y= — C¢ for holes.

Since we are interested only in the process of resonant
two-LO-phonon Raman scattering involving a double mag-
netopolaron(see Fig. ], a constrain on the incident light
frequencyw, has to be imposed so that the direct creation of
the real triple and higher polaron states will be impossible. In
the vicinity of w.y= w g this results in the condition

e

Uj(s)
m_O(Q(s)pCv)

1/2
—1 , (40
Cn|(s>w|(s)>

ho<fwo=Eqg+e®+e"+ (52 wep+ (5/2h wny .
(41

It will be shown below that both incoming and outgoing
resonances in two-LO-phonon processes are formed with the
participation of only double polaron states whep<wq.
We also assume thab,>m,.

All calculations below are carried out in terms of magne-
topolaron states. However, the selection of important contri-
butions to the scattering efficiency seems to be easier when

corrections are of first order im and corrections to the wave the scattering process is considered on the basis of bare elec-
functions are of the ordefa. However, these results are not tronic excitations. In Fig. 2 we show four diagrams for the
accuraté® since all corrections to the wave functions andscattering amplitude that give the main contribution for
energy of the same order inrelated to transitions into other wey=w . In the diagrams, solid lines aboybelow) the

states of the system have been neglected.

IV. TWO-PHONON RAMAN SCATTERING

dash-dotted line correspond to electr@hsleg, dashed lines

to phonons, and dotted lines represent photons. Only the
Landau number of electronic excitations are shown. Vertical
sections 1, 2, and 3 correspond to the three intermediate

In order to calculate the scattering efficiency we use thestates. At first, let us neglect the polaron effect. This is the

connection between the light-scattering teAdts,, 5, and
the normalized probabilityVs per one incident photoh to

same as neglecting the dressing of the electronic propagators
n=1, which occurs through the resonant transitions into the
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a PES dui b >
A n=1 *ﬁ\ n= A ﬁn)ﬂ___( n=0 7
*"t n=0 n=1 \Q\_* n= .
n=1 > S < FIG. 2. Diagrams for two-LO-phonon Raman
] 5 3 ] 2\>“ —— s_cattering amp_litude in.the basis of bare_ e>_<cita-
3 tions. The vertical sections 1, 2, and 3 indicate
c >—t1=— d L intermediate states. The diagrams are selected in
- B A a7 y—- such a way that all of them describe contributions
-y =1 })* =1 5 -4 n=0 /‘-—P-‘ n=0 __ .. with two real intermediate states: 1 and 2 for pro-
D n=0 2 n=1 R4 cesses with direct creatioma @ndc) and 2 and 3
O N N R T for processes with direct recombinatiob énd
] — d). The polaron effect is taken into account
n=1 n=0 through dressingd) the electron linen=1 by
1 2 3 1 2 3 resonant transitions to the state=0 with emis-
sion of LO phonons.
n=1 = n=1 + n=1 / - \ n=1 - n=1 / - \n=1/ - \n=1+ "
n=0 n=0 n=0
e

staten=0 with emission of LO phononéseee in Fig. 2). 9-11, 28, 29, and 32. Note that in this case all vertices of
For bare electronic propagators it is easy to see that forinteraction with light (empty circle$ and phonong(filled
wen= w_o the states 1 and 2 in diagraanof Fig. 2 can be circleg are calculated with the wave functions of bare elec-
simultaneously real while the state 3 is then virtual, whichtrons and holes from Eq$3) and(6), respectively.
corresponds to the doubly resonant process with indirect re- Another equivalent way to do the calculation is to work in
combination. For the processin Fig. 2, the states 2 and 3 the polaron basis, which is assumed in BY). Let us define
can be real while the state 1 virtual, corresponding to thehe intermediate state8 and y in Eg. (37). All important
process with indirect creation. Similarly, the diagramscof contributions to the scattering amplitude are shown in Fig. 3.
andd of Fig. 2 show the doubly resonant processes of in-The double solid lines in the diagrams represent polaron
coming and outgoing character, respectively. Thus we havpropagators. The empty squares correspond to the interaction
selected all of the most important contributions. Now takingwith light. Note that creation of a polaron and a hole through
into account the infinite series of the diagramsim Fig. 2  the absorption of the incident light quantum occurs via cou-
with the help of the Dyson equation, one can calculate thgling to the pure electronic component of the polaron wave
scattering amplitude for two-LO-phonon Raman scattering irffunction in Eq.(28). However, the process of polaron-hole
the polaron regime. This approach has been used in Refsecombination can take place in two different ways: depend-

///
q ’

e

l<.Q

N

T FIG. 3. Same as in Fig. 2, but represented in
the polaron basis. Empty and filled squares cor-
respond to the vertices of interaction with light
and phonons, respectively. The corresponding ex-

Y pressions have to be evaluated with the wave

functions of a double polaron shown by the

double lines. There are two intermediate states

B and vy instead of the three states in Fig. 2.
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ing on the electronic component of the polaron wave func{f|U| y),
tion that couples to the hole, the recombination results in a
scattered photon alone or accompanied by one phonon, as
shown in(b) and in(a) and(c), respectively, of Fig. 3.

