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Abstract. The rate of electron tunnelling from a quantum well formed in a heterostructure
and subjected to perpendicular dc electric and quantizing magnetic fields has been calculated. It
has been shown that at a fixed value of magnetic field there exists a threshold value of electric
field below which the tunnelling from the well is impossible. If the electric field exceeds the
threshold value, the tunnelling rate increases with increasing electric field, but the dependence
of the tunnelling rate on the electric field is not smooth because of new Landau levels being
engaged, to which electrons can go over. It is exciting that the tunnelling rate in crossed electric
and magnetic fields can be significantly higher than the rate in the presence of just the electric
field. A physical explanation of this effect is given.

1. Introduction

Different quantum-mechanical phenomena exhibited by high-quality semiconductor
heterostructures are currently of great interest. In particular, electron tunnelling through a
rectangular barrier between two semiconductors in the presence of a magnetic field has been
considered theoretically in several papers (see, for example, [1-3] and references therein).
Tunnelling in single-barrier heterostructures from a quantum well into magnetoquantized
interface states (these states correspond to classical electron skipping orbits) was observed
in [4]. Resonant tunnelling in double-barrier heterostructures under a magnetic field applied
in the plane of the tunnel barriers was investigated theoretically in [5, 6] and experimentally
in [7]. The authors of [7] observed tunnelling into interfacial Landau levels of two distinct
types: ‘traversing’ orbits and ‘skipping’ states. However, electron tunnelling from a
guantum well in crossed dc electric and magnetic fields in the case where a barrier is absent
and interfacial Landau levels are not important has not been studied either theoretically or
experimentally.

The purpose of our paper is the theoretical investigation of electron tunnelling from a
qguantum well formed in a heterostructure and subjected to crossed dc electric and magnetic
fields. The electric field is supposed to be perpendicular to the well boundaries, while the
magnetic field is perpendicular to the electric one. The magnetic field is assumed to be
so strong that Landau levels exist outside the well. In this case, the effective potential
acting upon an electron can have two minima (see figure 1). In the absence of electron
scattering, if the initial state of the electron is confined to being in the well, transitions from
the well to the second minimum of the potential and back occur, and the probability of
detection of the electron in the well oscillates. But electron scattering which always occurs
in semiconductor heterostructures invalidates this picture. If the scatteringztjrisemuch
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Figure 1. The effective one-dimensional potentidl,(y) in which the electron movesy is
the energy level of the ground quasistationary state in the well. The unlabelled horizontal lines
are the Landau levels,.

less than the inverse rate of electron tunnelling from the wetit, but much longer than
the characteristic time of the electron motion in the classically forbidden regjon,

r<r<w! 1)

the return of the electron into the well is not inevitable and it is appropriate to consider
tunnelling from the quantum well into Landau levels and not to consider the reverse process.
Due to electron scattering outside the well, a dissipative current arises and electrons released
from the well go away from the region of the well. On the other hand, due to the left-
hand inequality in (1) we can neglect the electron scattering during the electron motion
in the classically forbidden region and describe the electron behaviour by adsuer
equation. We suppose condition (1) to hold. The more exotic situation where the inelastic
scattering time is much longer than the time required for tunnelling through a thin barrier
between quantum Hall systems is discussed in [3]. It is shown in this paper that electrons
can tunnel back and forth through the barrier and give rise to an oscillating current in the
absence of external drives. It should be noticed that it was only due to electron scattering
that the current flowing perpendicular to the well boundaries existed and was measured in
experimental work [4, 7].

The left-hand inequality in (1) is satisfied for sufficiently pure samples at low temp-
eratures. Moreover, we assume the heterostructure temperature to be so low that all of
the electrons in the well occupy the lowest energy level and are described by the Fermi
distribution function.

