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Magnetotransport studies of anisotropic scattering in GaAsÕAlAs island superlattices
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We investigate the electronic properties of wide miniband~;100 meV! GaAs/AlAs superlattice structures in
which the tunnel barriers are formed from planar arrays of AlAs islands. By studying the effect of an in-plane
magnetic field on the miniband conduction, we determine the strength and anisotropy of the rate of electron
scattering by the island arrays.
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Semiconductor superlattices~SLs! are of fundamental in-
terest as they provide a means of studying the motion
Bloch electrons in a periodic potential. The nonlinear dep
dence of the electron drift velocity on applied electric fie
leads to negative differential conductance in the curre
voltage characteristics,I (V).1,2 At sufficiently large applied
bias, the electrical current passing through the superla
undergoes high-frequency oscillations, driven by travel
dipole domains.3,4 The frequency of these oscillations is d
termined by the width of the superlattice miniband and he
by the thickness of the potential barrier.5 Superlattices with
large miniband widths~.10 meV! are of particular interes
because of their potential application as new terahertz ra
tion sources and detectors6,7 in the fields of communications
astronomy, and biomedical imaging.8 Recently, negative dif-
ferential conductance has been observed in the curr
voltage characteristics,I (V), of GaAs/AlAs superlattice
structures with miniband widths of;100 meV.9 In these de-
vices, the mean thickness of the AlAs barrier is reduced
few atomic layers or even to a fraction of a monolayer~ML !.
As a result, the continuity of the AlAs layer is broken by th
formation of a planar array of Al-rich,~AlGa!As islands em-
bedded within the GaAs matrix. Transmission electron m
croscopy studies indicate that the in-plane dimensions of
islands are typically a few nanometers.9 These island SLs are
also of potential interest for engineering novel quant
structures, such as one-dimensional coupled quantum-do
vices or superlattices in which the potential is modulated
only along the growth direction but also in the grow
plane.10

Despite the promise of these novel superlattices, the
order associated with the partly random array of islands m
cause additional elastic scattering of electrons and may
to a decrease of the miniband electron mobility. In this wo
we employ a magnetic field applied parallel to the plane
the island arrays to investigate electron scattering due to
islands. The action of the Lorentz force provides us with
means of tuning both the magnitude and direction of
electron momentum in the plane of the island arrays.
modeling the data in terms of a modified Esaki-Tsu mode
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the electron motion, we are able to extract the strength
anisotropy of the rate of electron scattering due to the
lands.

The samples were grown by molecular beam epitaxy o
heavily Si-doped (n1), ~100!-oriented GaAs substrate
SampleS1 consists of 100 periods; each period is formed
22.5 MLs of GaAs and 0.5 MLs of AlAs. SampleS2 consists
of 130 periods and each period is made of 14 MLs of Ga
and 2 MLs of AlAs. Using a Kronig-Penney model11 and the
band parameters of the GaAs/AlAs system, we estimate
lowest miniband of the SLs to have widths,D, of 105 meV
(S1) and 120 meV (S2). The quantum wells and barriers o
the SL were uniformly doped with silicon~the doping con-
centrations are equal to 831016 cm23 and 931016 cm23 for
S1 andS2, respectively!, and on the top of each of them,
n1 Si-doped GaAs cap layer was grown. The samples w
processed into circular mesa structures of diameter in
range 10 to 100mm, with ohmic contacts to the substrate a
the cap layer. In the following, we define positive bias w
the cap layer biased positive.

Despite the loss of translational symmetry due to the
lands, these SL devices haveI (V) curves characteristic o
Bloch conduction. As shown in Fig. 1, for both samples, t
room-temperatureI (V) curves exhibit an ohmic region a
low bias and a region of negative differential conductan
~NDC! at a critical voltageVc;21 V. For uVu.uVcu, the
I (V) characteristic of sampleS2 shows a series of steplik
features, which are associated with the formation of travel
domains along the SL axis.6 The I (V) curves can be de
scribed in terms of a modified Esaki-Tsu drift-velocity fie
characteristic, which takes into account both the elastic
inelastic scattering processes.12 The calculatedI (V) curves
reproduce the data with the following values of inelastic (r i)
and elastic (r e) scattering rates:r i50.831013 s21 and r e
52.031013 s21 in sampleS1 and r i50.331013 s21 and
r e51.231013 s21 in sampleS2.6,9 These values are simila
to those measured in conventional, narrower miniba
GaAs/AlAs superlattices.5 They indicate that elastic scatte
ing due to collisions of electrons by interface roughness
©2002 The American Physical Society25-1
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impurities is comparable with that due to inelastic collisio
as a result of the interaction with phonons even at ro
temperature.

