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Optical absorption by excitons in semiconductor quantum wells in tilted magnetic
and electric fields
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An analytical approach to the problem of the fundamental and exciton magnetoelectroabsorption in a narrow
quantum well (QW) is developed. The external magnetic and electric fields are parallel and both tilted with
respect to the QW growth axis. The width of the QW is taken to be much less than the magnetic length and the
exciton Bohr radius. The effect of the electric field on size quantized states reduces to the size-quantized Stark
shift of the well subbands. Analytical dependencies of the coefficient of the optical absorption and the exciton
binding energy on the strengths of the external fields, width of the QW, exciton parameters and tilt angle are
obtained and discussed. Novel effects forbidden in bulk material are found to occur. These are based on the
interplay between the parallel magnetic and electric fields which in turn is caused by the splitting of the tilted
fields into transverse and longitudinal components. In particular, an inversion effect is revealed. Estimates of
the expected experimental values are provided for GaAs/AlGaAs QW.
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I. INTRODUCTION

The pioneering works of Maan' and Merlin? and the rapid
advance in material growth technology lead to a renewed
interest in theoretical and experimental studies of semicon-
ductor QWs subject to tilted magnetic fields B directed at an
angle ¥ with respect to the QW axis. In such structures in-
vestigations of cyclotron resonance, spin-flip transitions,
crossing and anticrossing of spin-split Landau levels, as well
as transport properties are under way (see Ref. 3 and refer-
ences therein). The reason for this interest is the fact that
QWs represent unique structures providing us with novel
electronic,’? optical,* and transport® effects. In the case of
tilted fields these phenomena are based on the breaking of
the cylindrical symmetry caused by the effective decomposi-
tion of the magnetic field B into two components: the 10ng1-
tudinal BH directed parallel to the QW axis and transverse B,
which lies in the heteroplane. An electric field F directed
parallel to the magnetic field additionally enriches the ob-
served physical properties. In bulk material parallel external
magnetic and electric fields do not interfere in terms of their
action on the electron states: the magnetic field acts on the
transverse motion while the electric field governs the longi-
tudinal motion. This does not hold in case of a QW. The well
potential suppresses the effects of the F, j and B | components.
As a result the electron states are predominantly affected by
the influence of the interfering crossed I§H and F, fields.

Investigations of excitons in the above setup are of par-
ticular relevance since their optical properties change drasti-
cally in QWs. In particular Rydberg series of exciton peaks
arise below the edge, determined by the electron-hole size-
quantized energy levels. In the presence of an electric field F
the exciton peaks become wider and less in intensity due to
the ionization of the bound exciton states. Under the condi-
tion F>F,., where F.=E,/ea is the critical electric field,
linked with the exciton binding energy E, and the exciton
Bohr radius a,, exciton ionization is an important process.
This is why narrow QWs of width d, which is much smaller
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than the exciton Bohr radius a (d<<ag) are of particular in-
terest. While in the units of the exciton Rydberg constant Ry
the binding energy of the exciton in bulk material is £, (3D)
=1Ry, the two-dimensional (2D) exciton in such a QW pos-
sesses the binding energy E —4Ry Also the oscillator
strengths of the ground peaks of the exciton optical absorp-
tion are ) ~ay® compared to f?P)~8a,%. We therefore
encounter an increase in both the stability of the 2D exciton
states and the intensities of the corresponding exciton peaks.

In contrast to the problem of confined excitons in the
presence of tilted magnetic fields, or electric fields, which
have been explored by many authors, low dimensional exci-
tons simultaneously exposed to both fields have received
little attention. During the last decade indirect excitons in a
double QW in the presence of magnetic and electric fields
have been considered in a few works. Butov et al.® and Dios-
Leyva et al.’ studied the case where the magnetic filed is
directed parallel and perpendicular to the growth axis, re-
spectively, while Morales et al® used in-plane magnetic
fields. In these works the electric field was chosen to be
parallel to the growth axis. Impurities® and excitons!® in
quantum dots (QDs) have been considered for the electric
field parallel to the growth axis and for both longitudinal and
transverse magnetic fields. Recently effects of an arbitrary
tilted electric field on the magnetoexciton in a cylindrical QD
have been studied in Ref. 11 for the magnetic field parallel to
the QD axis.

A study of excitons in a narrow QW in the presence of
tilted parallel magnetic and electric fields is important on
account of three aspects: (i) excitons are present in the abso-
lute majority of semiconductors and represent an integral
part of them, (ii) the effective splitting of the combined fields
caused by the QW potential, provides an additional handle
on excitonic properties, and (iii) a wide range of potential
applications of this setup occur in, e.g., infrared detectors,
modulators, and lasers. Note that in particular a narrow QW
provides an enhancement of both the excitonic effects and
the effective decomposition of the external fields into differ-
ent components.
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Two comments are in order. First, the theoretical methods
employed so far in the literature are mostly based on numeri-
cal, mostly variational, approaches requiring substantial
computational efforts. In spite of this a detailed evaluation of
the optical absorption spectrum depending on the width of
the QW, strengths of the magnetic and electric fields, and
especially of the tilt parameter are not available. Numerical
approaches are indispensable for a detailed comparison with
the experimental data. However the analytical method ap-
plied and/or developed in the present work are complemen-
tary in the sense that they provide the possibility to follow
the evolution of the exciton states as a function of the pa-
rameters of the QW and the external fields. Second, elec-
tronic and excitonic states in a single QW subject to parallel
but arbitrarily tilted magnetic and electric fields have not
been theoretically investigated. Note, that a parallel orienta-
tion of the fields allows to demonstrate the effects due to
splitting of these fields into longitudinal and transverse com-
ponents and subsequent interaction effects which are not
present in bulk material.