By applying the method used in [8], an analytical expression for the rate of electron
tunnelling from the quantum well into Landau levels outside the well has been derived. In
contrast to the situation considered in [4], in our case electrons tunnel not into interface
states, but into bulk Landau levels. The dependence of the tunnelling rate on electric and
magnetic fields has been investigated. It has been shown that at a fixed value of magnetic
field there exists a threshold value of electric field below which the tunnelling from the well
is impossible. If the electric field exceeds the threshold value, the tunnelling rate increases
with increasing electric field, but the increase of the tunnelling rate is not smooth: whenever
a transition into a new Landau level becomes possible, the derivative of the tunnelling rate
with respect to the electric field tends to infinity.

We compare the tunnelling rate in crossed electric and magnetic fields with the tunnelling
rate in the presence of just the electric field and show that the rate in the first case is more
than the rate in the second one, if the electric field is comparatively close to a threshold
value. The ratio of these two rates can be essentially greater than unity. We give a physical
explanation of this effect.

In section 2 we formulate the problem and describe briefly quasistationary states of an
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electron in the system that we consider. In section 3 we derive an analytical expression for
the tunnelling rate. In section 4 we discuss the formula obtained and give numerical results.

2. Formulation of the problem; electron quasistationary states

Let us consider a rectangular quantum well formed in a heterostructure—for example, in
the structure AlGa_,As—-GaAs—A|Ga_,As. The well is situated between the planes

y = +a/2 and subjected to crossed dc electdg¢ and magneti¢?) fields. The fields are
directed along the- andz-axes, respectively. Let electrons occupy the ground state in the
guantum well at = 0. This state may be quasistationary due to the presence of the crossed
fields, and we wish to establish what characteristic time is required for the two-dimensional
degenerate electron gas to leave the well.

We do not take into account the electron spin because its projection on the magnetic
field direction is conserved during the tunnelling process and because the additional electron
energy connected with the spin is the same in the well and outside it.

We start from the stationary Sdidinger equation for an electron:

1 2
[Zm( - eA) — o€y + U(y)}p(r) = EY(r) )
C

wheree andm are the electron charge and effective masis, the velocity of lighti is the
Planck constant ant (y) is the potential energy of the well which (% deep and: wide
(ile.U(y)=-Uyif |y| <a/2,U(y) =0if |y| > a/2). We neglect the dependence of the
effective mass on the coordinate It is convenient to use the magnetic vector potential
in the Landau gaugel = (—Hy, 0, 0). In this case the Hamiltonian in equation (2) is
independent of, z and we can seek solutions of equation (2) in the form

1

i
Y(r) = P exp<ﬁ(pxx + pzz)><p(y) 3

where p, and p, are the projection of the electron momentum on theand z-axes,
respectively. Substituting equation (3) into equation (2), we obtain a one-dimensional
equation:

A 2 2 2
Dy = mo: 2 P muv;
s — Ve U =|E—-* — c+ —=% ). 4
[2m+ 5 =yt (y)}p ( oy~ VaPxt 2)¢ 4)
Here
le|H & 1
We = Vg =C_; Ye = (px - mvd) (5)
mc H mow,

are the cyclotron frequency, the electron drift velocity in the crossed electric and magnetic
fields, and they-coordinate of the centre of the classical electron Larmor orbit, respectively.

If one neglects the influence of the well potential on the electron motion outside the
well, equation (4) yields Landau levels

- 1 2 mv3
Enpep. = ha)c<n + 2) + % + Vapx — Td n=012...) (6a

Dn,p. = Yn(y — ye) n=012..) (Gb)

where
2

—y>H,1<y> n=012..) (60

1
n(y) = —————ex (
vt AN P 202, Ly
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are the wave functions of the harmonic oscillator [#8], are Hermite polynomials and
ly = (ch/le|H)Y? is the magnetic length.
Let us designate the energy of the ground state in the well in the absence of electric
and magnetic fields as
72,2
o g

where Y« is the scale of the wave-function localization outside the well. If in the well
region the variation of the potentigma?(y — y.)? within the space scale+ 2/« is small
compared tqEy|, i.e.

