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Abstract. An improved Wigner-Brillouin theory, developed by Peeters and Devreese, was 
extended to the case of lateral surface superlattices (LSSIS), where lateral periodic potentials due 
to the periodically srmctured interfaces a~ introduced into two-dimensional electronic systems. 
Numerical calculations were carried out for the energy dispersions of the magnetopolarons 
in GaAs LSSL slructures with periodic potentials along the lateral x direction, such as those 
produced by deposition of MAS and GaAs fractional layers on (001) vicinal GaAs substrates. 
The degenerate magnetopolaron energy levels become dependent on the electron wave vector 
k ,  in the y direction. forming magnetopolaron bands. For weak magnetic fields (o, < mm). 
the effect of the lateral periodic potentials on the electron-Lo-phonon interaction energy is 
negligible, the effect being mainly on the Landau levels of lhe free electrons in the LSSLE. For 
strong magnetic fields (mc > wm). the effect of the lateral puiodic palentials on the elecmn- 
lo-phonon interaction energy must be considered in order to obtain correct magnetopolaron 
energy dispersions. The transition energy between the first two magnetopolaron energy levels 
forms a wide band which will broaden pready the cyclomn resonance absorption spectra of the 
LSSU. 

1. Introduction 

Polaron states in two-dimensional electronic systems with magnetic fields applied normally 
to the systems, known as two-dimensional magnetopolarons, have athacted much attention 
from both theorists and experimentalists of condensed matter physics in the last ten years. 
Extensive theoretical works on the problem have been performed by Lindemann et a1 [I], 
Das Sarma [Z], Peeters and Devreese 131 and Larsen [4], for example. Very recently, 
Muller el al have experimentally observed the resonant inter-Landau-level tunnellings in 
a GaAs/AIAs superlattice with the applied magnetic field as high as 18 T [5 ] .  With the 
rapid development of crystal growth technology, it is now possible to fabricate quasi-two- 
dimensional electron systems with periodic potentials in the lateral directions [&14]. If 
the lateral confining potentials are not strong enough to prevent electrons from travelling in 
the lateral directions, the electronic systems are referred to as lateral surface superlattices 
(LSSLs), otherwise parallel quantum well wires or quantum dot arrays are formed. 

A variety of interesting phenomena associated with the electronic energy band structures 
of LSSU have been observed experimentally. Magnetoresistance oscillations with magnetic 
fields in high-mobility GaAs/Ga,-,AI,As LSSU have been observed, which show a 
different behaviour from the well-known Shubnikov-de Hass oscillations [15-17]. Strong 
anisotropies in the ratios of the electron-light-hole-exciton peak intensities to the electron- 
heavy-hole-exciton peak intensities of photoluminescence excitation spectra have been 
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reported in GaAs/AIAs LSSLS [1&201. Exciton-polariton localizations in GaAs/Gai-,AI,As 
LSsLs with the width of the lateral interface structures below 150 nm have been demonstrated 
[ZI]. In addition, a series of peaks in the differential resistance of LSSLs fabricated on 
modulation doped GaAs/Gal-,AI,As heterostructures have been observed in the region 
where the Fermi energy is of the same order of magnitude as the potential modulation. as 
a consequence of an oscillatory density of electronic states in the LSSU 1221. 

Of the various structures proposed for the LSSLS, the one produced by deposition of 
AlAs and GaAs fractional layers on (001) vicinal GaAs substrates seems to offer the greatest 
potential for wide application in microelectronics and electrooptics [le, 19, 231. This is 
because of the possibility of producing large periodic structures on &I. interfaces with 
periods L, = 100 - 300 8, comparable with the electron wavelengths and the large band 
offsets between GaAs and AlAs materials which enhance the effect of interface structures 
on the motions of the electrons in the usu. Indeed electronic wave interference devices 
using the GaAdAIAs LSsLs have been designed [24]. 