We develop an analytical approach to the problem of ex-
citon magnetoelectroabsorption in a narrow QW in the pres-
ence of parallel external magnetic and electric fields both
arbitrarily directed with respect to the QW axis. The width of
the QW is taken to be much less than the magnetic length
and the exciton Bohr radius. The effective mass approxima-
tion for the ellipsoidal electron and hole energy bands is
employed. Analytical dependencies of the coefficient of the
optical absorption and the exciton binding energy on the
strengths of the external fields, width of the QW, exciton
parameters and tilt angle are obtained and discussed. We take
into account the center of mass electric field F_,
=hB,K /M (Ref. 12) acting on the relative motion of the
exciton of total mass M, involving the in-plane component of
the pseudomomentum K ;. Novel effects based on the inter-
play between the parallel magnetic and electric fields, which
is absent in bulk material, are found to occur. In particular
the interplay between the F_,, and external F | electric fields
induces the inversion effect, i.e., the change in the exciton
states while reversing the orientation of the parallel magnetic

B or electric F fields or K . Estimates of the expected ex-
perimental values are given for the parameters of a GaAs/
AlGaAs QW and it is shown that the above-mentioned ef-
fects can be observed experimentally. Our analytical results
are qualitatively and also quantitatively in line with those
obtained numerically. We note, that our aim is to elucidate
the basic physics of the excitonic behavior by deriving
closed form analytical expressions thereby motivating fur-
ther experiments. We do not intend to compete with the re-
sults obtained by comprehensive numerical methods.

The paper is organized as follows. In Sec. II the general
analytical approach to the calculation of the coefficient of the
optical magnetoelectroabsorption in a narrow QW subject to
tilted external fields is developed. The spectrum of the exci-
ton absorption is given in Sec. III in an explicit form. A
discussion of the obtained results and estimates of the ex-
pected experimental values relevant to GaAs/AlGaAs QWs
and typical strengths of the magnetic and electric fields are
provided in Sec. IV. Section V contains the conclusions.
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FIG. 1. Schematic illustration of the setup. Exciton Bohr radius
ag in the QW of width d in magnetic B and electric F fields directed
at an angle U with respect to the QW z axis.

II. GENERAL THEORY

We consider an exciton formed by a spinless electron (e)
and hole (k) both in parabolic, nondegenerate energy bands
described by the longitudinal (II) and transverse (L) effec-
tive masses my ,; (j=e,h) respectively and separated by a
wide energy gap E,. The parallel magnetic B and electric F
fields are directed at an angle 9 to the QW growth z axis.
The QW is treated as a square well of width d bounded by
the infinite barriers at the heteroplanes z= *d/2 (see Fig. 1
for details). The parameters relevant to the calculation are the
exciton Bohr radius ag ; and the magnetic length ag |

_ﬁ
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where ¢ is the dielectric constant, wu L—me” L+th | is the
reciprocal reduced effective mass, and aj=acos ¥, a,
=a sin ¥ are the longitudinal and transverse components of a
vector d=d | +aé.(F=p+zé.). The parameters
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describe the shift of the trajectory induced by the electric

field F | directed perpendicular to the magnetic field B;.

In the effective mass approximation the equation describ-
ing the exciton in the QW in the presence of parallel tilted
magnetic B=VXA (A is the vector potential) and electric F
fields has the form

1

Jj=e,h

N &2
—efFp |- —M
A 477808|Fe—7h|

1 2
(—1ﬁVlj+efALj) +E(—1ﬁ +ejAZj>

2m Ij

\P(Ferfh) = E\P(Fe,f'h),

e,=—e,=e. (1)

By solving this equation subject to the boundary condi-
tions

I+
I

d d
‘I’(ﬁe, 3P ) =0 )

the exciton energy E and the wave function W can be found,
in principle.
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For the éz,ﬁ,é,gy
—(1/2)Byy;
the function

planar geometry we take A, =
Ay=(1/2)Byx, A;=—-B,x and then substitute

B
\P(Fe,f)h) = eXP{i%(ere - thh)}G(f)e,Fh) (3)

into Eq. (1). The function G obeys the equation
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Below we consider a narrow QW in which the longitudi-
nal motion parallel to the QW z axis is governed by the well
potential slightly perturbed by the transverse magnetic B |
and longitudinal electric F) fields and the Coulomb field of
the exciton ~—|#,—7#,|~!. In this case the energies of the size
quantization ~d~? are much larger than the distance between
the neighboring Landau levels ~a§2l and the energies ac-
quired by the carriers in the presence of the electric field F)
at distance d. This implies the conditions

2
weFy

d<< aBi,a()”; d3 < (5)
In the adiabatic approximation justified by the condition
(5) the wave function G reads

Gne,nh(’?e”?h) :fne(ze)fnh(zh)(I)ne,nh(ﬁe’ﬁh) s (6)

where
2 1
fnj(zj) = \/; sin(Z + z)n s on=12, .0

are the wave functions of the carriers in the QW.

Compared to the 2D Coulomb field the longitudinal mag-
netic field B, will be considered as weak (ag, / ag, <1) or
strong (a, Llag, >1) while the transverse electric field F|
remains to be Weak (F | <el4mepeaj ). However, relatively
to the magnetic field B, the same electric field F'; will be
defined as weak (sy<<1) or strong (s,>1) [see Eq. (14) for
the explicit form of s,]. The nonrelativistic approach implies
the smallness of the drift velocity of the carriers vp=F /B,
relatively to the speed of light ¢, that in turn imposes on the
strengths of the fields B, F and on the tilted angle ¥ the
condition F' tan ¥/Bc<<1, realized practically for all regions
of the fields and angles typically employed in experiment.

In Eq. (4) the terms ~Bizjz. and ~B,z;, B Bz;, Fiz;
contribute to the size-quantized energy levels in first and
second order of perturbation theory, respectively. The contri-
bution of the magnetic field- dependent linear terms ~z; com-
pared to the square term ~ B> lz is of the order (d/ aBH)2 for
strong magnetic fields (aB”<a0 ,) and of

j=eh

order
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(dlag)(ag,/ aBH)2 for weak magnetic fields (ag >ag,). We
ignore the contribution of the linear terms due to the validity
of d<a B

