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Magnetophonon resonance at high electric fields in thin (1 to 9 p, m) n+ nn+ GaAs struc-
tures reveals a new mechanism of magnetoconduction, in which an electron in the n th Lan-
dau level can scatter elastically or quasielastically into the (n + 1)th level.

PACS numbers: 72.20.My, 72.20.Ht

This Letter reports resonant magnetotransport
measurements on short semiconductor devices, i.e.,
devices where contact separation is on the micron
scale. By monitoring magnetophonon resonance
(MPR) extrema in the transverse magnetoconduc-
tivity, o-~ of n+nn+ GaAs structures in crossed
electric (Ell x) and magnetic (Bll z) fields as a
function of the strength of E and B, we have ob-
served a new magnetotransport mechanism which is
unique to the high electric fields achievable in
structures of this size. In this electric-field-induced
process, (quasi)elastic inter Landau l-evel sca-ttering

(QUILLS), electrons can propagate along E by elas
tic (or quasielastic) transitions from the nth to the
(n+ 1)th Landau level. The onset of the process
occurs when the potential energy difference Ehx
across the spatial extent, 4x, of a Landau state is

comparable to the cyclotron energy, hem, . This pro-
cess is quite distinct from ordinary elastic inter-
Landau-level processes involving a change of the
electron momentum component tk„parallel to 8,
which have little effect on o-

The devices were grown as n+nn+ layers by
liquid-phase epitaxy. The n+ substrate was 150 p, m
thick and doped to 1 x 10' cm . Different active
layers were grown with thicknesses of 1, 5, and 9

p, m and room-temperature carrier concentrations,
n, between 4&10' and 1&10' cm . The top
layer was 0.3 p, m thick with n+ =2x10' cm
Mesas with diameters of 0.1, 0.2, 0.5, and 1.0 mm
were investigated to ensure the absence of boun-
dary effects.

The transverse magnetoresistance R (B) was
measured between 77 and 300 K for B up to 18 T,
as shown in Fig. 1, curve a. At high magnetic fields
the applied voltage is almost entirely across the cen-
tral active layer which, because of its high mobility,
has a much larger magnetoresistance than the n+
layers. Control measurements on structures with
no active layer gave ratios R (18 T)/R (0) of typi-
cally 1.5 compared to values of 20 to 30 for the 1-
p, m active layer. MPR occurs when

Nh oi, = Nh eBtv / m' =/trot,

where N = 1, 2, 3, . . . , m' is the effective mass for
the lowest conduction band, and h mL is the
longitudinal-optical phonon energy. When the res-
onance condition is satisfied, enhanced scattering
leads to maxima' in o.~, as observed in n-GaAs
and other semiconductors at low electric fields
( & 100 V/cm) with macroscopic samples (approxi-
mately millimeter scale).
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FIG. 2. The variation of the amplitudes of various
MPR extrema at 300 K for increasing current {see text).
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FIG. 1. Curve a, transverse magnetoresistance of a 1-
p, m-thick n-GaAs sandwich. Curves b to i, transverse
magnetophonon extrema of the same sample, for various
values of current at 300 K. Curves b to i correspond to
currents of 0.5, 5, 15, 20, 25, 30, 40, and 50 mA, respec-
tively.

MPR extrema observed in our structures for a
lattice temperature of 300 K are shown in Fig. 1,
curves b to i, for different currents. The amplitude
4o- of the MPR is a few percent of the total con-
ductivity above 10 T. Double differentiation was
used to suppress the nonoscillatory magnetoresis-
tance. At low currents and low electric fields,
minima in ri o/'riB (m-axima in o. ) occur at the
fields B~ indicated by arrows, which satisfy Eq. (l).
However, as the current is increased, additional
structure appears og the extrema at resonance, and

at sufficiently large electric fields, minima rather
than maxima occur in o- at resonance. To locate
the transition from maxima to minima in o, we
plot the variation of the amplitude of each resonant
(N) and off-resonant (N+ —,) extremum versus
current, as shown in Fig. 2. Because of the limita-
tion of the maximum magnetic field available,
analysis of the structure between N = 1 and 2 is dif-
ficult and has not been plotted. At currents where a
weak minimum is superimposed on a stronger max-
imum, amplitudes of both these mimina and maxi-
ma (defined as shown in curve d of Fig. 1) are
recorded and their amplitude difference is taken as
the effective amplitude of the resonance. The critical
currents I, at which maxima convert into minima,
i.e., where the effective amplitude is zero, are indicat-
ed by arrows. From the undifferentiated magne-
toresistance, the corresponding values of electric
field E,(N) are deduced. The values of E, (N) in-
crease with decreasing N. The straight-line depen-
dence shows that they fit the relation

E, (N)~2N [(N+ —')'i + (N+ —')'t']

which is derived below from the properties of the
electron eigenfunctions.
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The Hamiltonian for the cross-field problem is

A = (1/2m")(p+ eA)z+ exE,

with A = B(G,x, 0). Spin effects are neglected since
spin-flip MPR in GaAs has not been observed. The
eigenfunctions and energy eigenvalues are given by

P„=exp(ikey) exp(ik, z)$„(x—xp)

and

h k, 2E2
e„=(n+ z )@co,+ „+eExp+

2m 2m (dc fl+2 fl+1

where g„are simple harmonic-oscillator-like solu-

tions, n =0, 1, 2, 3, . . . , and k =0, +27r/L, +47r/

L, . . . . The center coordinate xo is given by

—xp=h ky/m'cu, + eE/m'o)~z, (2)

and I is the length along the y axis. The energy
eigenvalues are plotted schematically for a particu-
lar value of k, in Fig. 3. It is worth noting here that
although scattering processes involving a change of
k, have a crucial effect on the longitudinal magne-

toconductivity a.~, they have little effect on o.