The magnitude of the lateral periodic potential caused by the fluctuation of the width 
of the LSSL can be estimated simply by [25] 

Avo = ~'/2m,)(n/L,)'(2AL,/L,) 

where L, and ALz are the averaged width and width fluctuation due to the periodically 
structured interfaces of the LSSL, respectively. For GaAs LSSLs, when AL,/L, is 
10% - 20%, AVO is about IO - 20 meV which is not negligibly small compared 
with the LO phonon energy hww = 36.8 meV in GaAs. In the resonant region, where 
w, = eBjm,c % m, we have for the GaAs LSSLS B % 20 T, which corresponds to a 
magnetic length lo = e = 57 A. For a sine-shaped lateral periodic potential 

AV(x) = AVosin(;?irx/L.,) 

our calculation shows that the energy spacing of the first two Landau levels of the free 
electrons in the GaAs LSSLS are mostly affected by the periodic potential AV(x)  when 
(zla/Lx) ir. 1, which requires L, == 200 A just in the possible region of the lateral periods 
of the GaAs/AIAs USU. It is expected that the lateral periodic potentials will change 
significantly the Landau levels of the free electrons and so change the electron-Lo-phonon 
interaction energies in GaAs LSSLS in the resonant region. In this paper, we report the 
calculated magnetopolaron energies in GaAs L.%U with periodically structured interfaces. 

2. Theory 

In a previous paper [26], we proposed a method of calculating the electronic subband 
structures in u S L s  with periodically structured interfaces, where a coordinate transformation 
was found to transform the LSSL structures to quantum wells with planar interfaces plus a 
lateral periodic potential which takes a rather complicated form. In this paper, to facilitate 
the calculation we adopt a much simpler treatment For a model calculation, the LSSL is 
described by a quantum well with planar interfaces and an additional periodic potential in 
the lateral x direction due to the width fluctuations caused by the periodically structured 
interfaces. The lateral periodic potential is given approximateIy by [25] 



Magnetopolarom in lateral surface superlattices 7453 

where A L , ( x )  is the width fluctuation of the USL caused by the periodically structured 
interfaces. In the effective mass approximation, the Hamiltonian of the electron-@phonon 
interaction system in a normally applied static magnetic field B = (0.0, B )  reads 

H = Ho+ HI (2) 

with 

and 

H I  = Vk exp(iq * P)Q~ + V; exp(-iq * p)n:] (4) 
k 

where m, is the electron band mass in Gas,  p = ( x ,  y) and p = - i h ( a / a x ,  a/ay) are the 
in-plane components of the electron position and momentum operators, A ( x )  = (0, B x ,  0) 
is the vector potential of the magnetic field in the Landau gauge, k = (q, k,) is the LO- 
phonon wave vector with q the in-plane component, and the electron-lo-phonon interaction 
coefficient is given by 

with (I the electron-Lo-phonon coupling constant and (po(z) the ground-state wavefunction 
in the z direction determined by the following equation: 

The electron potential VO(Z), which confines the elecmn in the two-dimensional well of the 
LSSL, is assumed to be infinitely high on the interfaces between the well and barrier of the 
LSSL. In writing the Hamiltonian H, (Zb(4). we have implicitly neglected the differences 
of the lattice dynamical properties of the well and barrier, so a bulk Lo-phonon system is 
considered. This approximation has been used by many authors to study magnetopolarons 
in two-dimensional electronic systems [2-4]. 

The eigen wavefunction of HO is taken as 

Because of the translational symmetry of Ho in the y direction, the dependence of the 
wavefunction on the coordinate y is a plane wave. Iph) are the free LO-phonon states. 
q.r, ( x )  satisfies the equation 



7454 Hong Sun 

with xkv = hck,/eB. For the case where A V ( x )  = 0, equation (8) is just the eigenvalue 
equation of a harmonic oscillator. When the periodic potential AV(x)  is not very strong, 
such as AV(x)/hw,  Q 1, equation (8 )  can be solved with the perturbation expansion theory, 
which gives 

m#n 

+... 

