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Magnetopolaron effect in parabolic quantum wells in tilted magnetic fields
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The magnetopolaron is investigated in parabolic quantum wells in the presence of a tilted magnetic field.
The Landau levels of polarons in GaAs/GgAl,As parabolic quantum wells are calculated for different
subbands. The effect of the electron-phonon interaction on the polaron energy levels is included within second-
order perturbation theory. The influence of the direction of the magnetic field on the polaron effect on the
different electron energy levels is studied. Possible magnetopolaron resonances are also discussed.
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[. INTRODUCTION carriers to the vertical one. This leads to an interaction be-
tween the cyclotron resonaneg, and the harmonic oscilla-
In recent years, improvements of the semiconductoior {2 along the electric confining potential.
growth techniques have offered the possibility to obtain low- !N the present paper, we will investigate the polaron ef-
dimensional semiconductor structures with any desired welf€Cts due to the coupling of the electrons with longitudinal-

shapes. One of those structures is the so-called parabol?(,ptical (LO) phonon moqes in a tilted magnetic field. The
quantum wellPQW). The PQW’s based on GaAs have beenpolaron energy levels will be calculated, and consequently,

developed by tailoring the conduction-band edge of a gradeﬁ: L S
. ; fluence of the direction of the magnetic field on the polaron

Gai,_xAlxéisemlconductor by p_roperly vgrylng the Al mol otect as well as the possible magnetopolaron resonances will
fraction x."~~ Remotely doped wide PQW's have been pro-pq <t died.
posed as structures in which a high mobility quasi-three- Magnetopolaron effects in quasi-two-dimensiot@2D)
dimensional electron gas can be realized. Magnetotranspogg,stems have been studied extensively in the last
experiments on these systems confirmed the existence of facadéel-25But almost all the work is based on the hetero-
thick slab of hlgh moblllty electron gas. Such structures arqunction and quantum well Systems in the presence of a per-
closely related to the theoretical construction of jellium, con-pendicular magnetic field. Theoretically, only the Landau
sisting of a highly mobile dilute electron gas in the potentiallevels associated with the lowest electric subband were stud-
of a positively charged background. Interestingly, in thesded and a few papers involved in the polaron effects in
systems the bare harmonic-oscillator frequerityof the ~ PQW'’s. Larsen studied the polaron cyclotron frequéhcy
PQW, which is solely determined by the curvature of thewithin the Rayleigh-Schiinger perturbation theory
confining potential, equals the plasma frequency of the threelRSPT), and the present authors calculated the polaron bind-
dimensional electron gas which is a consequence of the geig energy® in a PQW in the absence of any magnetic field.
eralized Kohn’s theorerh. Later, Kthn and Selbmann investigated the magnetopolaron

Magnetotransport and far-infraretFIR) investigations effects in a GaAs PQWRef. 23 and Haupt and Wend/&¥
have uncovered a large amount of interesting results thajtudied the effects of a tilted magnetic field on the polaron
shed some light onto the understanding of many fundament&clotron mass. In the present paper, the magnetopolaron

properties of low-dimensional systet€? FIR spectroscopy effects in the PQW’s will be studied in tilted magnetic fields
on such structures yielded information of the generalizednd Peyond the lowest electric subband approximation. We

Kohn's theorenf. i.e., a perfect PQW absorbs far-infrared will show the possible magnetopolaron resonances in higher

radiation at the bare harmonic-oscillator frequetiryand is energy regime.

independent of the electron-electron interaction and the eIe(%- Thefpretf]ent paplj_er |sf0rgar|uzetd as: fct’rzlovf(’j TEe Ham_ll-
tron density in the well. Thus, it also has impact on the onian for the coupling of an electron 1o the phonons 1s

understanding of the infrared response of the harmonicall)gf"vent n Secli I, anld tt‘f bare %Ielctrgn Stﬁlt?rs] n al paralt_)ohc
bound quasi-one-dimensional quantum wires or quasi-zer uantum weill are aiso discussed. In Sec. € polaron Lan-

dimensional quantum dots, where the confining potentials ir‘fjau levels in such a system will be calculated using degen-

most cases can be regarded as parabolic. Theoretically, pal%tr—ate second-order perturbation theory, from which we ob-

bolic confining potentials are very attractive, since they altain the cyclotron frequency. We present our discussions and

low many properties to be calculated in a rigorous and ana(_;onclusmns in Sec. IV.
lytical fashion.

