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Observation of giant magnetoresistance due to open orbits
in hybrid semiconductor/ferromagnet devices
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We have investigated the magnetoresistance of a heterostructure containing a near surface two-dimensional
electron gas subject to a periodic magnetic field that alternates in sign. The field is produced by an array of
submicrometer ferromagnets fabricated on the surface of the heterostructure. We observe a giant low-field
magnetoresistance due to electrons propagating in open orbits along lines of zero magnetic field. We are able
to account for the observed form and magnitude of this magnetoresistance in a semiclassical model.
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The nature of the electron states of two-dimensional s
tems~2DES’s! in a nonuniform magnetic field has attracte
considerable interest recently. The existence of exten
states in a random magnetic field is still a matter
controversy.1–4 In a magnetic field that varies spatially abo
a mean of zero, the existence of delocalized 1D states pr
gating along the contours of zero magnetic field has b
predicted theoretically.5–7 Magnetoresistance commensur
bility oscillations have recently been observed in experim
tal studies of 2DES’s in periodically modulated magne
fields8–10 and it has been suggested that an additional lo
field magnetoresistance might be associated with such
states.9 Large-period, sign-alternating magnetic modulatio
have been studied for nonplanar 2DES’s in the quan
regime.11,12

In this paper, we report the observation of a very lar
low-field magnetoresistance~MR! that provides clear evi-
dence for the channeling of 2D electrons in open orbits5–7

along lines of zero magnetic field. A periodic, sig
alternating magnetic modulation is produced by a sub
crometer ferromagnetic grating fabricated above a ne
surface 2DES. By tilting the applied external magnetic fie
with respect to the plane of the 2DES, we are able to st
systematically the dependence of the MR on the amplitud
the magnetic modulation. Our experimental results
shown to be in good quantitative agreement with a semic
sical model. The semiclassical origin of the MR is confirm
by the fact that it is still observable above 200 K.

The device used is illustrated schematically in Fig. 1. T
2DES is formed in a 22-nm-wide GaAs/~AlGa!As quantum
well, the center of which is only 35 nm beneath the surfa
of the heterostructure. After infrared illumination, the ele
tron density saturates at 4.831015 m22, while the electron
mobility of 70 m2 V21 s21 corresponds to an electron mea
550163-1829/97/55~24!/16037~4!/$10.00
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free path of 1e57.7 mm. An array of nickel stripes with
perioda5500 nm has been fabricated by electron-beam
thography directly on the surface of the heterostructure. T
stripes are taken to be along they direction. The stripes have
nominal widthd5200 nm and heighth5100 nm. In order to
avoid any strain-induced electric modulation at the 2D
~Refs. 8–10! due to the differential thermal contraction of N
and GaAs, the stripes are oriented normal to the@100# direc-
tion which is nonpiezoelectric.13 The grating covers the en
tire active area of the Hall bar devices, which are 50mm
wide and which have voltage probes separated by 130mm.
The current direction is perpendicular to the direction of t
stripes.

Figure 2 shows the longitudinal MR of the device me
sured with the external magnetic field perpendicular to
plane of the 2DES~u50!. The ‘‘sweep up’’ trace is forB
swept continuously from20.5 to 10.5 T and the ‘‘sweep
down’’ trace is for10.5 to20.5 T. The observed MR oscil

FIG. 1. The device structure:a5500 nm; d5200 nm;
h5100 nm;z0535 nm.
R16 037 © 1997 The American Physical Society
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lations result from commensurability effects between the
ameter of the cyclotron orbit at the Fermi level 2Rc and the
period of the magnetic modulation. For applied magne
fields of less than 0.2 T the MR is hysteretic. We assoc
this with the hysteresis of the magnetization of the Ni strip

Figure 3 shows the measured MR for different angleu
between the external magnetic fieldBext and thez-y plane
@see Fig. 1~a!#, i.e., with the in-plane component perpendic
lar to the stripes. The results are plotted versus thez compo-
nent of the applied fieldBz , which is the component which
affects the motion of the electrons in the 2DES. The m
striking feature is the appearance of a low-field MR whi

FIG. 2. Commensurability oscillations in the longitudinal MR
measured at 1.3 K antu50 for ‘‘up’’ ~dot-dashed line! and
‘‘down’’ ~solid line! field sweeps compared with the calculated b
havior ~dashed line! for a pure magnetic modulation (dRxx

5@Rxx(B)2R0#; R0552 V. Inset: The form of the magnetizatio
used in the calculation.