+... 
where qA”’(x) is the nth eigen wavefunction of a harmonic oscillator. 

in the LSSLS are given to the second-order energy correction by 
In the RayleighSchrOdinger (RS) theory [ 1,3], the energy levels of the magnetopolarons 

where IVq[* = En, IVklz. For GaAs LSSLS, hecause of the weak couplings between the 
electrons and LO phonons with (I = 0.07 and IVql* m (I, in the calculation of AE,RS(k,) 
we can take the first-order approximation for cn(kY) and the zeroth-order approximation for 
qn,ky(x) .  From equations (9) and (IO), we have 

E ” ( k Y )  = (n + ;)hoc + 6&”(kY) 

(13) ro) = (n  + $wc + ( P , ! ~ I ” ’ ( ~  - xa,) I A V ( x )  I 9” (x  - Q.,)) 

and 

Pft&,(X) = @ ( x  - XkJ .  (14) 

RS theory works well in the weak-field region where w, << qa. But in the resonant region 
where w, % WLO, AE,RS(k,) goes to infinity for n # 0. A modified Wigner-Brillouin 
theory [ I ,  31, referred to as ‘improved Wigner-Brillouin’ (WE) theory in the literature, has 
been proposed to study the magnetopolarons in two-dimensional electronic systems with 
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planar interfaces. Here we extend the IWB theory to the case of the usu. We redivide the 
Hamiltonian H (2) into 

H = HA + Hi = [Ho + AEy(-py/h)l+ [HI - AE;'(-py/h)l (15) 

where AE,RS(k,) is the ground-state electron-LO-phonon interaction energy determined by 
equation (12), and p y  = -aa/ay is the y component of the electron momentum operator. 
The eigen wavefunctions of HA are the same as those of NO given by equation (7). with 
the eigenenergies equal to E, + &,,(/cy) + AE,RS(ky) + nhw,. The energy levels of the 
magnetopolarons of the usu in the extended IWB theory are given to the second-order 
energy correction by 

En(k,) Er + & n ( k y )  + AEnWy) (16) 

with 

For all the three cases we consider, where we take AVO/?I~, = 0.5, and B = 10 T 
(ac ir. O . S w ~ ) ,  B = 20 T (of ir. WLO) and B = 30 T (oc iz! 1 .%LO), respectively, numerical 
calculation shows that the bandwidth of AEtS(ky  + qy )  is much less than hw, (see figures 
I ,  3 and 4(b)). We can safely take AE,RS(ky + q y )  iz! A E t S ( k Y )  in equation (17), which 
makes AEo(k,)  = A E t S ( k y ) .  The electron-Lo-phonon interaction energy in the extended 
IWB theory is further simplified to 

For weak lateral periodic potentials AVo/hw, < 1, 6&.(k,) is much less than hoc. In 
the summation Cm of equation (18), when m - n is larger than a parti.:ular value 
MO, which depends on the required accuracy of the numerical results, we can neglect 
6cm(k, + qy)  - 6&,(kY) in the denominators in equation (18). So we have 
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The first infinite summation, which is the electron-LO-phonon interaction energy in a two- 
dimensional electronic system with planar interfaces, can be converted into an integral, as 
first discovered by Peeters and Devreese [31. The second summation, which describes the 
effects of the lateral periodic potential on the electron-Lo-phonon interaction energy, is 
finite and can be calculated numerically. 

3. Results and discussion 

We have carried out numerical calculations of the energy levels of magnetopolarons, 
equations (16) and (19), below the Lo-phonon continuum, for GaAs LssLs where m, = 
0.0665mo and hq.0 = 36.8 meV. The normally applied magnetic field strength is E = 20 T 
(uc % WLO) in the resonant region. The sbuctural parameters of the GaAs LSSL are 
L, = 100 A, L, = 200 A, and the magnitude of the lateral periodic potential is fixed 
at AVO = OSho,. In figure 1, the energy dispersions of the magnetopolarons, E,(k,) - E, 
(the full curves in figure I@)), and electron-Lo-phonon interaction energies, AEn(ky )  (the 
full curves in figure I@)) ,  for the first two levels (n = 0, 1) are given as functions of 
xky = hckl /eE.  The broken lines in figure 1 are the corresponding E,(k,) - E,  and 
AE.(k,) of the magnetopolarons in a GaAs quantum well with planar interfaces. In all the 
numerical calculations k e d  out in this paper, we fix MO = 10. By further increasing MO, 
the numerical results are changed by less than 1%. 