At low electric fields, eigenfunctions (n and P in

Fig. 3) of the same energy in adjacent Landau lev-

els have a very small spatial overlap, and the
elastic scattering rate between levels is low. How-

ever, at a large enough field, E„ the eigenfunctions
in adjacent Landau levels which are now at the
same energy (o and ) ) have a more significant spa-

tial overlap. Hence, at E„elastic or quasielastic
scattering between the Landau levels (QUILLS) be-
comes appreciable. This scattering can be either by
ionized impurities (elastic) or by acoustic phonons
(quasielastic). 4 QUILLS introduces a contribution
to cr not available at low electric fields. Since the
$„have exponential tails, this new contribution
should increase rapidly for small increments of E
around E,. The change of sign of the MPR extrema
at large Ecan now be understood in terms of the ef-
fect on 0- of competition between two types of
scattering processes. At resonance the electron gas
is cooled by LO phonon emission. This transfers
electrons from spatially extended high-energy
(high-n) states into less extended low-energy states.
QUILLS, which relies on spatial superposition of
the eigenfunctions, therefore decreases at reso-
nance and makes a smaller contribution to a. than
at off-resonance magnetic fields, When the de-
crease in contribution to o.~ produced by QUILLS
exceeds the increase due to scattering by resonant
MPR emission, minima rather than maxima in cr

at resonance should occur. At the half-integer

distance x

—1 Opm

active layer

h electric field

values of N, resonant magnetophonon processes do
not contribute to cr and to the cooling of the elec-
tron gas. Therefore, at these values of B, QUILLS
is especially effective in increasing ~ and leads to
maxima in it at large E.

Since the slope of the lines in Fig. 3 is eE, the on-
set condition of QUILLS is

eE, (b x„+hx„+ l)/2=tao„ (3)
where Ax„ is the spatial extent of $„. The b,x„are
given by the classical limits of the simple harmonic
motion, Ax„=2(2n+I)' zlzz, where is= (t/eB)'
Since the electron distribution function decreases
rapidly at an LO phonon energy above the band
edge, ' the main contribution to the Nth magneto-
phonon resonance involves transitions from the
n=% to n=0 Landau level. Substitution of the
resonance condition (I) into Eq. (3) gives the criti-

FIG. 3. Schematic plot of the energy eigenvalues of
various Landau levels (n) for fixed k, (a) for low electric
fields and (h) at an electric field large enough to give a
significant probability of scattering between two eigen-
functions of states in the nth and (n+ l)th Landau lev-
els of the same energy. The closed circles on the solid
line represent the quantized values, xp. The d„(x—xp)
are sketched for n = 3 and 4.
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crossover from maximum to minimum in cr~ at
resonance is critically dependent on the relative
strengths of the contributions of QUILLS and mag-
neiophonon processes. The agreement is quite
good considering that our method of obtaining I,
and hence E, is somewhat empirical and that there
is an estimated 20% uncertainty in the effective
active-layer thickness and hence in E. A more de-
tailed analysis of the E dependence of the reso-
nances, which requires details of the electron distri-
bution function and the scattering rate for QUILLS,
is in progress.
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2N [{N+1/2] + [N+ 3/2) ]

cal condition for electrons in the A'th Landau level:

eg, = (gm ) /2(~ /2)3/22N

x [(N+ —')'/ + (A/+ —')'/ ] (4)

Since Eq. (4) contains either physical constants
(h and e) or known properties of GaAs (m' and
cuL), a quantitative comparison can be made
between the model and the measured values of crit-
ical electric field. We find that the slope given by
the data points in Fig. 4 is 3G% smaller than that
calculated from Eq. (4). The precise condition for

FIG. 4. The critical electric field (at which the signs of
the MPR extrema change) plotted against
2N / [(N+ —,')'/ +(N+ 2)'/'] '. The solid curve is

the best straight-line fit through the origin. The data
points are taken from the intercepts in Fig. 2 for a 1-p,m
sample.
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Since hxo —/s, Eq. (2) gives —b k» = ( I//s) hxo—I//a, where /s —100 A at 10 T. This relatively large
change in k~ is presumably more effectively supplied by
acoustic phonons than by ionized impurity scattering. In-
terestingly, although k~ changes in the scattering process,
the group velocity component v~ is not relaxed. Since
m vy = py+ eely

= py+ eBx, in a scattering process,
m hv~=h5k„+ eBAxo=o.


