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Tunneling absorption is calculated in  weakly-coupled n-type asymmetric 

double quantum wells in an in-plane magnetic field using a linear response 

theory. Photon-assisted tunneling occurs between the ground sublevels of 

the quantum wells. We show that the absorption threshold, the resonance 

energy of absorption, and the linewidth depend sensitively on the magnetic 

field and the temperature. 

1. Introduction 

Tunneling between two quasi-two-dimensional (2D) layers of electron gases displays 

many interesting phenomena [ 1 - Y] and offers new device applications. In this paper, we 

study photon-assisted tunneling in weakly coupled double quantum well (DQW) struc- 

tures subject to an in-plane magnetic field (B). Tunneling occurs between the ground sub- 

levels of the QWs which have unequal 2D electron densities N l >  N2. Higher sublevels are 

far above the ground sublevels in thin QWs and are not considered here. We find that the 

absorption threshold energy, the absorption peaks, and the width all depend sensitively on 

B. 

In d.c and a s .  tunneling transport processes in this structure, electrons flow in through 

one end of a QW, undergo resonant or photon-assisted tunneling through the barrier 
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between the two QWs, and flow out of the other end of the second QW. This structure was 

realized recently through the pioneering new technique of creating independent ohmic 

contacts to closely spaced QWs in DQW structures [9]. In DQW structures with a wide 

bamer between the wells, the in-plane conductances in the QWs are much larger than the 

tunneling conductance, yielding negligible potential drop along the current paths inside 

each QW. The linear driving electric field is in the growth direction perpendicular to the 

two QWs which are in equilibrium. 

In zero magnetic field, the energy-dispersion paraboloids of the two QWs are parallel, 

offset by the energy mismatch A (- a few meV) of the ground sublevels of the two QWs as 

shown in Fig. l(a) for kx = 0. For nonzero A, d.c. resonant tunneling is impossible because 

momentum and energy conservations cannot be achieved simultaneously on the Fermi sur- 

face as can be seen from the fact that the two concentric Fermi circles in Fig. l(a) do not 

intersect [ 11. However, tunneling can occur through absorption of photons as illustrated 

schematically by the vertical arrows, which originate from the occupied states of the lower 

parabola of QWl and terminate at the vacant states of the upper parabola of QW2. The 

shaded area indicates degenerate 2D electron gases. The absorption lineshape is sharply 

peaked at 30 = A, yielding possible applications to infrared-detector devices. The absorp- 

tion decreases monotonically with increasing temperature (T) due to thermal smearing of 

the Fermi surfaces. 

In an external in-plane magnetic field applied in the x-direction, the in-plane wave vec- 

tor k = (kx, k,,) is still a good quantum number except that the two paraboloids are shifted 

in k space relative to each other in the $-direction by an amount AX; = d /  C2 as shown for 

kx = 0 in Fig. l(b) - (f) for increasing B [2]. Here d is the center-to-center distance of the 
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QWs and f?= (72/eB)"2 is the classical magnetic length. Inspection of Fig. 1 implies that 

the absorption lineshape should change dramatically with increasing B, as will be shown 

below. 

2. Thnneling Absorption 

The absorption is given, in a tight-binding model and ignoring spin splitting, by the real 

part of the tunneling conductivity 12.1 

where J is the tunneling integra1,flz) is the Fermi function, Bo is the photon energy, S is 

the area of the QWs, and 

The energies are given by 

deB 
f iC  

&2k = E(k,) + E(ky -Aky)  + A, (A$ = -) 
(3) 

where ~ ( q )  = B2q2/(2nz*) and m* is the effective mass. In (2), qk(z) is given in the Born 

approximation by r1k(z) = 

tion) scattering potentials. Here O(z) is a unit step function and rl and r2 are constants. 

O(z) and r2k(z) = r2O(z - A) for short-range (i.e., delta-func- 

In zero magnetic field, CTR in (1) can be approximated as 

where r= rl + r2, p = (kBT)-', P2D = rn*S/(d2)  is the 2D density of states, and A> is the 

larger of A and Bu. The expression in (4) is exact in the limit rl + 0 or r2 + 0. The 

chemical potential p is a function of N l ,  N2, and 7'. 

In an in-plane magnetic field, the field-induced broadening arising from the relative dis- 
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placement of the dispersion parabolas of QWl and QW2 is much larger than T i n  a 

high-mobility structure. Therefore, neglecting damping (i.e.y Tl = Tz = 0), carrying out 2, 

k,, and k,, integrations in (l), we find 

where E* = E($+). ~ ( q )  (e.g., 4 = C', k,,*) and 

with 

At zero temperature, the result in (5) reduces to 

In (8), the square roots are assumed to vanish for negative arguments and 0, are the 

absorption edges. The absorption lineshape has cusps at the energies Am,. The transitions 

responsible for the upper and lower absorption edges (0,) - and the cusps (Am,) are shown 

by the four vertical arrows in Fig. l(b). 