It is worth noting that the electron-phonon interaction can
be separated into two parts: resonant and nonresonant. We
call the interaction resonant if it leads teal transitions of
the electron with emission of a LO phonon. Rogy= o
this means that the resonant part of interaction is represented X ex;{iaﬁqlx(ky—qu/Z)], (46)
by matrix element¢n—1|C%*|n) from Eq.(12), wheren is ) o
the Landau number. This part has been taken into accoufd (flUg|y)2 differs from (f[Ug|); by the SUPSt'tUt'O”
exactly in the calculation of the polaron states. The rest of2—¥1- Evaluating sums overg=(pk,,n",ky) and
the interaction (nonresonant can result in the polaron- ¥=(n".ky,v) in Eq.(37), we find
polaron transitions with emission of LO phonons. In the dia-
grams of Fig. 3, the vertices of the nonresonant polaron-
phonon interaction are shown as filled squares. Note that it is h
precisely the nonresonant character of all transitions withV"ere
phonons involving polaron states that allows us to calculate LL
the scattering amplitude via perturbation theory, whereas the 3/, = 5(, ,H)M M J12——% p]e/“’l‘ Kio(@4G1y » — 8r0)

AZ -1/2
(Ep— 20— fw o)’
M SH 5_ kg ,ky—quan",oéllvz

X E,—So— oo P;e/:Klo(qulyv_qulx)

=1+

(fIH|i ) =H+Hp, (47)

infinite series of contributions has to be taken into account 2may,
for resonant transitions & in Fig. 2. hs _ B
We proceed to calculate the scattering amplitude taking X Py, Kiol —andzy an02x) Oy, +a,, .0 (48)
into account the three contributions of Fig. 3, which are
equivalent to the four diagrams of Fig. 2 with the dressed - A? -1
lines representing the electronic state 1. Let us consider Blw H)= 5 1+ (Ep_zo_ﬁwLo)2

each contribution separately.

(i) Diagrama in Fig. 3 is equivalent to the sum of the two
diagramsa andb and in Fig. 2. In the polaron basis the state
B in Eq. (37) consists of the polaronp(k,) and the hole

(n’,k)’,), and the matrix element of transition-{ B) is given
by

—-1/2
5k)’,,—ky5n’,1a
(42)

AZ
1+
(Ep—Xo—fiwi0)*

(BlU[iy=MT1

where

1= f:dch%zm“(z)

and ¢(z) has been defined in E¢4). The transition— y
consists in the emission of a phones=(qy,qy,j) by the
hole that ends in the state’(k),

(YIVIB)=P}* Kpr i —andy, — augy)
xexd —iayay(ky—0q,/2)] 5k; K= dy; (43

where
PhE=ChOM" (). (44)
Finally, the transitiony—f may be represented as

<f|Us|7>:<f|Us|7>1+<f|US|7>21 (45)

where

X[fhw—Eg—e®—e"—E,~ (32 iwpu] *
X(Ep=3o—fiwio) o —Eg—e®~&"—E,
—(12hwpy—thool L (49

and H,, differs from H,,; by the substitutionv,;« v,. We
have used also the relation

> exdiadk, (gt gp)]= by, (50)
ky HPRyM1x 2X 277aa Q15+ 0oy 0"
Note thatB(w,,H) contains two energy denominators de-
pending on the incident light frequenay . They correspond

to the incoming and outgoing resonances, each one being
split into two peaks. The factorE,— 3~ fw ) '~A"!

for wey~w o leads to an increase of the scattering effi-
ciency.

All the selection rules that follow from the matrix ele-
ments of Eqs(42), (43), and(46) have been taken into ac-
count when drawing diagram of Fig. 3. The two contribu-
tions in Eq.(47) correspond to the exchange of all three
quantum numbersg ,qy,j) < (—dyx,—dy,]’) between the
two phonons in the diagram. Such substitution is necessary
in order to take into account the interference effects in the
scattering efficiency. Thus the three diagrams of Fig. 3 have
to be complemented by three additional diagrams with ex-
changed phonon indices.