( B  = 20T) 

-4 _ _ _  

_ _ _ _ _ _  
-12 -*b 

1 
-16 

0 0.5 

Figure 1. The energy dispersions of the magnetopolarons. E.(k,) - E,  (the full curves in ((I)), 
and elecuow-phonon interaction energies, AE.(k,) (the full curves in (b)), for the first two 
levels (n = 0. 1) as fundons of XI,  = hck,/eE in a GaAs LSSL where m, = 0.0665mo and 
Awro = 36.8 meV. The normally applied magnetic field strength is B = 20 T (mc w om) in 
the resonant region. Thc structural parameters of the GaAs USL are L, = 100 A, L, = 200 A. 
with the magnitude of the sine-shaped lateral periodic potential fixed at AVO = O.Sfiw,. The 
broken lines are the corresponding E&) - E2 and AE.fk,) of the magnetoplarons in a GaAs 
quantum well with planar interfaces. 

It is interesting to note that the energy dispersions of the first two magnetopolaron levels 
in USLs are out o f  phase, which results in a wide transition energy band, E,(/+) - E&,), 
given in figure 2 as a function of x i ,  for E = 20 T (full curve). The broken line in 
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figure 2 is the transition energy of the first two magnetopolaron levels in a GaAs quantum 
well with planar interfaces. It is also noteworthy from figure 1 that E.(k,) and A&@,) 
are out of phase. The electron-Lo-phonon interaction compensates for the effects of 
the lateral periodic potential on the free electron, especially for the n = 1 level. The 
effect of the lateral periodic potential on the electron-Lo-phonon interaction energy is not 
negligible in the resonant region. The averaged value of the AEl(k,) curve in figure l (b)  
is shifted downwards compared with the corresponding n = 1 broken line, indicating an 
enhancement of the electron-Lo-phonon interaction energy by the lateral periodic potential. 
From magnetopolaron theory, it is well known that the energy levels of the magnetopolarons 
do not cross the energy level at E0(ky)  +fiwL0, which is given in figure l (a)  as the dotted 
curve. The high magnetopolaron levels (n  I )  lie between the E&) + f i w ~ o  and El(ky)  
curves. For the LSSL structures we have considered, in the resonant region (B = 20 T) all the 
magnetopolaron levels are pinned to the energy level at E & ) + h w  when 0.5 < xky 4 1. 

40 

( B  = 20T) 

Figure 2. The transition energy, El (ky )  - Eg(ky) (full curve). of the first two magnetopolaron 
energy levels (n = 0, 1) in the LSSL structure described in figure 1 as a function of xkv. The 
broken line is the vansition energy of the fint two magnetopolaron levels in a CaAs q&tum 
well with planar inrerfaces. 

In figure 3, we give the energy dispersions of the magnetopolarons, E.(ky) - E, (the 
full curves in figure 3(a)), and electron-Lo-phonon interaction energies, AE.(k,) (the full 
curves in figure 3(b)), for the first two levels (n = 0, 1) as functions of xky in the same GaAs 
LSSL structure as that described in figure 1 except with B = 10 T and AVO = 0.5h0,. The 
definition of the broken lines and dotted curves in figure 3 are the same as in figure 1. The 
results in figure 3(b) show that, in the weak magnetic field region (oc << mo), the effect 
of the lateral periodic potential on the electron-Lo-phonon interaction energy is very small. 
The effect of the lateral periodic potential on the energy dispersions of the magnetopolarons 
is mainly on the Landau levels of the free electron in the LSSL. 

The strong magnetic field region (oc >> oL0) is hard to reach in the GaAs ISSL, as it 
requires a magnetic field higher than 20 T. But, for a model calculation, in figure 4 we give 
the energy dispersions of the magnetopolarons, E,@,) - E, (the full curves in figure 4(a)), 
and electron-Lo-phonon interaction energies, AE,(k,) (the full curves in figure q b ) ) ,  for 
the first two levels (n = 0, 1) as functions of xky in the same GaAs USL structure as 
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(B = 1OT) 
(En - Ez)/Twu,  

(B = IOT) 

tviirn + n  = 0 I __ . 