Eq=

[px —mvg| < pr+myg K (clp)? 8

hi
22+ «ka)
(pr is the Fermi momentum), one can replace the harmonic oscillator potential in
equation (4) by its value ay = 0. After that it is obvious that there exists a bound
ground state in the well. The energy of this state is

(px — muy)? 2 mv?
e g Tuape = (%)

This expression can be transformed to the expected formula

EO./}.r,p: = Eo +

2 2
px +pz
: (9b)

The wave function corresponding to ener@u) is described approximately by the same
expression as in the absence of electric and magnetic fields, namely,

qupupz =Eo+

Cocogky) ly| <a/2

D = 10
#o0?) COCOS(;ka> exp[—K(|y| — ;a)i| ly| > a/2 (10)

K 1 1
Co= Ykl n@oT B k= t/amiEl. (1)
1+ 2ka h h
2

In the general case, wave function (10) describes not a stationary state but a quasistationary
one. The tunnelling rate which we would like to calculate determines the lifetime (averaged
over the Fermi distribution) of electrons in this state.

Below we shall use the energies

where

2 mv? 1
€, = En.px,p, — % —Ugpx + Td = hwc(” + 2> (12&)
; ~ 2 mv? (px — mvg)?
&= Eo,px,[?; _ % — Vg Py + Td = EO"‘F pTd (123)

instead of energie®a), (9a). The electron energy levels and the effective one-dimensional
potential

1
Uesr(y) = émaf(y — )2+ U®W)

in which the electron moves are shown in figure 1.
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3. The tunnelling rate

Let us consider the process of tunnelling from the well. The wave funation r) of an
electron obeys the Sdbdinger equation

. 1 2
o = (b= 54) —eey 4ol (1%
t 2m c
with the initial condition
1
Y(r,0) = T eXp( (pxx + pZZ)) Po(y) (13p)

where@g(y) is the wave function of the ground state in the well (see equation (10)). The
problem can be reduced to a spatially one-dimensional case by making the substitution

1 ‘ mv2
y(r 1) = —exp[ (pxx + pz2) — <5m + vapx — 2) }p(y, 0. (14)
The equation for the function(y, t) reads
10 133 1, 2
- =2 - 1
i [2m+2mw =)+ U |¢ (15)

Substitution (14) enables us to eliminate the tey2m) p? + v, p, — mvd from expres-
sions (6a), (9a) and to arrive at energied2a), (12b). As is clear from figure 1, at fixed
values of p,, p, the electron can leave the well if the energy level of the initial state
coincides with one of the Landau levels, i.e.

1 _ 1
Eo+ (P = mug)? = hwc<n + 2)- (16)

From equation (16) we find

s — vl =\/2m<|Eo|+Ewc<n+;>>- 17)

According to inequality (8), the left-hand side of equation (17) should be much less than
V2m|Eol3[hw.(1+ %Ka)]_l. Therefore, in the approximation of a comparatively deep well
(or comparatively weak fields), the electron can leave the well if the condition

|E0|)3/2 1 | Eql 1
= — > +n+ 2 18a
(ha)c 21+ zlca) hw, 2 (189)
holds. This is possible if, at least,
E 1
Fol el > 1 (180)
how,

This inequality is necessary but may be insufficient to ensure that condlian is satisfied.
If the number of the Landau level to which the tunnelling is proceeding is not very large
(namely,n < |Eo|/hw.), condition(18z) can be replaced by

E 1
|h(j| > 2(1+ 2/<a> (18)

Following the method described in [8], let us rewrite equation (15) in the form

_8(p _ Dy 1 _
h@ [2 + 5me 2y — o) }o =U(y)g. (19)
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Then let us introduce the Green functiGtiy, y’, t—1t’), which is the solution of the equation

_93G 2 1 L
i - [;’1 + émwf(y - yc)z}G =ihs(t —1)8(y —y") (20)

and which is identically equal to zero for< ¢'. It can be shown that

o.¢]