(i) This is the case of the diagramshbrin Fig. 3 andc in
Fig. 2. In this case both phonons in a scattering process are
emitted by the polaron. The stgteis the same as in case.
However, in the statey there are two phonons, a polaron,
and a hole.

The final expressions for casi) becomes

(fIH[iyy=Hys+Hpz, (51)



54 MAGNETOPOLARON-INDUCED INCREASE OF THE ... 17775

where g =20 0y T lfzvm"" To calculate the prob-
ability W, we use the following properties of the function
X

Hin=Z(w; ,H)MM H2 2P 1 Kao(@nday , —anday) Kimn(Px Py):
Kmn(vapy)anm(_pery)a

X P]e}: KOl(quZy T quZX) 5qn+qu ,0
2 -1 K:m(pX1py):Knm(va_py)-
XE 2 Finally, with the help of Eq(35), we find
(E o~ fiwo)
X[hw|— Eg—e®—e"—E,

— (312 hwpy— 2k o] L (52)

€% 855€5,€% Saypr = 2K 8(Fi o) — Frws— 2ﬁwLo)qE B2,(q,)
1

2 4 X2 |[A(wr H)+C(wp H)]
(E —So—hwo)?

X(Ep—zo—ﬁwLo)_l

Z(w ,H)= E

e e
XP% ’jP_ql 'j,+B(w| H)

x(P¢ P" 4P L PM /22
x[hw,—Eg—se—s“—Ep—(3/2)hwhH]*1, (Pa. T BT P |
(53 (58
andH,, can be obtained frorft{;; through the exchange of where
the phonon mt_jlces. _The last energy de_nommator in(E§. M4 S #het |ape|?lepe?
describes an incoming resonance. It is clear from the last K= 52 > ,
denominator in Eq(52) that outgoing resonance from this (2m) VOaH mO W s
contribution is impossible whew,< w;;. We can then sub- s 5 s 5
stitute E,, — (3/2)h wey and use the fact that, [ ] 1=1. _ > andl ayq;
L i P Bo1(d.) =[Kox —andy,anay)| exp —
(iii) In this case statg consists of the electron and the L y»SHHEx 2 2 )
hole in the Landau leveh=0 with the opposite sign of
ky, as shown irc Fig. 3. In statey there is a phonon emitted Ao H)=(ho,—Egp—fiw,y—2ho o) 1Z(w) ,H),
by the electron, a polaron, and a hole. This contribution cor-
responds to diagram in Fig. 2. We find Clo),H)= (o — EgH)_lX(wl H), (59
CFIH[ym=Hua + Huiz (54 EQHZ Egte®+e"+(12ho,u
L, B _eH MMy,
H|||1=X(w| ,H)M M H2 Pe* KOl(quly, a‘quX) WuH= weH+whH_Er M= Me+ My, .

ex _ The results of the sums irZ(w;,H), X(w;,H), and
vazKlo(quZyv qu2x)5qn+q2l,0 B(w|,H) are ! !

—F —ge_oh_ _ -1
X[ho—Eg—e®—&"— (UDhwey— (L2hwpy] ™7, Z(o H)=[(hay—h Q)2 (A2)2] 1,

(59
) 3 (@1, H)=[(ho—hQe)?— (A/2)2] 2,

X(o W)= 20 |1+ (o =2 By H)= (200~ Qi Qo)
X(Ep—Xo—hwo) X Z(w; ,H)X(w; ,H), (60)
X[fho—Eg—e®—e"—E, where
— (12 iwpy— o] (56)

1O =Egy+ o+ h(went L0)/2,

The last energy denominator corresponds to the outgoing
resonance. The total matrix element for transition into the
final statef with phononsy, andv, is A 2\/<ﬁweH_tho 2

2

7 Qou=EguthoLot i 0ent 0L0)/2,

+ A2, (61)

(FIHIy = (IR + M |+ (P H 1) (57 _ _
Note that();, and (), correspond to the incoming and out-
Let us substitute Eq57) into Eq. (36). The sum over final going resonances in the limit of zero magnetopolaron split-
states in Eq(36) runs over all combinations of two phonons ting.
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V. DISCUSSION AND CONCLUSIONS where A~ . Far from the points of anticrossing the po-
laron effect is not important and conditions for double reso-

nance cannot be realized. Only single resonance is possible
and instead oZ%(w, ,H) a factor

The magnetopolaron effect results(ii a strong increase
of the scattering intensity an@) a splitting of the incoming
and outgoing resonances for two-LO-phonon Raman scatte
ing into two doublets. The first doublet appears around the

frequencyQ,, atiwg in. =% Q= (A/2) and corresponds to (ﬁl‘ 2

o -2
the incoming resonance when the energy of the initial state is (AE)