Here we investigate the effect on the motion of the Blo
electrons of a magnetic fieldB applied perpendicular to th
superlattice axisz. In this geometry, the action of the Loren
force on a Bloch electron tends to increase its momen
components in the~x,y! plane, with a corresponding loss o
kinetic energy due to motion alongz @see Fig. 2~a!#. This
implies that, for increasingB, a larger applied bias is re
quired to sustain miniband conduction alongz, thus shifting
the peak and associated NDC region in theI (V) curve to
higher bias.13–17 This behavior is shown in Figs. 2~b! and
2~c! for samplesS2 and S1, respectively, and can be de
scribed using a semiclassical model of the miniband cond
tion, which includes the effect of the Lorentz force. T
magnetic-field intensity and the strength of electron scat
ing determine the voltage shiftDV of the current peak. In
particular, at low magnetic fields, i.e., when the cyclotr
frequency18 vc is smaller than the scattering frequencyr
5r i1r e , the voltage shift is given by

DV5VcA11vc
2/r 22Vc , ~1!

whereVc is the critical voltage for NDC atB50. In Fig. 2~d!
experimental values ofDV are fitted to the model withr
5(1.160.1)31013 s21 in sample S2 and r 5(3.360.3)
31013 s21 in sampleS1. Also, in sampleS2, the observed
nonmonotonicB dependence of the peak value of the curr
intensity, which shows a maximum atB53 T, can be as-
cribed to the interplay between electric and magnetic loc
ization. The electron trajectories undergo a transition fr
open to closed orbits at a critical magnetic fieldBc

5FcAmxy /D;3 T, whereFc is the critical electric field for
NDC and mxy is the electron effective mass in the~x,y!
plane.15,16

The in-plane magnetic field provides us with a means
tuning both the magnitude and direction of the electron m

FIG. 1. I (V) at 293 K for samplesS1 and S2. LAlAs is the
thickness of the AlAs barriers. Dotted curves are fits to the d
~solid curves! by a modified Esaki-Tsu formula~Ref. 12!. The left
insets show schematically the conduction-band profile~bottom! and
a section of the island GaAs/AlAs superlattice~top!.
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mentum in the plane of the island arrays. In turn, this affe
the miniband currentI to an extent that depends on th
strength of elastic scattering along the deflection direction
the electron. Therefore, by rotatingB in the growth plane
~x,y! and measuringI (B) for each rotational anglef, we are
able to probe any anisotropy in the scattering process.
shown in Fig. 3, for both samples the current intensity e
hibits a clear dependence onf. The angular anisotropy is
characterized by a periodP15180°, becoming more pro
nounced with increasingB before saturating close to ou
highest available fields. The angle of rotation is defined re
tive to a $110% crystallographic direction in the~001! plane.
We also define the$110% direction as thex axis.

In previous experiments on conventional, narro
miniband SLs,14 the angular anisotropy was found to ha
two characteristic periods,P15180° andP2590°. The an-
isotropy of the conduction-band structure of the GaAs a
AlAs layers can be described in terms of the different
plane effective masses along the two crystallographic dir
tions @010# and @110# of the ~001! plane. As a result of this
anisotropy, the current intensity depends on the angle of
in-plane magnetic field with a characteristic period,P2
590°.14,19 In addition, if the AlAs islands at the AlAs/GaAs
interface are preferentially elongated along a crystallograp
direction~e.g., along the@11̄0# direction!, one can expect an
anisotropic scattering of electrons in the growth plan
Therefore, when the magnetic field deflects the electrons
particular direction, there is a corresponding modulation
current depending on the direction ofB with period P1

a

FIG. 2. ~a! Geometry of the magnetotransport experime
~B is perpendicular to the current direction!. ~b! I (V) at 4.2 K vsB
for sampleS1; B is increased in steps of 1 T from 0 to 11 T.~c!
I (V) at 4.2 K vsB for sampleS2; B is increased in steps of 2 T
from 0 to 12 T. ~d! Voltage shift DV of the current peak
as a function ofB in samplesS1 andS2. Continuous lines are fits
to the data.
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5180°. In our GaAs/AlAs island SLs, the angular depe
dence of current is characterized by a dominant periodP1
5180°, implying that interface scattering plays the domin
role in these particular structures and that the anisotrop
the effective mass is negligible. This is a reasonable assu
tion. In fact, due to the high rate of elastic collisionsr
;1013 s21) and corresponding small mean free path of
electrons,l ,10 nm, the in-plane wave vector acquired by
electron due to the Lorentz force (kxy5eBl/\,2
3108 m21) is much smaller than the width of the Brilloui
zone of the crystal (;1010 m21). This implies that,
under the conditions of our experiment, our measured va
of current are relatively insensitive to the nonparabolic
of the in-plane energy dispersion curves at large val
of kxy .