G(y.y . t=1) =00 —1)Y Yy = y)Uu(y — yo)e /20, (21)
n=0

Here®(t —t') is a step function®(t —¢) =1if t > ¢ and®(r —¢) =0if t < ¢t'). The

Green function enables us to rewrite equation (19) and its initial condition in the integral

form

*© ~ / / 1 *© / ! / / / / / 7
w(y,t)=f G(y,y, D@o(y') dy +ﬁ/ dy / dt’ Gy, y',t —tHU ey, t).
—00 —00 0
(22)

The first term in the right-hand side of equation (22) describes the transitions of the electron
from the initial state to Landau levels when the quantum well is absent. The probabilities
of these transitions do not depend on time (in contrast to the probabilities described by the
second term in the right-hand side of equation (22)). Our estimates show that for sufficiently
larger (t > h/|Eg|) we can neglect the contribution of the first term in the right-hand side
of equation (22) in comparison with the contribution of the second term. Below we shall
focus on investigation of the latter.

If the time ¢ that we consider is significantly less than the inverse tunnellingwafe
ie.

h/|Eol <t K w™ (23)
(w will be given below), we can substitute the unperturbed wave function of the initial state
AV ~ / i ~
ey, 1) = @o(y) eXp(—Eeot )

into the right-hand side of equation (22). Using the Green function (21), we find

Uo §- i 12 don+1/9—&/Mmt _ 9
oy, t) ~ — %(y _ yc)e iw.(n+1/2) il
" ;0 we(n + 3) — &/h
al2
* / Go(y)Un(y' = ye) dy'. 24)
—a/2

The integral contained in equation (24) can be solved analytically if the well is not
wide, namely, if the well width satisfies the conditions

a<ly (259)
n% < Iyel- (25b)

Taking into account expressions (5), (17), we rewrite inequ&lip) in the form

n a | Eol 1
—_— = —. 25¢c
2V21u < hwc+n+2 (250
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Under conditiong25a), (25¢) we can approximate the functiah, (y’ — y.) in equation (24)
by ¥, (—y.) exp(ycy//lfl) and carry out the integration ovef. As a result, we have

{ Uy g@cn+l/2—eo/Pt _ 1

ko w.n+3)— &/l

K L [sintk +iye/15)a/2 Sin(k—iyc/lfl)a/Z]}
“VTr T ™ y“)[ crivgd T k—iygz ] @O

The expression in the braces is simply the probability amplitude (let us designatg, it gs

of the electron transition to theth Landau level during the time In accordance with the
transcendental equation governing the electron spectrum in the quantum well, the following
relation holds:

Up [sin(k +iye/13)a/2  sintk — iyc/zg)a/z]

h k+iy/1Z k—iye/1Z

\/7 v (Uo — [Eo)Uo
“VmU,—

|Eol + (1/2m)(p: — mvg)?

o0
oy, 1) ~ Z Y (y — yc)e—lwc(n+1/2)r
n=0

a x — Mug . a
X [‘/|E0| cosh(p, — mvd)ﬁ_ + % sinh(p, — mvd)zﬁ]' (27)

Hence, the probability of the electron transition from the well to #tle Landau level
occurring during the time equals

2 (U — | Eo|)Uo| Eol [(mw—mﬂz
m(1+ 3ka)(Uo — | Eol + (1/2m)(py — mva)?? L™\ mo

la, ()|? =

2
X |:COSh(px - mvd)%_ + Px 7 MV sinh(p, — mvd)zaﬁ:|
\/2m|Eol
4sirf(oc(n + 3) — é/h)t/2
(@e(n+3) —é&/m?
Now we can calculate the numbafi(z) of electrons that have left the well during the
time ¢. As mentioned above, we supposed the heterostructure temperature to be sufficiently

(28)