We introduce the transverse coordinates of the center of
mass R | and the relative coordinate g defined as usual by

mLepe + mihph
M,

R 5 ML=mLe+mLh; P=Pe~ Pn-

Substituting the function (6) into Eq. (4) with

1 S e - .
D, , (Pespp) = =ex '(K +—B><*>R
- h(P Pn) s P{l L Zﬁ[ 1 X AlR,

T .
+ IEK,LP}Xne,nh(p = Po) (8)
where
myp,—m,, > = M, -
=——; K, =K, -—|B, XF,|;
Y M, 1 L ﬁBﬁ[ I 1]

o~ -
60=——[B; X K
Po eBﬁ[ I L]

and § is the cross section of the QW, we arrive at the equa-
tion for the function x, ,

h? ., eh B

2py P Spy
2
e 1
- AV | Xn n (ﬁ)
dmege N(p+po)+(zo—z) ] "
= WXne,nh(ﬁ)~ (9)

In Eq (9) AV(A)=qng(ze)fnh(zh)|A|fne(ze)fnh(zh)> is the
matrix element calculated with respect to the size-quantized
functions in Eq. (7). For the total transverse momentum
K 1=K é, directed perpendicular to the €., ¢, B, F plane,
the displacement g, and the energy W become, respectively,

M F, - hBK |
00 = Yo€y; = , F=F +——;
Po=Yolys Yo B ﬁ 1 1 M,
We b ﬁ2772(ﬂ_5+n_i) ~ (1 _i)ezBidz
24 \my, ~ my, ) 24p,
202 4 2
e F||d hKLFL M, F|
-6, +myd, )+ ——+—5;
72 (mye n, T Mk nh) B, 2Bﬁ
nenp=1,2,..., (10)
where
(n+2k-1)>°

- 22

7 S k- 12n+ 2k— 1)

S = L(E 1)— 2.203 X 1073
oas\e )T '

On the right-hand side of Eq. (10) the third and fourth
terms are the shifts of the size-quantized energy level (sec-
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ond term) induced by the magnetic B, and electric F) (Ref.
13) fields, respectively. It was justified originally in Ref. 14
that the optical absorption can be treated as a transition of the
electron-hole pair from the initial state to an excited state
having the energy E. These states are described by the wave
functions W(7,,7,) = 8F,—7,) and W(7,,7,) in Egs. (3), (6),
and (8), respectively. The total momentum and the total en-
ergy conservation laws lead to the relationships K 1 =q¢ and
ﬁw:Eg+E, where ¢ and w are the wave vector and fre-
quency of the absorbed photon, respectively. The probability
of the transition is determined by the overlap integral of the
functions W, and ¥, which in turn provides the selection
rules n,=n,=n=1,2,.... The coefficient of absorption « can
be written in the form'*
22> |2

a= CYOE |Xn,(7(ﬁ0)|25(ﬁw -E,— E); ay= %-

£ cgogndmyw

(11)

In Eq. (11) % is the unit polarization vector, j,, is the
matrix element of the momentum operator, calculated with
respect to the Bloch amplitudes of the electron and hole
bands, 7 is the refractive index and X is the sum over the
excited states.

III. SPECTRUM OF THE OPTICAL ABSORPTION

A. Fundamental absorption

Here we neglect the electron-hole attraction. In this case
the optical absorption is accompanied by the formation of a
free electron-hole pair consisting of the electron in the con-
duction band and a hole in the valence band, respectively. In
the absence of the Coulomb interaction the solution to Eq.
(9) yields the well-known wave functions x*'(5) and the
energies W(®), describing the electron-hole pair in the pres-
ence of the magnetic field B;,'> given by

ime N‘1/2 2
© 7y = : (ml2) 2y lmle oy, o= P,
Xnm(P) = sMH eI (s); s = ;
N, V/;TGBH(N"' |m|)112 N 261123H
(12)
heB,
W = —LQN+|m|+ym+1); N,|m|=01.2, ...,
T2y
(13)

where L‘](;’l(s) are associated Laguerre polynomials.'® Substi-
tuting Egs. (10), (12), and (13) into Eq. (11) we find for the
coefficient of the fundamental optical absorption in a narrow
QW subject to the tilted parallel magnetic and electric fields

1

- : bl =sof Il (¢ Y2
a=q sg e[ Ly (s9)|“8hw— E
ozwa%;“n,N,m (N +|m|)1™° (LN (s0)J & .
— EgN);
2
Yo
002 14
0 2(1129H (14)
where
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n,N,m

0
= VV(N,)m + EHn -

n=1,2...; Nlm=0,102,..., (15)

himn? < 6 >e2Bid2 eFrd*m,
——|1-5 + 5

) 24u, n> "
M= my, + myy. (16)

B. Exciton absorption

1. Weak magnetic and electric fields (a <a3",F~‘ 1<

)

In this case the wave function W(7,,7,) describes the
quasi-2D Coulomb exciton states perturbed by the external
fields. It is convenient to take the function (8) in the form

e
4 2
TEYEA])

1 e - R
D, (pe.py) = /—CXP{I(KJ. +—[B X ﬁ])RL}Xn(ﬁ)’
VS 2h

(17)
where Y, obeys
- hoo . e’B} -
L A YB[p X V]+——Lp?—eFy
2y 2py 8y
e? 1 ]
- Av— 5
dmeoe Np+ (2. - 21)
M F
2B;

and the energy W is given by Eq. (10).
In the zeroth approximation B;=0, F 1=0, d=0 the so-

lution to Eq. (18) is the 2D exciton states. For the bound

states the unperturbed wave functions x*) and the energies
WO read

ime 4
© (7= €
Xom(P) = ="
' VET‘JOL
12
P! il y~ur2) 2
X L
(p+2|m)\"2Q2p + 2Jm[+ )12 ¢ T
2
X(u); u= p, (19)
ag, vV
o_ Ry h 1
WO=_—=. Ry= =3 v=p+|ml+=; p.lm|
1 2uyay, 2
=0.1.2,... . (20)

In a next step of approximation the 2D Coulomb energy
levels W become
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= 0) -~ M,F
W(d.B.F )= W+ AW,(d) + AW,(B.F ) + ———

where AW,(d) and AW,,(BH,IE ) are the corrections to the 2D
Coulomb levels W(VO) caused by the finite width d of the QW

and the crossed fields B) and F 1, respectively. For the ground
size-quantized level n=1 and for the optically active cylin-
drically symmetric exciton states, having the magnetic quan-
tum number m=0

e? 1
AW,(d) == —— (W (PIAV—= = — —[x\%(A)
4mrege VPP +(ze—z) P
_&(i i)i
- V3 3 ’772 a()l’
135
===, 22
) @2)