A powerful method to investigate the FIR magneto-
optical properties of the electron gas in PQW is to use a We consider the coupling of an electron to the LO

tilted magnetic field that couples the in-plane motion of thephonons in a parabolic quantum well structure in an arbitrary

e cyclotron resonance transition energies are obtained. The

Il. THE HAMILTONIAN
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magnetic field. The confinement potential is taken in thewith
z-direction, and the two-dimension&2D) electron gas is

formeql in the Xy plane. A magne-tic field B myw| ¥4 1 My LTI
= (B sin#,0,B cos¥) is tilted over an angl® with respectto  @n(@,X)=| —— H, 7 X|ex X

the z axis. The system under consideration can be described h v2"n! 2h b
by the Hamiltonian (7b)
_ where H,(x) are the Hermite polynomials and=x

H=He+HontHep D ik, mpwe. )
with When the magnetic fiel® is tilted away from thez di-

5 rection, the electric and the magnetic quantizations are

_ Px 1 . 9 mixed. The HamiltoniarH, can be diagonalized by a suit-
He_2mb + Zmb[py+eB(xcosa—zsm0)] able rotation of the system with respect to thexis. This
5 leads to two decoupled harmonic oscillators in the new co-
p; 1 ordinate systemx(,y,z’) with frequencie¥’
+ + -=m,Q2%z2, 2 o
Zmb 2
1
_ 2 2 4 4 202 1/2
R w1 =—(02+ Q%+ i+ Q*—2020%c0s 20)2. (8)
Hpn=2 hioio(bgbg+3), (3) V2© ot ’ ‘

q
Notice that we defined;=w,>w,=w_. The electron en-

where p (r) is the momentum(position operator of the ergy is given by

electron,m, is the electron band masg, is the harmonic-

oscillator frequency of the parabolic quantum well, and

bg» (bg) is the creation(annihilation operator of an optical
For an electron interacting with 3D bulk LO-phonon

EQ \=fiwy(m+3) +hw,(n+3), 9)

modes, the electron-phonon interaction Hamiltonkég), in , ) , N y
Eq. (1) is given by the Frhlich Hamiltonian Wik, (X'2Y,2") = dm(01,7") Pn( @2, € )\/Te Y
y
. P (10)
Hep=2, (Vgbge'd "+ Vibie 1Ty, 4
ep % (Vabg a-q ) @ where ¢,(w,x) is given by Eq. (7b), 7'=27'
Where + ylhky/mbwl, -f, =x"+ 72ﬁky/mbw2,
2 2\ 1/2
-Q
h V4 Jana I e! )
e A/ y1i=|—2—=| . (11a
Vq |ﬁw|_o< ZmbwLo Vq f (5) w1~ Wy
and « is the electron-phonon coupling constant. For polarand
semiconductors, such as GaAs and InAs, we hawl , and
. 2 2\ 12
consequently, we are allowed to use perturbation theory to (w1 T o
incorporate the effect of the electron-phonon interaction on Y2= w2_w§ (11b

the electron energy levels. Thus, the electron states described

by the HamiltoniarH, are an essential ingredient in the cal-  Ngtice that the level indexes andn in Eq. (6) have a

culation of the polaron effects within perturbation theory. In yitferent meaning from those in EG9). The former corre-

the following, we will give a short review of the bare elec- sponds to) and w, and the latter tav, and w,. For the
. (o] .

tron states in the system. case of a tilted magnetic fieldy, is mainly determined by

First of all, let us consider the situation in which the mag- '\ henw. <0 and w; by Q. For o>, the situation is
C C . C ’

netic field is perpendicular to the 2D electron gas plane, i'e“fhe opposite. i.e.w- is mainlv determined bw. andw- b
#=0. In such a case, themotion and thexy motion do not PP e y We @2 BY

couple, and each electric subband has a set of Landau Ievel%.'