N7

T!Eol

-P- O P mvy P,

Figure 2. The parabolas = (1/2m)(p, —mvg)? for mv, = 0 (curve 1) andnvy > pr (curve
2), and horizontal lines = |Ep| + haw.(n + %), n=0,12,... (curves 3), in thep,e-plane.
When depicting curve 1, we took into account thdtzo| + (1/2m)p2F < 0.
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low that we could assume the electron distribution functfmp,, p,) att = 0 to be the
two-dimensional Fermi function, i.ef(px, p,) = O(pr — /p2+ p2) where® is a step
function. In this case

S dp, dp; =
vo = [ [ St e P Ll

_ Sk(Uo — |Eo)Uol Eo| [ dp \/ﬁ
mh?m(1+ lka) A

—PF

= 1 mvg — pe\1?
* ; (Uo — |Eo| + (1/2m)(px — mvg)?)? |:%< maw; )}

2
a Px —mvg . a
X |:COSh(px —mvg) == + ————— sinh(p, — mvy) ==
2 [om|Ey| Zh}
5 {4sir?(w(,-<n + 3) + |Eol/h — (px — mvd>2/2m%)r/2}
m(we(n + 3) + |Eol /i — (px — mvg)?/2mh)? |

Here S is the area of the heterostructure in thez plane. As is well known [9], for
sufficiently larger the function si(ar)/me? can be considered as(«) wheres(a) is a
delta function. In our case, for large

t > h/vho| Eol h/\/er|Eol (30)

whereer = p%/2m is the Fermi energy, we can replace the expression in the braces (see
equation (29)) by

5 1 5 1 E 1 5
t |:2]/7( Q)C(Vl+2)+| 0|_E(px_mvd) )i|

After that the integration ovep, can be easily carried out. Due to the delta function, only
the points of intersection of the parabala= (1/2m)(p, — mv,)? and the horizontal lines

e = |Eo| + hoc(n + %), n=20,12, ... (see figure 2), contribute to the integral (if these
points of intersection exist in the intervalpr < p, < pr). Figure 2 shows that the points
of intersection are situated to the left of the point= muv,. It should be noticed that the
number of electrons that have left the well during the timis proportional to this time.
Therefore we can introduce the electron currénfrom the well, equal to the number of
electrons that have left per unit of time, i= N(¢)/t. We do not give an expression for
J, but at once go over to the tunnelling rate definedvas J/Ny. Here

S dp, dp, _ Sp%
// (2 h)2 f(va pZ) - W

is the initial number of electrons in the quantum well. As follows from equations (29) and
(6c),

(29)

8(Ug — |E0|)U0|E0|3/2 TMmax \/1 - (mvd/PF - (TI/PFIH)\/2|EO|/}_160¢ +2n + 1)2

1/2 — —
A+ dka)he/® i J21Eol o, + 20+ 1 (Us + T (n + 3))2

% ;e—(2\50|/ﬁwr+2n+1)an 2|_Eo| omt1
2npl hw,
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Ka n+1 2n+1 . («ka 2n +1\1?
x| cosif — 1+72 + 1+725|nh — 1+72 .
2 K25, K?l%, 2 Kk2l%

(31)
Heren,,, is the integral part of the number
1 1 1_
Npax = — | — 2 _ |Eo| — Zho, 32a
th[Zm(pF+mvd) | Eo 5 a)} (329)
andn,,;, is the integral part of the number
171 2 1_
Noin = | g e+ v = el = 5| + (3)

if Npin > 1, andny,;,, = 0 if Ny, < 1. If N, < 0 it is impossible for there to be an
electron current from the well and the tunnelling rate is equal to zero because the energies
of electrons in the well are less than the energies of electrons outside the well.

We emphasize that equation (31) is valid if

w <K vhoo|Eol/h ver|Eol/h (320)

(see inequalities (23), (30)) ang,,, satisfies conditioni25¢). The restriction on the quantity
nmax Means that, at a fixed magnetic field, formula (31) describes the ionization rate in an
interval of £, bounded above.

