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Magnetoquantum  resistance (MR) in a perpendicular magnetic field (B)) and
photoluminescence (PL) spectra are shown to be sensitively modulated by an in-plane field
(By) due to the Byrinduced anticrossing of the energy-dispersion curves of the twe quantum
wells (QWs). Using a self-consistent density functional theory, we find very different By-

evolutions of the PL spectra for symmetric and asymmetric double QWs consistent with recent
data. The MR is calculated using a linear response theory. The results consist of a
superposition of two series of MR oscillations represented by ridges running nearly
perpendicular to each other in the B = (By, B ) plane. Our data from GaAs/AlGaAs double
QWs agree with this behavior.

-

1 Introduction

Double quantum wells (DQWs) display many interesting properties due to
tunneling, absent in single QWs. In a purely in-plane magnetic field By in the x
direction, the wave vector k = (k,, ky) is a good quantum number except that ky is

displaced in the two QWs by Ak, = dl € where d is the center-to-center distance
between the QWs and ¢ = (Ac/eB,)!2. This can be seen from the Hamiltonian
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where A, = Byz is the vector potential and V(z) is the confinement potential [1]. The
energy dispersion parabolas of the two QWs anticross and split into two branches as
shown in Fig.1 for symmetric DQWs. The gap A, passes through the chemical
potential p (thick horizontal line) with increasing By and is negligibly small for the
holes due to the large heavy hole mass m,*. However, the in-plane hole mass is not
large, yielding considerable curvatures for the dispersion. The samples considered
here are GaAs/Aly;Ga,,As DQWs.
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Figure 1. Anticrossing in symmetric DQWs and Figure 2. Bj-evolution of the PL spectra from
the transitions from the upper (U) and lower (L) sample 1 for By from 010 9 T.
branches.

2 B-Evolution of the PL Spectra

Eq. (1) is solved using a self-consistent density functional theory including the
Hartree and exchange-correlation potentials [2]. The PL spectra are calculated using
the formalism of Ref. 3 and assuming that the damping I'is constant independent of
the energy and is the same for the electrons and holes. The PL spectra are
determined by the square of the wave function overlap times the joint spectral
density of the electrons and the photogenerated holes averaged over their occupation
probabilities given by the Fermi-Dirac and Boltzmann distributions.

The theory is applied to symmetric DQWs (sample 1) with 100 A wells, a 35 A
center barrier, and 100% ionized delta dopants inside the outer barriers at a distance
50 A from the outer interfaces with a density 1.2X10"/cm? each. Calculated PL
spectra are displayed in Fig. 2 for 0 = B;= 9 T [4]. The spectra have two peaks at
low By’s. The upper peak (U) disappears at 5 T. The U-peak appears to be stronger
because it rests at the tail of the lower peak (L). The double to single peak behavior
can be understood from Fig. 1: at B = 0, two strong PL peaks U and L arise from ky
=0 area near the bottoms of the upper and lower branches. At B, = 5 T, however, U
disappears because the holes are depopulated from the ky, = 0 area. At a higher
temperature, U disappears at a higher By as seen from Fig. 1(c).

Figures 3 and 4 display the anticrossing and the PL spectra for asymmetric
DQWs (sample 2) with the same structure as sample 1 but with a total electron
density 6.0X10"/cm? and a 6 kV/cm electric field. In this case, the holes are in the
right QW. The U peak is strong at B; = 0 and arises from the intrawell transitions
inside the right QW as illustrated in Fig. 3(a). The L peak arises from the interwell
transitions and is weak. At, high By‘s, the U peak becomes weak because the holes
are not available and is replaced by a strong L peak as seen from Figs. 3(c) and 4.
The behavior in Fig. 2 and 4 is consistent with recent observation [5].
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Figure 3. Anticrossing in asymmetric DQWsand  Figure 4. Bn-evolution of the PL spectra from

the optical transitions from the upper (U) and sample 2 for B“ from0to9T
lower (L) branches.

2 Magnetoresistance (R,,) Oscillations in a Tilted Magnetic Field

In a tilted magnetic field, the vector potential is given by Ay = B x - Bjz. We have
calculated R,, using a linear response theory. The Hamiltonian consists of 1) the
Landau level (LL) energies (n+1/2)%w, of the two QWs due to B in the absence of
tunneling plus 2) the tight-binding tunneling integral J L(n,,n,). Here J, is the field-
free tunneling integral which equals half the gap energy Ag,s and L(ny,n,) is the
overlap between the LL harmonic wave functions n; and 1, belonging to Qw1 and
QW2. The role of By is to displace the centroids = ¢ J_zky of the two LLs by Ak, = df
¢ relative to each other and induce nonzero coupling for L(ny,n,) for n; # n, [6].
Here ¢, = (%c/eB  )'2. The conductivity is given by [7]
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where fz) is the derivative of the Fermi function, « is the eigenstate, v the velocity
operator, and L, is the sample size in the z-direction. For the spectral density p.(2),
we use a Gaussian function centered at each eigenvalue with a constant root mean
square deviation I', where I' = 0.5n4w./B, 2. Here 7 is a parameter which depends
on the system {7].

In Figs. 5 and 6, we display the calculated R,, for 4 = 0.2 and the data from
sample 3 with 150 A wells, 15 A center barrier, J, = 1.15 meV, and the electron

densities 1.9X10"/cm?, and 1.0X10%/cm?. The quantity n determines the size and
the sharpness of the resistance peaks in Fig. 5.
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Figure 5. Calculated R, for sample 3. Figure 6. R, data from sample 3 [8].

R, is much lighter in Fig. 5 than in Fig. 6 and is of the same order of
magnitude. R, can be understood in the following way. The cyclotron mass in the
upper (lower) branch decreases (increases) with increasing By at B, = 0 [7]. Thus,
the LLs in the upper (lower) branch sweep up (down) across p with increasing By at
afixed B, . The ridges running downward (upward) diagonally from left to right are
due to the Fermi level crossing of the LLs in the upper (lower) branch. The R,
maxima are produced when the two sets of the ridges intersect [7, 8]. . is inside the
gap for 6.4 < By <7 T. The ridges from the lower branch converge to the point By =
6.4 T at B, =0 where p touches the bottom of the upper branch.

Acknowledgments
This work was supported by U.S. DOE under Contract No. DE-AC04-94 AL85000.

References

1. 8. K. Lyo, Phys. Rev. B 50, 4965 (1994).

2. L. Hedin and B. I. Lundqvist, J. Physi. C: Solid St. Phys. 4, 2064 (1971).
3.S.K.Lyoand E. D. Jones, Phys. Rev. B 38, 4113 (1988).

4.D. Huang and S. K. Lyo, unpublished.

5.Y. Kim et al.,, The Physics of Semiconductors, ICPS 23, Edited by M. Scheffler
and R. Zimmermann, p.1859 (World Scientific, Singapore, 1996) and unpublished.
6. J. Hu and A. H. MacDonald, Phys. Rev. B 46, 12554 (1992).

7. 8. K. Lyo, N. E. Harff, and J. A. Simmons, Phys.Rev. B 58, 1572 (1998).

8. N.E. Harff et al., Phys. Rev. B 55, R13405 (1997).

Sandia is a multiprogram laboratory
operated by Sandia Corporation, a

Logkhced Martin Company, for the
United States Department of Energy

under contract DE-AC04-94A1.85000.

page 4/4