The eigenenergy of the electron is given by
Ill. POLARON EFFECTS

0 _ 1 1
Emn=hQ(m+32)+hontz), 6) In this section, we will calculate the magnetopolaron en-

wherem,n=0,1,2 . .. are theelectric and the Landau-level €rgy levels including the electron-LO-phonon coupling. Us-
indexes, respectively, and,=eB/m, is the unperturbed cy- "9 second-order perturbation theory, the polaron energy in
clotron frequency. The corresponding wave function can b&Uch & system can be written as

written as 0
Emn=EmntAEmn, (12

1
‘Ifm,n,ky(x,y,z)z Hn(Q,2) pp(we, &) —e*Y  (7a) whereAE,  is the energy shift due to electron-phonon in-
\/L—y teraction, which is given by
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AE _ i i E |anm n’ (éi)|2 |Mmm’|nn’(a)|2:|Vqlszm’(§1)Gnn’(§2) (1559
" m’'=0n'=0 d thO Am r'I+Em n’ E%,n1 with
(13
— nma>< Nmin
where A, ,=AE, ,—AEg, within the improved Wigner- Gnnr (5)— e §2(”max Mma)e ¢ (Lo (977,
Brillouin perturbation theory?2® and (15h)

M (@) =(m’.n":q|H./m.n:0 14 where mpi,=min(m,m’),  Mpa=maxmm’), N
mn,m’n (C|) < q| ep| > ( ) =min(n n ) Moo= max(n n ),

is the matrix element of the electron-phonon interaction ) -
Hep. the ket|n,I; q)—|n>®|l>®|q) describes a state com- §1="0(q, + ¥1qy)2Mpw,,

posed of an electron in the levain(n) and an optical pho- 5 2 2 9

non with momentuntiq and energyiw, o . 2= R0 + v20y)2Mye2,
For the case of 90%6>0, using Eqgs(4) and (10), the  andL](x) are the Laguerre polynomials.

interaction matrix element in Eq14) reduces to Inserting Eq.(15) into Eq.(13), we obtain
|
20(fiw0)? <« < 1 Mein! N!0 (= 1)13" [ Mgy
AEm,n:_— Z z - m|nI m|nI E 2 ~ -
TN T m’'=0n'=0 ﬁa)Lo+ Em'_n'_Em,n_Am,n Mmax Nmax [=0 i’=0 ] J ! Mpyin—)
y Minax )nmin Nmin (_1)|+|’ Nmax )( Nmax )[Z(M—I—N)—l]”
Muin— " =0 7= IN"! Nein— 1) \ Npin— 1 2M+N
J g j do w0, w,cogO— (y5—sirt0)x?|M
X X -
0 0 wlwz—wLO[wz(yi—Co§0)+wl('y%—sinzﬂ)]xz ®, COS 6+ w; S §
w1Sit6—(y5—cogh)x?|N 16
w, COS 0+ w,Sit o ' (16
|
WhereM:mmax_ Muyin T+, N:nmax_nmin+|+|,’ and 'yzﬁky h ot it
— (~Talo —a o
Xo= \/wlwz/wLo(ﬁ’iwz+ ?’Swl)- Z(1) Mo, +\/ 2mbw2\c e+ cre v,
Equation(16) can be used to calculate the polaron energy (180

AE., , numerically. But for smalk, and(), the sum oven’

andm’ converge very slowly, and it is impossible to obtain

the correct results foAE, ,. To avoid this defect, we fol- wherea®™ (a”) andc® (c¢™) are the creatioannihilation

low Ref. 12 and cast the sum into an integration representayperators for the states corresponding to the quantum num-
tion. For the energy below the LO phonon, i.&<Eoo  persm andn, respectively. They are defined by