4. Discussion and numerical results

Let us analyse equations (31) and (32). As we have mentioned, the electron current from
the well (and the tunnelling rate, too) is not equal to zer/jf,. > 0, i.e. the inequality

1 1_
E>&Ep = mcH<\/2m<|E0| + 2ha)c> - pp) (33)

is satisfied. Thus, if at a fixed magnetic field the value of the electric field is less than the
threshold valu&,,, tunnelling from the well is impossible. From condition (33) we can also
conclude that at a fixed value of the electric field, tunnelling from the well is impossible if
the magnetic field exceeds some vaidg,. Taking into account inequalityl8b), we can
write, approximately,

Mo~ — "¢ ¢ (34)

\/2m|E0| — PF

Let the electric field increase and the magnetic field be fixed. Every time the electric
field exceeds the value

1 — 1
£ = H(\/Zm(lEol +th.(7,+ )) _pF> n=0,12 .. (35)
mc 2

(obviously, & = &), the transition to theith Landau level becomes possible (in addition
to the transitions to the Landau levels with previous numbers lowertiané& < &,). As
follows from equation (31), the derivative of the tunnelling rate with respe@ tmuals
infinity at £ = &, + 0. Similarly, when the electric field exceeds the value

- 1 _ 1
E, = H(\/Zm(|E0|~|—ha)c<n+>>+pp> n=012... (36)
mc 2
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the transition to theith Landau level becomes impossible, and the quantitydd equals
minus infinity at€ = &, — 0. However, for typical parameters of the heterostructure (see
below) the quantities, (» = 0,1, 2, ...) are large and do not belong to the intervaléof
for which formula (31) is applicable.

Our consideration is valid under conditigh8b). If only Landau levels labelled with
small numbers are involved in the tunnelling process fi,e« < |Eo|/hw.), equation (31)
can be simplified. As a result, we have

4/2(Ug — | Eol)| EolVho, mug — T \ 2
w X g 11—

(14 3ka)hUo/eF br
X ”X: iewzwo\/m%“mz olFol t2n+1). 7)
TN n how,

Nmin
It is interesting to compare the tunnelling rate found above with that in the absence of
a magnetic field. According to [8],

2(Uo — |Eol)| Eol ( 4|EO|K>
ﬁ EX Ka — .
(1+ 3xa)hUp 3le|€
Hence, the ratio of the tunnelling rates in the presence and in the absence of a magnetic
field is
w AUg /| Eol (4|E0|/< )
~ exp —Kka

wH=0 . Jer 3le|€

mvg k| |Eo| ?
X 11— — - 2— +2n+ 1)
Z { < pr Prlg\ ho.

nHllll

E _ 1 29-1
x IBol | 5y 41 Uo+hwe[n+ =
hw, 2

w(H =0) ~

(38)

1 |Eol
(2| Eol fFwe+2n+1) 172
x 2nnlm "( ho, et
Ka 2n +1 2n+1 . (ka 2n +1\7°
X | cosnl — 1+72 + 1+725|nh — l—i-iz .
2 K2l K215 2 K?l%,

(39)

The dependence of the tunnelling rate on the electric field at two fixed values of the
magnetic field is plotted in figure 3. We have chosen the heterostructure parameters as
follows: Uy = 0.3 eV,a = 423 A, m = 0.07mq (mo is the free-electron mass). In this case
the energy of the ground state in the wellAs = —0.2 eV. We suppose the sheet density
of electrons in the well to be&/y/S = 10*2 cm=2. As one can see, the stronger the electric
field, the higher the tunnelling rate. But the dependen¢€) is not smooth. As we have
mentioned, the derivative ab with respect taf tends to infinity at the point§ = &, (see
equation (35)).

In accordance with inequality (1), the numerical results represented in figure 3 are valid
if T « 1075 s for H = 80 kOe and ift « 108 s for H = 100 kOe. These inequalities
are satisfied for real heterostructures.