3. Numerical Applications and Discussions 

The a. c conductance per area G(m)/S = CTR / d is evaluated for n-type GaAs/AlGaAs 

DQWs with unbalanced 2D electron densities N1= 1.74X1Ol1, N2 = 0.95X 10" with 
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A = 2.83 meV, employing m* = 0.067m0 (m, is the free electron mass), d= 21.5 nm, and J 

= 0.04 meV [2]. These parameters are relevant to a DQW structure studied previously for 

d.c.-magnetotunneling properties experimentally [S] as well as theoretically [2]. The 

numerical results are displayed in Fig. 2 for several characteristic B's at T = 0, using r= 
0.3 meV for B = 0 and I'= 0 for B > 0. The relative positions of the Fermi circles of QWl  

and QW2 are schematically shown together with B. 

At zero B, the lineshape is quasi-lorentzian and centered at Am = A. As B is increased, 

the inner Fermi circle moves toward the outer circle and the central absorption peak splits 

into two peaks with two cusps as shown in Fig. 2 at B = 0.2 and 0.5 T. As mentioned in the 

previous section, the positions of the upper and lower cusps are at Bo = Am+ and Bo = Bo-, 

while the upper and lower cutoff energies equal Bo = AL?+ and fa-. The transitions 

responsible the absorption edges and cusps are shown by the four vertical arrows in Fig. 

l(b). The cusps are rounded by damping and thermal broadening. As B is further 

increased, the inner Fermi circle moves further toward the outer Fermi circle, intersecting 

the latter tangentially from inside at B- = 0.84 T. At the same time, the lower-energy 

absorption peak moves toward zero energy, diverging at Bo = 0 at B = B- = 0.84 T. The 

cusp and the upper cutoff are at Bo = Bo+ and Bo = Ba+, respectively, while the quantities 

BQ, Bo- vanish at this B. The divergent d.c. tunneling conductance G(0) arises from the 

fact that energy-momentum conservations are simultaneously satisfied for tunneling at a 

maximum number of points in k-space when the two circles intersect tangentially. With 

further increasing B (e.g., B = 5.4 T), the two circles intersect at two points and the d-c. 

conductance decreases but remains finite. At B = 5.4 T, the upper cutoff is given by Ba+ = 

42.5 meV and is not shown in Fig. 2. Note from Fig. 1 that, above B > B- = 0.84 T, absorp- 
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tion can be from QWl to QW2 as well as from QW2 to QWl. The two circles intersect 

each other tangentially for the last time from outside at B+ = 5.57 T, where the d.c. conduc- 

tance G(0) diverges again for the same reason as explained above. The conductance G(o) 

diverges as o-1’2 for o -+ 0 at B = B+. The divergence is rounded by damping [2]. In gen- 

eral B+ - is given by B+ = &&, /&-kK)f rc /ed,  whereN1 (4) is the larger (lesser) of 

the two densities. As B is increased beyond B+ = 5.57 T, the two circles separate from each 

other; the absorption threshold energy becomes larger than zero and rises in energy as 

shown for B = 6.0 T in Fig. 2. 

In the absence of damping and at zero temperature, the d.c. conductance G(0) remains 

zero until B reaches the threshold field B = B-, where it diverges. As B is increased further, 

G(0) decreases, reaches a minimum, and then increases until it diverges again at B = B,. 

The d.c. conductance G(0) vanishes for B > B+. In the presence of damping or at finite 

temperatures, however, the divergences of G(0) become rounded; G(0) drops to zero only 

gradually below B- as well as above B+ [Z, 31. 

The absorption at finite temperatures is given by (5). The lineshape is displayed in Fig. 3 

at several temperatures for the same sample parameters studied in Fig. 2. Sharp absorption 

edges at zero temperatures are rounded and broadened at finite temperatures due to ther- 

mal broadening of the Fermi surfaces. 

4. Conclusions 

We have employed a linear-response theory to study the intenvell-tunneling absorption 

in weakly-coupled n-type asymmetric double quantum wells (QWs) subject to an in-plane 

magnetic field. Photon-assisted tunneling occurs between the ground sublevels of the 

QWs. We have shown that applied magnetic fields alter the threshold energy, the resonance 
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energy, and the linewidth sensitively. 
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Figure Captions 

Fig. 1 Relative positions of the energy-dispersion parabolas with concomitant Fermi 
circles for increasing magnetic fields from (a) to (0. The vertical arrows indicate tunneling 
absorptions. The four arrows in (b) signify the transitions responsible for the absorption 
edges at I5.f2? and the cusps at fiw+. - 

Fig. 2 Zero-temperature absorption at several characteristic magnetic fields for an 
asymmetric double-quantum-well structure. The circles denote the relative positions of the 
Fermi circles of the two QWs. The sample parameters are given in the text. 

Fig. 3 Absorption lineshape at  several temperatures for B = 0 and B = B- = 0.84 T for 
the same sample parameters as in Fig. 2. 
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United States Government Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use- 
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spe- 
cific commercial product, process, or service by trade name, trademark, manufac- 
turer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 