The effect of crossed magnetic and electric fields on the
three-dimensional (3D) Coulomb states has been considered
in Refs. 17-19. The nontrivial extension of those results,
corresponding to first-order perturbation theory to the 2D
exciton states gives

~ 3 - 2 [heyB,\*.
AWv,j(BH’FL)z \/(EeFLaOLV> +< 2 ll) Js
L

1 1
—\v—Z)=j=+|v—-=]. (23
(V 2) / (V 2) )
Since the intensities of the exciton peaks ~|x'%(0)[?
~ v~ Eq. (19) decrease very rapidly with increasing quan-
tum number v only the experimentally accessible exciton
absorption characteristics, corresponding to the transition to

the ground exciton state v=1/2, will be given below

8
a=ay 2 5(hw_Eg_El/2)’ (24)
mag |
where
wo hzqzl
Eip=Ej+ Wip+ AW, ,(d) + _2M (25)
1

and where the energy W(l% is given by Eq. (20) for v=1/2.
The energy shift AW, ,,(d) has been calculated to greater ac-
curacy in Ref. 20

4 5\ d 4 8
AWl/z(d)=8Ry{(§_?>;+(§_;>
1

X(i>21n 2d ] (26)

[ ™ |

The correction AW]/Z(B”,F 1) induced by the crossed
fields can then be calculated in second—order perturbation
theory that in turn indisputably requires special consider-
ation. This complicated problem relevant to the 3D Coulomb
particle has been studied comprehensively by Soloviev.!®
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In the vicinity of the first excited exciton peak the satel-
lites caused by the splitting AW, ; in Eq. (23) of the exciton
level can be observed, in principle. However, the intensities
of these peaks are 27 times smaller than that of the ground
peak.

2. Strong magnetic fields (a,,; >a3")

In this case the Coulomb interaction can be treated as a
small perturbation to the free electron-hole states described
by Egs. (12) and (13). In first-order perturbation theory the
energy W in Eq. (9) becomes

W= Wi+ AWy, (27)

where W(A% is the energy of the free electron-hole pair in Eq.
(13) and where

62

AWy, =~ XO(P))

(28)

(X2 (5)|Av

4meoe V(B +5o)> + (z,— 1)’

is the correction caused by the electron-hole attraction deter-
mined by the matrix element of the Coulomb term in Eq. (9)
calculated using the functions ng(l))m in Eq. (12).

In order to simplify the calculations we focus below on
the ground state N=m=0. Using Eq. (28) we obtain

2
AWO 0="— \/Ee—e—.vo e‘YO/ZIO & _ \/Z l
’ 2 477808613” 2 m\3

5 d
—m)a—Bl], (29)

where Iy(x) is the modified Bessel function. This result is
valid under the condition y,d /aéH < 1. In the limiting case of

a weak electric field F (so<1)

T e 1 2(1 5 \d
AWO():— - 1—_S0— -\ - -5
’ 2 477808113” 2 m\3 4’ ag,

(30)
while for a strong field F | (sy>1)
2
AWyo=- —. (31)
4reelyol

The coefficient of absorption in the vicinity of the ground
exciton peak for any s, can be calculated from Eq. (14) set-
ting N=m=0

1
2 e_sog(hw_Eg_El,O,O_AWO,O)a (32)
WaBH

a = q

where E| ( is the energy of a free electron-hole pair in Eq.
(14) for n=1, N=m=0 and where AW, in Eqgs. (29)—(31)
is the exciton energy shift.

IV. DISCUSSION

As is well known in bulk material and in the QW of axial
symmetry (9=0) the parallel magnetic and electric fields do
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a(w)
m=0 eBH/NJ- m=0
m=—1 m=+1 m= -1 m = +1
P w
N=0 N=1
veB)/uL veB)/uy

FIG. 2. Sketch of the optical absorption spectrum a(w) in Egs.
(14) and (15) caused by the transitions to Landau states with radial
quantum numbers N=0,1 and magnetic quantum numbers m
=0, = 1.

not lead to an interaction of the motions parallel and perpen-
dicular to the QW axis. The magnetic field governs the states
in the plane perpendicular to the fields while the electric field
influences only the parallel motion. The resulting total states
are superpositions of Landau states and quantum confined
Stark states in the QW (Ref. 21) or one-dimensional Franz-
Keldysh states in a bulk crystal,>>?? which reflect themselves
in the corresponding optical absorption spectrum.?* In the
QW subject to tilted fields the well potential splits the fields
into longitudinal (By,F,) and transverse (B,.F,) compo-
nents with respect to the QW axis. The subsequent induced
interaction by the Bj and F, on the one hand and B, and F,
components on the other hand leads to novel effects demon-
strating their interplay. In particular, the interaction induced
by F | and EH provides the inversion effect, i.e., the change in
the optical peak position Aw~gq | F lB[‘ with reversing the
direction of the fields F L or EH or the photon wave vector ¢ , .

Also the F | component generates optical transitions to the
axially asymmetric states m # 0. Along with this the balance
between the blue diamagnetic ~Bi and the red quantum
confined Stark ~F ﬁ shifts in Eq. (10) does occur.