2
equal to the energy of the first intermediate stgtevith a
holen=1 and a double polaron in an upparor lowerb  appears in the scattering efficiency whe¥g is the energy
energy branch(see Fig. 1 The second doublet at detuning. Thus the polaron effect corresponding to the con-
fiog oy =1 Qo (A/2) is close to a frequenc§l,, and  ditions of a double resonance leads to the increase of the
corresponds to the outgoing resonance when the initial staiscattering efficiency by the factorAE/A)2 when A
energy equals the energy of the second intermediate gtate > (#I'/2). Since A~ \a, the scattering efficiency in the
consisting of the hole=0, the upper or lower polarons, and magnetopolaron regime is of orderand of ordera? other-
the LO phonon. Since we assumexy>m,, the difference  wjise.
Note that the result of Eq65) has a general character and
Qour= Qin= w10~ @hy 62 can be applied to all cases of double resonance where the

is positive, but() < w o, Wherew,, corresponds to the di- €rossing of energy branches results in the splitting of a
rect creation of a triple polarofsee Fig. 1as defined in Eq. double resonance peak. Neglecting the splitiegds to an
(41). In Refs. 9-11 the approximatiom,—x has been incorrect estimatefor scattering efficiency~ (AI'/2) 4,
used. In this case,y=0 and Q= w|o, which means that Which follows from the simultaneous vanishing of the two

one cannot neglect the contribution of the triple polaron.  out of three energy denominators corresponding to the inter-

Our result in Eq.(58) is valid for wep=w o, 0;=Qi,, mediate states. This estimate is immediately obtained if the
and w; =, First let us consider the range resonant coupling between the states=@, N=0) and
(n=0, N=1) leading to the thick dressed lines for electrons
o= Qin| ~A,  |wen— oo ~A. (63)  (see Fig. 2is incorrectly neglectednder the resonant con-

ditionS WeH= W O -

SubstitutingA, C, andB in Eq. (58), we find that close to the In a similar way, close to the outgoing resonance

incoming resonance

€ 85p€s,E% Suyn=2KZ% () H) 8(fiw;— hwg |oj— Qou ~A,  |wen— oo ~A, (66)
_ZﬁwLo)qz Bél(ch) one finds
1
g j e 0 €5,€55€5,E0\ Sy
N -4

— 2 — —
| o — Egp—fhwm—2hwro =2KX“(w;,H)0(hw,—hiwg— 2w o)

e h e h 2 Pe P‘i oy
(Pq, jPq, ;s P=q jPoq ,j’)lz‘ xS B2(q) S |
th_EgH_ZthO | ' @ i’ ﬁwl_EgH
e h e h 2
(64) (Pqi ij*qL ,j'+P7qL 'jp(h ’J')/z‘ 67)
The first and the second term in vertical bars correspond to fio—Egy—ho,y | ’

the processes where both phonons are emitted by the electron
and where one phonon is emitted by the electron and anotherhere
by the hole, respectively. The energy denominators in verti-

cal bars describe virtual intermediate states for correspond- X2(wy H) =l — o — AT a2 2
ing processes and cannot be equal to zero for laser frequency b ! R out ou
close to the incoming resonance. In order to analyze the reso- X |hoy—hog oy — AT oup/2] 2.

nance behavior of the scattering efficiency we introduce fi-
nite lifetimes for resonant states. Then the functionOn the right-hand side of Eq&4) and(67) one can easily

Z%(w; ,H) from Eqgs.(60) and(64) is transformed into separate the contributions of processes of ypavhere one
5 B . s phonon is emitted by the electron and another by the hole,
Z%( o), H)=|ho—hogins —17Tina/2) and types(ii) and (iii), where both phonons are emitted by
X o — o — AT /2] 2. the electron. Fomesz'Lo.the energy detuning in the 'iny
virtual state for proces§) is i w o— wpy, Whereas for(ii)
For both components in the doublet we have and (iii) it is 2% w g for both incoming and outgoing reso-

nances. Thus the processes of tyjjeare more effective in
the Raman scattering and should give the main contribution
for the case involving the light holes in GaAs.