-4 .......... . . . . . . . . . .  

( b )  
-8 

0.5 1 0 0.5 1 

Xk,IL" xi;,lLr 
Figure 3. The energy dispersions of the magnetopolamus. E.(k,) - Ez (the full curves in (d), 
and electron-LO-phonon interaction energies, AE.(k,) (the full curves in (b)). for the first lwo 
levels (n = 0. 1) as functions of xi," in the same GaAs LSSL smcture as that described in figure 1 
except with B = 10 T (w, < w) and AVO = 0.5hu.k. The definition of the broken lines is 
the same as in figure 1. 

that described in figure I ,  except that B = 30 T and AVO = 0.5fiwc. The definition of 
the broken lines and dotted curves in figure 4 are the same as in figure 1. The results in 
figure 4(6) show that the electron-u)-phonon interaction energy is greatly enhanced by the 
lateral periodic potential for the n = 1 level, which shifts the magnetopolaron IeveI El&) 
towards EO@,) (see the full curves in figure 4(a)), resulting in a wide transition energy 
band Et(ky) - Eo(ky). 

(Ert - E : ) / ~ ~ w L o  

2 h q ~ t n = O  

. - - _. - - _ - 
n = l  

1 -20 - - - - - - - 

0 n=O -40 

n = l  - -  _ _ - -  

-60 
0 0.5 1 0 0.5 1 

Xk,iL, 2 k " I L T  

Figure 4. The energy dispersions of the magnetopolarons, E,(k , )  - E, (the full c w e s  in (Q)), 
and electron-ta-phonon interaction energies, A E n ( k y )  (the full ulwes in (b)). for the first WO 
levels (n = 0, I) as functions of xhy in the same GaAs SSL suUctue as that described in figure I 
except with E = 30 T (& > w) and AVO = 0.5h. The definition of the broken lines is 
the same as in figure 1. 
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To summarize, improved Wigner-Brillouin theory was extended to the case of the 
LSsLs, where lateral periodic potentials due to the periodically structured interfaces are 
introduced into the two-dimensional electronic systems. Numerical calculations were carried 
out for the energy dispersions of the magnetopolarons in the GaAs LSSL stmctures with 
periodic potentials along the lateral x direction, such as those produced by deposition 
of AI& and GaAs fractional layers on (001) vicinal GaAs substrates. The degenerate 
magnetopolaron energy levels become dependent on the electron wave vector k, in the y 
direction, forming magnetopolaron bands. For weak magnetic fields (wc << m). the effect 
of the lateral periodic potentials on the electron-Lo-phonon interaction energy is negligible. 
The effect is mainly on the Landau levels of the free electron in the LSSL. For strong 
magnetic fields (wc 2 WLO). the effect of the lateral periodic potentials on the electronw~o- 
phonon interaction energy must be considered in order to obtain the correct magnetopolaron 
energy dispersions and the transition energies. The transition energy between the first two 
magnetopolaron energy levels forms a wide band which will broaden greatly the cyclotron 
resonance absorption spectra of the LSSL. 

In our calculation, we have neglected the differences between the lattice dynamical 
properties of the well and barrier by considering a bulk Lo-phonon system. So we have 
neglected the interface optical phonon modes. This approximation is fairly good for 
GaAs/Gal-,AI,As LSSLS with x c 0.3. However, it may not be accurate enough for 
GaAs/GaAl LSSLS, where the interface optical phonon modes become important. But our 
results, as a first scep calculation, do .predict the general properties of magnetopolmns 
in LSSLs with periodically structured interfaces in strong magnetic fields (oc 2 WO). A 
detailed investigation of the magnetopolaron problem in LSSLS with interface optical phonon 
modes and electron-electron interaction effects taken into consideration is actively under 
way in our group. 
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