A. Fundamental absorption

It follows from Eqgs. (14) and (15) that the spectrum of the
fundamental optical absorption represents a series of Landau
N,m peaks in crossed éu and F | fields. Each series is clas-
sified with respect to the nth size-quantized subband shifted
by the crossed B, and F | fields. Below we concentrate on the
experimentally studied main series n=1. The qualitative
form of the main series n=1 of the N=0,1; m=0,*1
peaks is given in Fig. 2. The magnetic field B | induces a

diamagnetic blueshift while the electric field F | generates a
redshift (8, <1). Under the condition

6\ BS FidM,
1-—=|——=-""Ts 33
( #)24m #2 4 (33)

these shifts balance each other. The spectrum of the optical
absorption with respect to the ground subband n=1 coincides
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40

FIG. 3. (Color online) The dependencies of the intensities of the
peaks «go and @ +; in Eqgs. (14) and (15) for the radial N=0 and
the magnetic m=0, =1 quantum numbers, respectively, scaled to
the intensity a,/ 27m123(a123=ﬁ/ eB) on the dimensionless electric field

&=M> F?/2heB® and on the tilted angle 9.

with that of a 2D semiconductor given below. It has an ef-
fective energy gap E; shifted with respect to E, toward
higher frequencies by an amount corresponding to the
ground size-quantized level in the presence of crossed mag-
netic By and electric F'| fields. The peak positions E(l(?l)\’,m and
the gap E, read

. heB hg, F
EV  =E'+ —(2N+|m|+ym+ 1)—L
o 2, B,
M, F’
- —=* N,|m|=0,1,2,...
2B,
and
2
E'=E, + ,
£ aud?
respectively.
For the weak effective electric field F | (sy<1) the peaks

N=0,1,2,...; m=0 are most intense (aN’0~a§T) while the

satellite peaks m#0 with (aN,m~a§TN! (N+|m|)!“s‘0’”|) are
less intense. Measuring in an experiment the frequencies
Aw(AN=1, m=0)=eBj(,)”! between the neighboring
AN=1 intense peaks m=0 and the neighboring m=*1 sat-
ellites of the Nth intense peak Aw=eB(u )"y, depicted in
Fig. 2, the electron m , and hole m , transverse effective
masses can be determined.

For a strong electric field F 1(s=>1)

1
2 2N+m] s

O LB NN+ m) !

the absorption decreases exponentially with increasing
field F . Experimental observation is possible only for elec-
tric fields satisfying the condition so=1. The dependencies

of N,m peaks for N=0; m=0, =1 on the electric field F
and on the tilted angle ¥ are presented in Fig. 3. The inten-
sity of the main peak m=0 monotonically decreases with
increasing both the angle ¥ and electric field F while the
intensities of the satellites m=*1 demonstrate the non-
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TABLE 1. The band gap E,, electron m, and hole m,,;, masses, dielectric constant &, refractive index n for the GaAs, InGaAs, InGaP,
CdZnTe, ZnSe/ZnMnSe (Ref. 25), InAs (Ref. 26), CdTe (Ref. 27), and ZnSe/ZnMgSSe (Ref. 28) QWs. The double balance angle 9, and
corresponding ratio of the electric F and magnetic B fields are calculated from Egs. (35) and (36), respectively, for the relevant QW width

d.

E, n FIB
QW (eV) m,lmy My Mg € (nm) d tan 9, DA (10* m/s)
GaAs/AlGaAs 1.50 0.067 0.50 12.9 3.6 4.5 0.12 6.9 1.72
InGaAs/InP 0.75 0.044 0.61 13.9 3.6 6.0 0.09 5.2 0.96
InGaP/AlGalnP 1.92 0.13 0.82 11.8 3.6 3.0 0.11 6.3 1.38
CdZnTe/ZnTe 2.07 0.16 1.3 10.1 3.0 2.0 0.08 4.6 1.08
ZnSe/ZnMnSe 2.72 0.14 1.4 8.1 2.7 2.0 0.08 4.6 1.23
InAs/GaAs 0.42 0.023 0.52 15.1 3.5 10.0 0.07 4.0 0.81
CdTe/CdMgTe 1.62 0.096 0.60 10.6 3.5 3.0 0.10 5.7 1.68
ZnSe/ZnMgSSe 2.74 0.15 0.60 9.1 2.9 2.0 0.10 5.7 2.07

monotonic behavior. Equation (15) shows that peak positions
can be changed by inverting the directions of the fields F.B
and the wave vector ¢, with the inversion shift Aw
=2q F B}

For the electric field F, satisfying the condition

hB
+ 9L _

F
L M,

0 (34)

the parameters s,,yo,F, determined by Eqs. (14) and (10)
become equal to zero and only the intense peaks m=0 re-
main optically active. If the blue and redshifts [Eq. (33)] and
the transverse external and “centre-of-mass” electric fields in
Eq. (34) are in balance, respectively, the external electric
field F, the centre-of-mass electric field and the transverse
magnetic field B, are not manifested. The effects of the B |
and F on the one hand and of the F'|, and F,,, fields on the
other hand are mutually eliminated. It follows from Egs. (33)
and (34) that the corresponding double balance angle ¥, can
be calculated from

M 1/4 24|85 1/4
tan ﬁo=ﬁ( —‘zu) ud? p=| 2o
772

(35)
and the strengths of the fields should obey the relationship

F % q1/2
—_ ﬁ—i
B Ud (M My )
Under the conditions (35) and (36), Egs. (15) and (16)
yield the spectrum of the optical absorption in 2D semicon-
ductor with the energy gap EZ in the presence of magnetic
field B. This spectrum is formed by equidistant peaks at the
positions

(36)

heB
E(101)V0=E*+ *
SV 8 ZML

2N +1),

where u' =g, (1+tan® 9;) is the modified reduced trans-
verse mass. The double balance angle 1, and corresponding

ratio of the electric F' and magnetic B fields are given in
Table 1. For estimates and simplification of the calculations
we take the spherical effective masses m |, ;,=ny,
=m, ;- The QWs, possessing a relatively wide energy gap
E, and width d, are favorable for providing the relevant
angle ¥, in Eq. (35).

B. Exciton absorption

1. Weak magnetic and electric fields (a <a3",ﬁ l<m

For weak magnetic B, and electric F, fields the optical
absorption, corresponding to the transitions to the ground n
=1 size-quantized state is constituted by a Coulomb series of
exciton peaks v=1/2,3/2,5/2,... adjacent from the lower
frequencies to the ground size-quantized ener%y level Ej; in
Eq. (16). The intensities of these peaks ~| XE/(,)0|2 in Eq. (19)
decrease very rapidly ~v~3 with increasing quantum number
v. The position of the ground exciton peak »=1/2 in Eq.
(24) is given by the energy E|, in Eq. (25) consisting of the
ground size-quantized energy level E;; in Eq. (16) shifted
toward lower frequencies by an amount W(1%+ AW, (d) de-
fined by Egs. (20) and (26), respectively.