+hw o, AEq, becomes

AEm'“:_Z |Vq|zj due (hwro=Ampnlu
q 0

+ mbwl/ Y1 _. Pz
a*=1/ z'+ py| Fi——— (19
L 2h |\ myoy y) J2hm
X<m,n|e|q.r(u)eflq'r(0)|m,n>, (17) P

where F(u) is the electron position operator at imaginary
timeu=it as described by the Hamiltonian without electron-
phonon interaction. For real time, one has

yiky R | |y e
X(t)=— 4 (ateleit4 g g ot , *_ b®?2 n 2 . X
(t) . T ) c 25 | X ey P +|—m, (20)

and

(183
y()=—iy (a glott—g-g i) and they satisfy the commutation relatioha™,a*]=1,
[c",c*]=1, and[a*,c*]=0.
By using the above relations, we obtain the following
+y, (ctelet—c-eioat)  (18h) representation for the energy shift due to the electron-phonon

Zmbwz interaction



PRB 60
AEm,n: - aﬁwLofwdue(lAm’n/tho)u
0
o (M) 1 [4w0 m
><m/zzo (m,)m’ SIan(ZwLo)
x 3 (:) . 4wL°Si hz( ) Py (1),
n'=0 n
(219
with
5 (u):(—l)m’(z(m'+n')—1)!!
e [2(B2— B)]™
o m| 2 BB
ijo )Z ( ) \/— QJ+I(U)
(21b)
where
S A
(u)= t
S o T TIA=2(B1— B I A + 42 Br— Bt
(219
for j+1=0, and
(_1)|+j k+1-1 j+|_1
Qi+j(u)= )
VB1By =0 S
[2(]+I—s 1)—1]!s!
[2(J+I) 11 gIAI*!s
° [2(s—r)—1]!( 2r=1)!1( By
Z (s—n)'r! \,32)
(219
for j+1=1, where
pr="p 2 (1—e o), (228
32:%(1 e w2vloL0), (22
2

and A= y3B1+ v5B,.

When #=0, the magnetic field is perpendicular to the 2D
electron gas. For this case, we performed a similar calcul
tion, and we found that the above formuld$) and(21) are
still valid if we make the following substitution:w,

-, W We, ’)/1~>0, 724’11

Br Bo=g (1= w0, (23

and
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Bo— Bo,= ~oclolo), (24)

For #=0, we proved that the present calculation is able to
recover: (i) the 3D resuf® when Q—0, (i) the ideal 2D
result? when Q— oo, (jii) the polaron binding energy in the
absence of the magnetic field of Ref. 26 whep—0, and
(iv) the shift of the cyclotron-resonance transition energy
AEp;— AEqowithin RSPT as calculated in Ref. 13 when we
takeA; o=0 in Eq.(13).

The polaron energy levels have been calculated as a func-
tion of the magnetic fieldo.. Figure 1 shows the polaron
levels in a GaAs/AlGa, _,As PQW of )=0.7w, for dif-
ferent orientations of the magnetic fieléa) 6=0, (b) ¢
=15°, (c) =45°, and(d) #=75°. In the calculation, we
took «=0.068. The lower figures give the polaron energy
levels of the seriesn=0, andn=0 (solid curve$, n=1
(dashed curvesn=2 (dot-dashed curvesandn=3 (dotted
curves. The upper figures give the levels nf=1, andn
=0 (dashed curvgs n=1 (dot-dashed curveésand n=2
(dotted curvep The thin solid curves are the unperturbed
bare electron energidsmjn, and the thin dotted curves are
the energy levelsE ;5 =Eqot Mho;+nfiw,+fioo. We
found that the polaron effecfl) shifts the energy levels to
lower energy,(2) for =0, the Landau levels split around
Emy (the thin dotted curvesdue to the magnetopolaron
resonances, an8) when the magnetic field is tilted away
from the z direction, the electric and the magnetic quantiza-
tions are mixed. But the splitting of the energy levels still
occurs aroundE:S, . Notice that theE (5, depends or. It is
seen that wher¥>0, e.g.,6=15°, the left part ofw.,<Q
=0.7w o in Fig. 1(b) is similar to the corresponding part of
that at6=0 in Fig. A&. But, whenw.>Q=0.70 o, We
also found thatE, , at #=15° (the dashed curvesn the
upper figure of Fig. (b) corresponds tdsy; at =0 (the
dashed curvegsn the lower figure of the Fig. (&), and they
have a similar magnetopolaron splitting behavior. In the case
of 6=45° and 75°, the results are similar. For the higher
energy levels, the situation becomes more complex because
many resonances are found due to the strong mixing of the
energy levels.