The dependence of ratio (39) on the electric field is depicted in figure 4. The hetero-
structure parameters are the same as in figure 3. Figure 4 shows that the/ratil = 0)
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Tunnelling rate (s™)
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Electric field (kV cm™)

S

Tunnelling rate (s™)
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Electric field (kV cm™)

Figure 3. The dependence of the tunnelling rate on the electric field. The heterostructure
parameters are as followd/p = 0.3 eV, a = 423 A, m = 0.07mg (mo is the free-electron
mass) and the electron sheet density in the well i¥ Xn~2. The magnetic field equals

80 kOe (a) and 100 kOe (b).

is @ nonmonotonic function of the electric field. On the whole, the ratio decreases due to a
strong exponential dependenceuwofH = 0) on£. But near the point§ = &, (see equation

(35)) where the tunnelling rate in the presence of a magnetic field is a sharply increasing
function of the electric field, the rati@/w(H = 0) increases. Figure 4 also shows that the
ratio w/w(H = 0) can markedly exceed unity. We interpret this fact as follows. In the
absence of a magnetic field an electron tunnels from the well through a triangular barrier
the height of which i§Ep| and the width of which is determined by the electric field and
equalsbh; = |Eg|/|e|€. In the presence of a magnetic field the electron tunnels through an
approximately triangular barrier of the same height and of the wigttdetermined by the
force ma?|y.|. If the electric field is just a little larger than the threshold value determined
by equation (33), only the tunnelling process to the lowest Landau level is possible. In this
case, we have

be _ 1 (pF_ |e|<6—8,h>>. “0)

b1 J2m(Eol + Lho,) e
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Figure 4. The ratiow/w(H = 0) versus the electric field for two values of magnetic field
(H = 80 kOe (a),H = 100 kOe (b)). The heterostructure parameters are the same as in
figure 3.

One can see that the barrier width in the presence of a magnetic field is smaller than that
in the case where the magnetic field is absent. The ratio of the barrier transparencies in the
presence and in the absence of a magnetic field is an exponential function of the gquantity

41 Eolk <1 b2> _ HEolk 1 (pF _ M) (41)

3le|E B by 3le|E /2m(|Eo| N %Ea)c) we

This quantity is positive and decreases with the increase of the electric field. Hence the
ratio of the barrier transparencies in the presence and in the absence of a magnetic field
is much larger than unity and decreases with the increase of the electric field. We can
state the same for the tunnelling into other Landau levels labelled with comparatively small
numbers, which occurs at larger electric fields. Since the behaviour of the tunnelling rate,
on the whole, is determined by the barrier transparency, for comparatively weak electric
fields the ratiow/w(H = 0) is much greater than unity and decreases, on the whole, with
the increase of the electric field.
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5. Conclusions

We have investigated electron tunnelling from a rectangular quantum well placed in crossed
dc electric and magnetic fields. Electrons are supposed to experience scattering (see
inequality (1)), due to which it is appropriate to speak about the tunnelling from the well into
bulk Landau levels. We have shown that at a fixed value of the magnetic field there exists
a threshold value of the electric field below which tunnelling from the well is impossible.
We can also say that at a fixed value of the electric field there exists a threshold value of
the magnetic field above which the tunnelling is impossible.

At a fixed value of the magnetic field the dependence of the tunnelling rate on the
electric field is an increasing function. This dependence is not smooth because of new
Landau levels becoming engaged, to which electrons can go over from the well.

The ratio of the tunnelling rates in two cases, namely, in crossed electric and magnetic
fields and in the presence of just the electric field, decreases, on the whole, with the increase
of the electric field at a fixed magnetic field. This ratio significantly exceeds unity if the
electric field is comparatively weak because in the two cases an electron tunnels through
barriers of the same height, but the width of the barrier in the presence of a magnetic field
is less than that in the absence of magnetic fields.

Numerical estimates of the tunnelling rate are given.
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