Since the binding energy of the exciton E, is of major
interest, we consider below this parameter

E,=E", -E, (37)

n,N,m

where Eﬁloz)vm in Egs. (15) and (16) is the energy of a nonin-
teracting electron-hole pair, and E is the exciton energy, cal-
culated from Egs. (10) and (18). It follows from Egs. (10),
(15), (16), (18), and (21) that

- teB, M F*
Ey1(B.F,,9) = l_— 2¢ — W) — AW, 5(d)
2 2B’

M
- AWl/z(Bn,ﬁi), (38)

where the energies Wﬁ% and AW, ,(d) are given by Eqgs. (20)

and (26), respectively, and AW, (B, F ) is the correction to
the ground exciton level caused by the crossed magnetic B,

and electric F | fields. In the case of major differences of the
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strengths of these fields this correction induced by only the

electric F | (Ref. 29) or exclusively magnetic B; (Ref. 30)
field calculated in second-order perturbation theory is given

by the equations
(m)4.
g ,

- 21 =
AW, ,(0,F,)=- %(eFLaOL)Z' (39)

3
AW, ,(B;,0) = —R
1 I ) 32 Yy

The effect of comparable fields on the ground 2D exciton
state can be equally calculated in second-order perturbation
theory by a nontrivial extension of the results obtained for
the 3D Coulomb particle.'® Since the energies AW, ,,(By,0)

and AW, /Z(O,F 1) compared to the first and second terms on
the right-hand side of Eq. (38), respectively, are on the order
of 0-1(ao¢/03”)2<1 and 1/6(00L/03H)4< 1, respectively, the

energy AW, /Z(B”,F 1), insignificantly contributes to the bind-
ing energy and can be neglected in Eq. (38).

Clearly from Eqgs. (26) and (38) we see that with decreas-
ing the width of the QW the exciton binding energy £, ),
becomes larger. This result is in line with those found both
for the impurity in a QW (Ref. 31) and in a QD (Ref. 9) and
for the exciton in a QD.!! The dependence of the exciton
binding energy in a GaAs/AlGaAs QW on the well width has
been calculated numerically in Refs. 32 and 33 providing for
the width d=5 nm of the light hole exciton E,;=10.5 meV
(Ref. 32) and E,;=11.5 meV (Ref. 33), and for the heavy-
hole exciton E,,=9.6 meV (Ref. 32) and E,;,=10.3 meV.»
These results are close to those obtained from Eq. (38) at

F=B=0, ie., E;,;=9.5 meV and E,;,=11.3 meV. Note that
the discrepancy of our analytical results is of the same order
as those calculated in the above-mentioned references. One
of the reasons for the difference between our and the numeri-
cal data is that the chosen QW for which d/a,=(0.3-0.5) is
not completely in the regime of being a narrow well satisfy-
ing the condition d/a,<1. Also Eq. (38) shows that the
binding energy E,, increases with increasing strength of
the magnetic field B and for strong values of B the depen-
dence E},;,»(B) is very close to linear. However, the devia-
tion of the magnetic field from the QW z axis leads to a
decrease with respect to the binding energy. The contribution
of a tilted magnetic field to the binding energy of the ground
exciton state calculated from Egs. (38) and (39) is shown in
Fig. 4. Similar conclusions have been obtained on the base of
numerical approaches in Refs. 9, 11, and 31. Reference 31, in
which the on-center donor in the CdTe/CdMgTe QW of
width d=10 nm subject to a tilted weak magnetic field O
=B=16 T has been considered, is suitable for a more de-

tailed comparison. Setting further in Eq. (38) F,=0 and
u, —m, we obtain from Egs. (38) and (39)

2 2
AB,Y) = (&) cos ﬁ{l - i<&) cos ﬁ} ,  (40)

ap 32 (45

where
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FIG. 4. (Color online) Magnetic shift of the binding energy of
the exciton ground state [v=1/2, Eq. (20)] Eb’l/z(B,I?,{}) with
AE), 1p=E},15(B,0,9)=E), 15(0,0,9) scaled to the exciton Ryd-
berg constant A(B,9)=AE, /Ry in Eq. (40) as a function of the
weak magnetic field B and the tilt angle . Parameter 1,
=(ag, /ag)*<1 is determined by the exciton Bohr radius a,, and
the magnetic length ag.

E}15(B,0,9) = E}, 15(0,0,9)

A(B,9) =
B.9) o
dmegeh? ( h )1/2 R h?
a,=———>5—; ag=\—| : Ry,=—7;
T mge? 7 \eB Y 2m,a’

In Fig. 5, a comparison of the magnetic shift of the donor
binding energy in Eq. (40) with that calculated numerically
in Ref. 31 is made for magnetic fields up to 12 T and for the
different tilt angles. The analytical dependencies of this shift
E}15(B,0,9)—E}; 1,5(0,0,9) on the magnetic field strength
and on the tilt angle ¥ are in very good agreement with the
corresponding results of variational calculations (Figs. 2 and
3 in Ref. 31), using about 10* variational parameters. For
larger fields the assumption of a weak magnetic field a,
<ap becomes less appropriate. The critical field B, corre-
sponding to the condition a,=ag, is about By=20 T. The
angle shifts of the donor binding energy for weak magnetic
fields according to Eq. (40) read

Ke(ﬂ,B) =- 2a§§sin2ﬁ<l - ia?ﬁcofg),
h 2 16 “ % 2

where

FIG. 5. (Color online) Dimensionless magnetic shift of the do-
nor ground-state binding energy A.(B;®)=AE,/Ry, in Eq. (40)
versus the magnetic field B for the tilt angles 9=0°,45°,60°. The
dashed lines are the numerical results for the donor in the CdTe/
CdMgTe QW (a,=5.5 nm and Ry, are the donor Bohr radius and
the Rydberg constant, respectively) (Ref. 31).
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FIG. 6. (Color online) The dependence of the dimensionless
angle shift of the donor ground-state binding energy Ke(ﬁ;B)
=AE,/Ry,, AE,=E,(B,0,9)—E,(B,0,0) calculated from Eq. (40)
on the tilt angle ¥ for the magnetic fields B=4 and 9 T. The dashed
lines are the numerical results for the donor in a CdTe/CdMgTe QW
(a,=5.5 nm and Ry, are the donor Bohr radius and the Rydberg
constant, respectively) (Ref. 31).