With increasingf, w, decreases, which is clearly appar-
ent in Fig. 1d) (#=75°) where the distance between the
energy levels becomes very small. In this case, the energy
levels above the LO-phonon continuum split into many sec-
tions due to the magnetopolaron resonances. In the limit of
6=90° all the levels with the santa are degenerate, and the
upper and lower parts of the figures should collapse.

Next we consider the case 6f>w, o. Figure 2 shows
the polaron levels in a PQW fdR =1.4w o with () =0,

(b) 6=15°,(c) #=45°, and(d) 6=75°. The polaron energy

E]\evels of m=0, and n=0 (solid curvg, n=1 (dashed

curves, n=2 (dot-dashed curvesandn= 3 (dotted curves
are plotted in the lower part of the figures, and the levels of
m=1, andn=0 (dashed curvesn=1 (dot-dashed curvés
andn=2 (dotted curvesare given in the upper figures. The
thin solid curves indicate the unperturbed electron energy
levels Eﬁm and the thin dotted curves indicate the energies
EreS E00+ mﬁwl-i- nh(l)2+ﬁ£!)Lo
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EO'n/ ho,,,

W /0,

FIG. 1. The polaron energy levels in a parabolic quantum well with confinement frequerd). 70 o for different magnetic field
orientations:(a) =0, (b) 6=15°, (c) #=45°, and(d) §=75°. The lower figures give the levels of=0, andn=0 (solid curvg, n=1
(dashed curvgsn=2 (dot-dashed curvgsandn=3 (dotted curves The upper figures give the levelsof=1, andn=0 (dashed curves
n=1 (dot-dashed curvésandn=2 (dotted curves The thin solid curves indicate the unperturbed bare electron energy Ii:ﬂ(glsand the
thin dotted curves indicate the energy levElgyt A w o+ Miw; +Nhw,.

Because()>w o, the anticrossing ofv; and w, occurs IV. DISCUSSIONS AND CONCLUSIONS

above the LO-phonon continuuBy o+7%w . The splitting | FIR ical . N h
of the Eo, in Fig. 2(b) at =15° corresponds to that of the na magneto-optical spectroscopic investigation, the

Eo 4 in Fig. 2@ at 9=0, which is different from that in Fig. positions of the absorption peaks correspond to the transition
1 whereQ < w, . But, in Figs. 2c) and Zd), this splitting is ~ €nergies between the above calculated energy levels. Some
outside the calculated range (< 1.50 o). results have been obtained for magnetic fiBlet12 T in
For the higher energy leveE, , in the upper figures, the wide Ga_,Al,As parabolic wellS.

results are quite different from those wh@< w o, espe- In Fig. 3, the transition energieS,;—Eg ¢ (thick solid

cially for w.<w_ . In the upper figures of Fig. 2, we only curves as well ask; o—Eq ¢ (thick dashed curvesor a ()

give several branches. Actuall,, split into an infinitve =~ =0.7w o PQW of GaAs are plotted as a function of the
number of branches according to perturbation theory so thanagnetic field for(a) =0, (b) #=15°, (c) §=45°, and(d)

it is impossible to obtain the exact positions of these levels at=75°. The energy difference betweé&n ; andEqq (Eq
w.—0. andEg () is indicated by the thin soli¢thin dasheglcurves.
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5.0

EO'n/ hw,,

E /ho,

7
3.0 P 3.0
/,/’/,
o 7
3 vl — e
=20 A
o 7 /’//
72 =
‘/' /// //
1.0 = = ]
0.0 0.5 1.0 1.5
(Dc/wLO O‘)C/(‘OLO

FIG. 2. The same as Fig. 1 but now for a parabolic well vidk1.4w, o .