In contrast to previous work,14 our data also indicate tha
the anisotropy of the current intensity has a strong dep
dence on the magnitude ofB. Figure 4 shows theB depen-

FIG. 3. Dependence of the currentI on the angle of rotationf of
magnetic fieldB in the superlattice~SL! plane for sampleS2 ~a!
and sampleS1 ~b!. f is measured relative to a$110% crystallo-
graphic direction in the~001! plane,~x,y!. Continuous lines are fits
to the data by the curveA sin2 f, whereA is a constant. The inset o
the bottom shows the geometry of the magnetotransport exp
ment. The inset on the top shows the dependence of (I 902I 0)/I 0 on
B for different applied biases in sampleS2.
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dence of the angular anisotropy,a, defined according to the
relation a5(I 902I 0)/I 0 , where I 90(0) is the current mea-
sured for f590°(0°), for samplesS1 and S2. In both
samples,a initially increases with increasingB and tends to
saturate at the highest magnetic fields. As discussed be
this dependence can be used to probe the strength an
plane anisotropy of the elastic scattering associated with
AlAs islands.

To explain the data shown in Figs. 3 and 4, we conside
semiclassical model of the miniband conduction and assu
an anisotropic scattering rater in the SL plane~x, y!, i.e.,
r x.r y . This model describes the relaxation rate of the av
age velocity due to elastic~e! and inelastic~i! scattering pro-
cesses, i.e.,r x5r i1r ex . We assume that the inelastic pro
cesses are isotropic. In the linear regime, the miniba
current depends on the intensity and direction of magn
field according to the relation

I f5I 0S 11
dr

r y

B̃2

11B̃2
sin2 f D , ~2!

whereB̃5vc /Ar zr y, vc5eB/Am0mxy,
18 r z is the scattering

rate for electron motion alongz, and dr 5r x2r y . Further
details of our model are given in the Appendix.

Equation~2! shows that~i! the current is angle modulate
with period P15180° and reaches its minimum valueI 0
when B is directed along thex axis, corresponding to elec
trons deflected along the direction~y! of minimum scattering
frequency;~ii ! at a fixedf, the quantitya5(I f2I 0)/I 0 in-
creases with increasingB̃ ~or B! and saturates at the valu
(dr /r y)sin2 f.

As shown in Fig. 4, the predicted dependence ofa on B
describes our data very well. This variation can be und
stood in terms of the interplay between the action of
Lorentz force, which deflects the electron trajectory aw
from the SL axis, and the scattering by the AlAs island
which tends to randomize the electron motion. If the scat
ing frequency is high compared with the cyclotron frequen
~B̃!1 or smallB!, the electron motion in the~x,y! plane is
randomized and the current alongz is not affected by the

ri-

FIG. 4. Dependence ofa5(I 902I 0)/I 0 on B, for samplesS1
~V520.27 V andT54.2 K! andS2 ~V520.20 V andT54.2 K!.
I 90(0) is the current measured forf590°(0°). Continuous lines are
fits to the data using Eq.~2!.
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anisotropy of the scattering (a;0). In contrast, in the oppo
site regime of low scattering rates and/or large magn
field, the electron trajectory is deflected ballistically along
defined direction in the SL plane. This has the effect of
ducing the miniband current to an extent that depends on
scattering rate along the deflection direction of the electr
In this regime, which occurs at higher magnetic fields
higher scattering rates,a is independent ofB and is equal to
(dr /r y)sin2 f.

The above discussion indicates that a fit to the data of
4 by Eq. ~2! allows us to measure the average scatter
frequency,r̄ 5Ar zr y, and the in-plane transport anisotrop
between different crystallographic directions,dr /r y . Equa-
tion ~2! reproduces our data with fitting parametersr̄ and
dr /r y , which differ for samplesS1 and S2. We find that
dr /r y is equal to 6% and 3%, in samplesS1 andS2, respec-
tively. The uncertainty in determininga at a given bias is
small ~60.1%!. However, the weak dependence ofa on bias
introduces an additional uncertainty of61%. Although the
difference in the value ofa between the two samples
small, it is significant, as it is larger than the estimated
certainty. In particular, the anisotropy of the elastic proces
is described bya* 5dr /r ey5a(11r i /r ey). By considering
the scattering rates given in Refs. 6 and 9, we find thata* is
equal to 8% and 4%, in samplesS1 and S2, respectively.
This indicates that the in-plane scattering anisotropy is lar
in sampleS1 and suggests that the thin AlAs layers~50.5
MLs! deposited in this type of structure favor a strong
anisotropy in the morphological properties of the AlAs
lands. The origin of this anisotropy may be related to

nonequivalence of the@11̄0# and @110# crystallographic di-
rections due to a lower diffusion barrier for atoms along