Ey12(9,0,B,) — E}, 15(0,0,B,)
Ry,

A(9,B) =

and those extracted from the data of Ref. 31 are compared in
Fig. 6. The analytical and numerical results are in good
agreement.

Note, that a good agreement between the analytical and
variational calculations is obtained in spite of the differences
in the structures, i.e., exciton, narrow well of infinite depth in
the present work and impurity, well of moderate width and of
finite depth in Ref. 31. The reason is that the B and ¥ de-
pendencies of the binding energy are mostly determined by
the lateral relative motions of the exciton and impurity,
which are nearly identical.

In contrast to the ground exciton state v=1/2 the excited
states »=3/2,5/2,... are split by external fields in accor-
dance with Eq. (23). Since the intensities of the first v
=3/2 and second v=5/2 excited peaks are less than that of
the ground v=1/2 peak by factors of 27 and 125, respec-
tively, the optical transitions to the excited exciton states
have not been observed experimentally.

Recently the dependence of the binding energy of the
light exciton in a GaAs QD (m,=0.067m,m;;,=0.09m) on a
tilted electric field in the presence of a magnetic field di-
rected parallel to the QW z axis has been studied.!" Since the
height and the effective radius R = 1.2q,, of the QD are of the
same order of the exciton Bohr radius ;=17 nm only a
qualitative comparison of the results provided in Ref. 11 and
ours, implying the relationship d<<a, and a completely un-
bound (R — ) lateral motion becomes reasonable.

Equation (38) modified such that it is relevant to the pa-
rameters employed in Ref. 11 (Bj=B, F=F, F | =Fsin 9)
shows that: (i) the binding energy decreases with increasing
strength of the electric field F, (ii) increasing the magnetic
field B decreases the effects due to the electric field, and (iii)
increasing the tilt angle J the binding energy decreases and
the ¥ dependence reduces with the increase in the magnetic
field B. All points listed above are in complete agreement
with the numerical results [see Fig. 3(b) for (i) and (ii) and
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Y0 = 0.30
7o = 0.15

Ey1/2 2

FIG. 7. (Color online) The ground-state exciton binding energy
E} 15 in Eq. (38) scaled with the exciton Rydberg constant Ry as a
function of the dimensionless weak electric field f= efao 1 /Ry<1
and tilt angle ¥ for weak magnetic fields, determined by the param-
eter yo=(ay, /ag)*. We take d/ay, =0.4 and u, /M | =0.11 relevant
to the GaAs QW.

Fig. 4 for (iii) in Ref. 11]. Figure 7 shows the binding energy
of the exciton subject to weak different magnetic fields in

Eq. (38) as a function of the electric field F and the tilt angle
. For the Stark shift of the magnetoexciton energy AEjg,
defined in Ref. 11 as AEg,=E(F,B)-E(0,B), where the ex-
citon energy E is given by Egs. (10) and (18) we have for
¥=85° AEg,=AW,,,(0,F)<0 in Eq. (39). |AE,| paraboli-
cally increases with increasing electric field F and does not
depend on the magnetic field B. This is in agreement with
Fig. 3(c) in Ref. 11. In an effort to perform a qualitative
comparison we estimate the effective exciton Rydberg con-

stant R~y from Eq. (38)
heB ~
Eb,l/2(B70’ﬁ) = +4Ry
2y

and setting E;, ;,=20 meV for B=1 T (Ref. 11) we obtain

R~y =4.6 meV and gy=15 nm for the effective exciton Bohr
radius. We find for the Stark shift AEg,=-2.0 meV being of
the same order of magnitude as AEg,=-0.8 meV from Ref.
11. The discrepancy is due to the difference between the QD
and QW. However for the contribution to the exciton binding
energy induced by the electric field AE,;,(B,F,%)
=E; 12(B,F,9)—E}, ,,(B,0,9) we obtain using Egs. (38)
and (39)

M, F?

AE B,F,9)=—-—5—
b,l/2( ) 232

—AW,5(0,F),

ie.,, the comparison is favorable. For B=10 T, F
=10 kV/cm and ¥=85° we obtain AE,;,=-0.8 meV,
which is in good agreement with the value provided in Ref.
11, Fig. 3(b).

2. Strong magnetic fields (agy,; >a3")

In this case the exciton absorption is in principle the series
of fundamental absorption N,m peaks in Eqs. (14) and (15)
displaced toward lower frequencies due to Coulomb interac-
tion in Eq. (28). This is given for the ground peak (0,0) in
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9 [deg]

FIG. 8. (Color online) The dimensionless exciton binding en-
ergy E,/Ry (Ry is the exciton Rydberg constant) calculated from
Eq. (29) for E,=|AWjp| versus the reduced electric field @

=Miﬁ2/ 2hieB? and the tilt angle ©. The strong magnetic field B
and the width of the QW are y,=(ag,/ap)* and d/ay, =0.2,
respectively.

explicit form in Eq. (29). It follows that the red exciton shift

AW, and the exciton binding energy E,(B,F,9)=|AW,|
both decrease with increasing width of the QW, electric field

strength F, tilt angle 1, and with decreasing the magnetic
field strength B. The exciton binding energy versus the elec-

tric field F and the tilt angle 9 in the presence of a strong
magnetic field is given in Fig. 8.