Notice that, atd=0, the transition between two Ievﬂ’O In Fig. 4, we plot the transition energi&s ;—Eq o and
andEQ , in Fig. 3(a) is forbidden. We also find that the po- E10=Egp for 2=1.4w 0 PQW as a function of the mag-
laron correction to the ground stag , is smaller than that netic field for (a) =0, (b) #=15°, (c) §=45°, and(d) 0

to the higher electric leveE, 5 as shown in Fig. @. The  =75°. We show that the transition betwelen, andEy o can
difference betweem\E; , and AEy, is 0.01Ziw o at zero  be strongly coupled with LO phonons whéh>w, o even
magnetic field, and it decreases with increasing. The for a perpendicular magnetic field€0). This is signifi-
splitting around# ) results from the anticrossing of the;  cantly different from the case in which the transition energy
and w,, which increases with increasingy The other anti- is smaller than the phonon energy. R 0° and 15°, such
crossings occur for frequencies larger thami@yy and are  a coupling is pronounced in small magnetic fields, and re-
a consequence of magnetopolaron resonances. We found tfgaiflts in the transition betwees, o and Eq o cannot be well
the position of the anticrossing nehw, o decreases with defined whenw.— 0. With increasingd, the space between
increasingd, and at the same time the splitting energy de-the levels of the splittedg; , state decreases, and the
creases. With increasingy more transitions become allowed electron-phonon coupling is enhanced as shown in Ki). 4
just above the LO-phonon energy due to the magnetophonon In the case of a perpendicular magnetic field, one often
effect, and the energy between them decreases. defines the cyclotron mas®* = (w./w*)m,, where o*
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(a)

(b) M (b) ’/I PPl

0.0 0.5 1.0 1.5

/6

LO
c /0,

0.0 0.5 1.0 1.5

FIG. 3. The polaron transition energi& ;—Eq (thick solid
curveg andE; o— Eq ¢ (thick dashed curvgsas a function of mag-
netic field in aQ)=0.70 o parabolic well for(a) =0, (b) 6
=15°,(c) 6=45°, and(d) §=75°. The thin solid and thin dashed
curves indicate the energy differencE§ ,—Eg, and E? .—EJ,,  from which they obtained the polaron cyclotron mass. The
respectively. The horizontal thin dotted line indicates the LO-present calculation is a generalization of the previous work
phonon energy. and is valid for any) andw.. When{)—0 and(}—o=, the

3D and ideal 2D results can be recovered, respectively.
=(Eo1—Eo /% is the cyclotron frequency including the While w.— 0, the result is also recovered in the absence of a
electron-phonon interaction, and.=eB/m, is the unper- magnetic field. As far as we know, the present paper presents
turbed cyclotron-resonance frequency. The polaron cyclotrothe first study of the polaron effects of the higher subbands
mass is enhanced fas* <w, o due to the electron-phonon above the LO-phonon continuum in a Q2D system.
coupling. By analogy with the perpendicular magnetic-field In conclusion, we have investigated the polaron effects of
case, the authors of Refs. 23 and 24 defined the polaroglectrons coupled to the LO-phonon modes in parabolic
cyclotron mass byn*/my,=hw,/(Eq1—Epg) in the case of quantum wells in the presence of a tilted magnetic field. The
a tilted magnetic field. They calculated the lowest few po-polaron energy levels are calculated within second-order per-
laron energy levels below the LO-phonon continuum andurbation theory in a multi-subband system. The influence of

FIG. 4. The same as Fig. 3 but now for a parabolic well with
Q= 1.4(l)|_o .
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the direction of the magnetic field on the polaron effects waur results are also helpful to understand the magnetopolaron
also studied. The magnetopolaron resonances occur at tledfects in other multisubband Q2D systems.

energiesElr;,=Eq ot Mhw;+nfiw,+ o o Where a split-
ting of the bolaron energy levels is found. Our calculation ACKNOWLEDGMENTS
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