AN 21-1
A2+<7) , (65)

Z*(wRin= H)=(E)_2
Inx» 2
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— ' ' T T can be described qualitatively in a similar way. This means
that under resonant conditions with respect to the incident
light frequency and the magnetic-field strength the scattering
efficiency of N-LO-phonon Raman scattering is of the order
of a for anyN. One can say thdf out of N+ 1 intermediate
states in the scattering process are real and only one state is
virtual. However, it is more correct to say that all real inter-
mediate states represent the real state of a magnetopolaron
with multiple splitting. This qualitative picture may break
down for higher-order processes when the Landau levels are
not equidistant, e.g., because of nonparabolicity effects. Ob-
viously, this is not the case for two-LO-phonon process
where only the energy separation of one pair of Landau lev-
els is important, which can be tuned by the magnetic-field
e L strength.

(0,—wg) /A Fi_nall_y, we analyze qual@tatively the role of phonon dis-

persion in the growth direction. For narrow QW'd<50 A

FIG. 4. Magnetopolaron-induced splitting of the incoming or the in GaAs the characteristic separatidnw; of quantized pho-
outgoing resonance profile in two-LO-phonon Raman scattering’O modes may be larger than their broadening. Then each

Scattering efficiency

The dashed curve corresponds to the direct contribution from loweflua@ntized phonon mode results in a double magnetopolaron
and higher polaron branches, whereas the dash-dotted line sho the magnetic field strength to be found from the condition
their interference. The solid curve is the total scattering efficiency@en= @; - Then one has to distinguish between two phonons
A phenomenological broadening of @ lhas been used in the cal- in the final state, which can be of a different frequency. To
culation. Far from the magnetopolaron resonance both peaks shoul@ist double polaron states, we need at least one of these
be reduced by the factor (AE/A)2, whereAE is the energy de- phonons to be in resonance with the electron cyclotron fre-
tuning andA the magnetopolaron splitting. quency. This is easy to achieve by tuning the magnetic field.
Another phonon can be either from the same or from some
In Fig. 4 we show the results of calculations of the reso-other size quantized mode. All equations obtained above are
nant profile for two-LO-phonon Raman scattering in the po-directly applicable to the case when both phonons corre-
laron regime whenw,=w . The profile is the same for spond to the same b.ranch. Thgn we have to substitute
both incoming and outgoing resonances showing the double@Lo— @j andX,—2q, in all equations. Let us assume that
polaron splitting of the peak. The dashed line shows directhe magnetopolaron splitting/@=23q, |U(j,q,)[*<Aw; .
contributions from the two polaron branches, whereas th&Ve consider the incident light frequenay,=Q;;, and
dash-dotted lines represent their interference. The sum i@1={}; out, Where
shown as a solid line. We have used a phenomenological
broadening of 0.A in the calculations. Note that exactly in ~
the middle between two peaks the interference contribution hQjin=Egnthopyt (hoeythio))2,
is equal to the direct one, whereas it is not important close to
both resonances. -
Double resonance conditions cannot be satisfied in the 1 Qj o= Egntlioj+ (hweytfiw))/2.
case of one-LO-phonon Raman scattering via the intrabangie two peaks in the resonant profile split into two doublets
Frqhhch |'nteract|_on becayse o_f the Landau number CONSelt o = () .+ (A/2) andw, = o, (A12), where
vation in interaction with light®=3°Although there is a mag- ! '
netopolaron splitting of the Raman peak, there is no increase
in the scattering efficiency. Nevertheless, double resonance hwen—Hho,
in a one-LO-phonon Raman scattering can be realized for AJ‘ZZ\/(T
interband transitions via deformation potential or in the elec-
tric field 28-30 The generalization to the case of two different phonons in
Now we discuss qualitatively the role of higher polaronsthe final state is rather straightforward and consists of elimi-
(see Fig. 1in Raman scattering. Ab,= w|q the direct cre- nating one of the two contributions to each of three matrix
ation of a triple polaron becomes possible. Triple polaronslements in Eq(57). The exchange of the phonon indices in
appear as a result of strong interaction between the staté&xs.(48), (52), and(55) does not lead to equivalent contri-
(n=2, N=0), (n=1, N=1), and =0, N=2) when butions anymore. One of the two contributions in each pair is
wey=w_ - Under such conditions a three-LO-phonon Ra-always nonresonant and can be neglected. The other limit
man scattering might be triply resonant. In terms of bare2A;>Aw; is more complicated and we leave its analysis for
excitations this means that three out of four intermediatduture work.
states in the scattering process can be real. Using the basis of To summarize, the wave function and energy spectrum of
magnetopolaron intermediate states, one can say that the pr@-double polaron has been derived for resonantly coupled
cess takes place via real states of a triple polaron. The scatlectron and phonon subsystems of a quantum well. The
tering efficiency is proportional ta and the triple resonance magnetic-field range both in resonance and far from reso-
splits into three peak®:** All higher-order Raman processes nance has been analyzed. In the nonresonant range of the

2
) +A?
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