@11̄0# direction20 and different reactivity of step edges alon
the two directions.21 We believe that these effects becom
particularly important when a small amount of material, e
one atomic layer or less, is deposited. Under these co
tions, the growth becomes more sensitive to kinetic p
cesses. Consistent with this, we also find that the ave
scattering rate is significantly higher in sampleS1 @ r̄ 5(2.3
60.2)31013 s21# than in sample S2 @ r̄ 5(1.260.1)
31013 s21#. The higher scattering rate measured in sam
S1 is reflected in the fact thata tends to saturate at highe
magnetic fields (B.12 T) than in sampleS2 (B.8 T). In
sampleS1, the sub-ML deposition of the AlAs barrier gen
erates an in-plane distribution of disconnected~AlGa!As is-
lands, with Al composition and/or size varying in the S
plane.9 In sampleS2, the thicker AlAs coverage~52 MLs! is
expected to produce more homogeneous AlAs barriers a
corresponding lower scattering rate. The values ofr̄ derived
from the fits based on Eq.~2! agree with the typical scatter
ing rates,r 5r i1r e , derived from the analysis of theI (V)
curves at B50 using the modified Esaki-Tsu velocity
electric field characteristic6,9 and the voltage shift withB of
the current peak@see Fig. 2~d!#. The agreement betwee
these independent estimates supports further the validit
our model of the magnetotransport properties of these is
SL structures.
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In conclusion, we have investigated the electronic prop
ties of wide miniband GaAs/AlAs superlattice devices
which the planar translational symmetry of the thin~;1
atomic layer! tunnel barriers is broken by the formation o
AlAs islands. By studying the effect of an in-plane magne
field on theI (V) characteristic, and by modeling the angul
dependence of current, we have determined the scatte
rate of the Bloch electrons, including the anisotropy of t
elastic scattering from the island array.

This work was supported by the Engineering and Phys
Sciences Research Council~United Kingdom! and by the
Deutschen Forschungsgemeinschaft~Germany!. One of us
~A.I.! gratefully acknowledges support from the Royal So
ety ~United Kingdom! and from the Graduiertenkolleg
‘‘Non-linearity and non-equilibrium in condensed matter’’
the University of Regensburg~Germany!.

APPENDIX

We use a semiclassical model to describe the elec
miniband conduction along the SL axis,z, in the presence
of an electric fieldE5(0, 0,Ez) alongz and a magnetic field
B5(Bx ,By,0) in the SL plane~x,y!. The average energy
due to motion alongz, «̄z(t), and the average velocity
v̄5( v̄x ,v̄y ,v̄z) are derived by solving the following equa
tions:

dv̄x

dt
52

eBy

mxy
v̄z2r xv̄x , ~A1!

dv̄y

dt
5

eBx

mxy
v̄z2r yv̄y , ~A2!

dv̄z

dt
5

1

mz~ «̄z!
@eEz1eByv̄x2eBxv̄y#2r zv̄z , ~A3!

d«̄z

dt
5 v̄z@eEz1eByv̄x2eBxv̄y#2r i~ «̄z2«z

T!, ~A4!

where r x,y,z is the relaxation rate of the average veloc
along x, y, and z, which includes the rate of energy relax
ation, r i , and of elastic scattering,r ex,ey,ez (r x,y,z5r i
1r ex,ey,ez), mxy is the electron effective mass in the S
plane, mz(«z)5m0 /(122«z /D) is the energy-dependen
electron effective mass alongz, m052\2/Dd2, D andd are
the miniband width and the period of the SL, respective
and«z

T is the thermal energy of the electrons.
The steady-state solution of Eqs.~A1!–~A4! yields

the following cubic equation for the electron veloci
alongz, v̄z :
5-4
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vc
4T2~f!S v̄z

v0
D 3

22vBvc
2T~f!S v̄z

v0
D 2

1@vc
2T~f!r i1vB

21r zr i #S v̄z

v0
D5vBr i , ~A5!

wherevc5eB/Am0mxy is the cyclotron frequency,vB5eEzd/\ is the Bloch frequency,f is the angle between the magnet
field direction and thex axis, v05Dd/2\, and

T~f!5
sin2 f

r x
1

cos2 f

r y
.

For vB!Ar i r z, i.e., in the regime of low applied biases, and forkBT!D, v̄z depends on the direction of magnetic fiel
according to the relation

v̄z~f!5 v̄z~0!S 11
dr

r y

B̃2

11B̃2
sin2 f D , ~A6!

wheredr 5r x2r y and B̃5vc /Ar zr y.
Finally, since the miniband currentI is proportional tov̄z , we model the angular dependence of current by the relatio

I f5I 0S 11
dr

r y

B̃2

11B̃2
sin2 f D . ~A7!
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