The influence of the width of the QW becomes more pro-
nounced with increasing magnetic field B;. For a weak elec-

tric field F(sy<1)
F2 sin®®

E,(B,F,®) ~ (B cos 92| 1 -
o )~ (B cos aB3 cos® &

— bd(B cos 13)”2] ,
where a and b are positive constants. For a strong electric
field F(so>1)
B? cos® 1‘}
F sin O

E,(B,F,9) ~

The contribution of the width of the QW to the exciton
energy is negligibly small ~exp(—sy) <1 and does not reflect
itself in Eq. (31). Thus the dependencies of the exciton bind-
ing energy E;, on d, B, F, and U are identical both for weak
and strong external fields and possess a universal character.
Note that the monotonic increase of the exciton binding en-
ergy with decreasing width of the QW up to the value d
=0 is valid in the approximation of infinite barriers V;,j
=e,h, which in turn implies the condition d>d;, Where d
= (ﬁz/ 2m;V;)""2. In the region d <d, the binding energy dras-
tically drops with decreasing w1dth of the QW. For the pa-
rameters of a typical GaAs/AlGaAs heterostructure’® d,
=d;,=1.6 nm, d,,~0.7 nm. Thus the approximation of
infinite barriers can be applied to GaAs structures studied in
Ref. 11 (d=10 nm) and in our work (d=4.5 nm, see Table
I). Moreover our estimates correlate well with the numerical
data obtained by Andreani and Pasquarello.’> They found
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¥ [deg]

FIG. 9. (Color online) Regimes of strong y> 1(sy> 1), moder-
ate y=1(sp=1), and weak y<1(sy<1) magnetic (electric) fields
as functions of the tilt angle U with 7y=vy,cosd, v
=(ag, /ap)?, so=&sin®> ¥ cos™ ¥, §=M> F?/2heB>.

that the exciton binding energy behaves monotonically for
QWs wider than 3 nm. The intensities of the exciton peaks
exponentially decrease with increasing F and 9. However,
exciton absorption increases with B. Thus, the exciton ab-
sorption remains significant up to external fields satisfying
the condition s, =1 with s~ F2/B>. The conclusions related
to the ground (0,0) maximum are qualitatively valid for tran-
sitions to other N,m states.

Note that under the condition F | =AByq, /M, the trans-
verse external electric field F, is balanced by the centre of

mass electric field 2B,q , /M | . In this case F ; =0(y,=0) and
the transverse electron-hole and exciton states are governed
only by the longitudinal magnetic field B;. Another important
point of the geometry of the tilted fields is the smooth turn
from the regime of moderate (sy=1) to the regimes of weak
(s9o<1) and strong (so>1) electric fields and from the re-
gime of moderate (ag, = aBu) to the regimes of weak (ag,
<aB”) and strong (ag | >a3‘) magnetic fields by keeping the
modulus F,B of the external fields constant and changing
only the tilt parameter . The dependence on the parameters
vy and s, determining the regimes of magnetic and electric
fields, respectively, and on the tilt angle is depicted in Fig. 9.
In order to estimate the values expected in an experiment, we
take typical parameters relevant to the GaAs/AlGaAs mate-
rial from Table I. In the presence of a magnetic field B
=20 T and electric field F=50 kV/cm both tilted at an
angle U=m/4 the inversion shift AE=2%hq, F /B yields
AE=8.9 meV while for the center of mass electric field
F.,=%hByg, /M, we obtain F_,=0.85 kV/cm. The balance
between the B | -blueshift and the F|-redshift of the ground
size-quantized electron-hole subband [Eq. (33)] occurs at the
fields F=40 kV/cm and B=10 T directed at angle 7/4. An
increase of the tilt angle O of the fields B=20 T and F
=10 kV/cm from 9=20° to ¥=30° leads to a considerable
decrease of the intensity of the (0,0) peak by a factor of 2.6.
For these fields the tilt angles 9=15°,30°,45° cover the
regimes of a weak (s,=0.24), moderate (s,=1.25) and
strong (sy=4.5) electric field F, with respect to the mag-
netic field B, respectively. In the presence of a magnetic
field B=20 T the angles J=82°,70°,0° correspond to a
weak (ao/aB‘NO 42), moderate (ao/aBI =1) and strong
(ao/aB”~ 3) magnetic field Bj. Thus, the typically employed
QWs and external tilted fields allow for an experimental
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study of novel phenomena associated with the fundamental
and exciton absorption in 2D semiconductor structures.

V. CONCLUSIONS

We have developed an analytical approach to the problem
of magnetoelectroabsorption caused by interband optical
transitions specifically to exciton states in a narrow QW sub-
ject to parallel tilted external magnetic and electric fields.
The dependencies of the coefficient of the fundamental and
exciton absorption on the strengths of the external fields,
width of the QW, exciton parameters and the tilt angle have
been obtained in an explicit form. The center of mass electric
field caused by the motion of the center of mass of the
electron-hole pair in the magnetic field is taken into account.
Novel effects unique for the QW and tilted parallel fields are
found to occur. The interaction induced by the center of mass
and external electric fields leads to an inversion effect. The
optical absorption changes with reversing the direction of
one of the external fields or the wave vector of the photon.
Under specific conditions the blue diamagnetic and red quan-
tum confined Stark shifts of the peak position balance each
other. Equally the center of mass and external electric fields
can cancel each other. Being directed at the double balance
tilt angle characterizing the concrete QW the external fields
satisfy both conditions. In this case some of effects induced
by these fields become balanced that in turn simplifies the
form of the optical spectrum. A weak tilted electric field
provides optical absorption maxima forbidden in the absence
of this field. Sufficiently strong tilted electric fields lead to an

PHYSICAL REVIEW B 82, 205313 (2010)

exponential decrease of the absorption with increasing elec-
tric field strength. With increasing magnetic field the optical
absorption increases. In the presence of weak magnetic and
electric fields the Coulomb electron-hole interaction provides
Rydberg series of exciton peaks located below the size-
quantized levels slightly modified by the external fields. For
strong magnetic fields the exciton effect leads to a redshift of
the peak positions associated with the fundamental absorp-
tion. The exciton binding energy increases with increasing
magnetic field strength and narrower QW while it decreases
with increasing electric field strength as well as tilt angle.
The influence of the width of the QW becomes more pro-
nounced for stronger magnetic fields. The geometry of the
tilted fields allows to turn smoothly from the regimes of
moderate to the regimes of weak and strong fields by keep-
ing the strengths of the fields and changing only the tilt
angle. Note that the absolute majority of the observed effects
are not present in bulk material and in a QW subject to
external fields both directed parallel to the QW axis. Esti-
mates of the expected values calculated for the typically em-
ployed GaAs/AlGaAs QWs, strengths of external fields and
tilt angles show that the above-mentioned phenomena can be
observed experimentally.
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