FIG. 3. The low-field MR measured at 4 K as afunction of the
component of the magnetic field normal to the 2DES,Bz , for dif-
ferent tilt anglesu. The 20°, 40°, 60°, and 80° traces are vertica
offset by 0.3, 0.6, 0.9, and 1.2, respectively. Results for up swe
~dash-dotted lines! and down sweeps~full lines! are shown. The
arrows indicate the values ofBz for which Bext50.27. Bz,1 and
Bz,2 are explained in the text and are the same as the field com
nents in the inset to Fig. 5~b!.
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becomes much stronger and extends to largerBz as u in-
creases.Rxx increases by a factor of up to;2 on application
of a Bz of only 50 mT. We observe a strongly hysteret
behavior of this MR forBext,0.2 T independent ofu. This
shows that the MR is due to the magnetizationM0 of the
nickel stripes and suggests thatM0 is saturated and nonhys
teretic forBext.0.2 T. The low-field MR decreases in mag
nitude with increasing temperature but is still observable a
hysteretic at temperatures well above 200 K, which attest
its semiclassical origin. When the applied field is tilted
that the in-plane component of the magnetization is along
stripes, the MR is found to depend only uponBz since the
magnetization component along the stripes produces no s
field at the 2DEG.

The magnetization of the ferromagnetic grating produ
a magnetic field at the 2DES with az componentdBz . It is
this component which influences the electron dynamics.
have calculateddBz as a function ofu assuming that the
stripes have a uniform magnetization that is parallel to
external magnetic field. The results, shown in Fig. 4, w
obtained from both a Fourier analysis of Maxwell
equations14 and, as a check, by integration over the equiv
lent magnetic pole densities at the boundary faces of
stripes.15 The amplitude of the modulation is quite large d
to the shallowness of the 2DES and the reasonably sm
demagnetizing factors in our geometry.15 The form of dBz
changes from being square-wave-like foru50 ~perpendicular
field! to almost triangular foru590° ~in-plane field!. The
amplitude of the modulation is a weak function ofu but is
largest for in-planemagnetization. Theu50 modulation is
asymmetric about zero field because the width of the stri
is not equal to one-half the period of the modulation. O
calculated results will be accurate when the external field
sufficiently large to saturate the magnetization and enfo
near uniform magnetization. For smaller external fields
demagnetizing field will lead to nonuniform magnetizatio
and a small reduction of the modulation amplitude.

The magnetizationM0 of the nickel grating will be a
function of Bext and will be hysteretic. Pure continuous N
films of similar thickness to those used here reach the s
ration magnetization of 0.51 T~Ref. 16! on application of

-

ps

o-

FIG. 4. The calculatedz-component of the magnetic field
dBz(x) at the 2DES for different orientations of the magnetizati
of the stripes. The left-hand axis is in units of the magnetizati
The right-hand axis gives the absolute magnitude of the modula
for Bext.0.2 T.
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external fields of about 20 mT.17 Our patterned wires will,
however, be highly disordered and, as discussed above
observe hysteretic behavior suggesting saturation for ex
nal fields of about 0.2 T. To model the dependence of
magnetization on the external field, we use the form sho
in the inset to Fig. 2, which we will show below is consiste
with the measured MR.

In a uniform magnetic field, electrons move in closed c
clotron orbits whose guiding centers are fixed in space. In
presence of a small 1D magnetic modulation, the guid
center drift velocity of the cyclotronlike states has maxim
whenever the cyclotron diameter is commensurate with
modulation period, within a phase factor. The predicted M
for a purely sinusoidal magnetic modulation with az com-
ponent at the 2DES of amplitudeB0, without an electrostatic
contribution,18 is

dRxx

R0
5F akF4p2 S \v0

EF
D 2S l el mD 2G

3H 12AS TTaD1AS TTaD sin2S 2pRc

a
2

p

4 D J , ~1!

wherea is the period of the modulation,kF andEF are the
Fermi wave vector and energy, respectively,l e and l m
5(\/eB)1/2 are the electron mean free path and the magn
length, respectively, A(x)5x/sinh(x), 4p2kBTa5\vcakF ,
with vc5eB/m* wherem* is the electron effective mass
and v05eB0 /m* . We have used Eq.~1! to calculate the
magnetoresistance taking the first harmonic of the calcula
modulation of Fig. 4 asB0, with M0 given by the model
hysteresis curve of Fig. 2.

As Fig. 2 shows, the calculated peak positions agree w
with the experimental results. This indicates that the osci
tions arise from a predominantly magnetic modulatio
There is also good agreement between the theory and ex
ment for the magnitude of the last commensurability peak
;0.27 T. Above;0.2 T the theoretical prediction involve
no free parameters so this agreement confirms the accu
of the calculated saturation modulation amplitude. Below
T the decrease in amplitude will depend upon the exact fo
of theM0(Bext) and damping due to scattering, which is n
included in Eq.~1!.

The observed low-field MR~Fig. 3! can be understood in
terms of channeling19 of electrons along lines of zero mag
netic field within the sample. Consider first the case of z
external field but finite modulation fielddBz . In this situa-
tion, two kinds of electron states coexist. Electrons wh
have a sufficiently large initial velocity component perpe
dicular to the magnetic stripes will propagate across
sample in the same direction they would have in the abse
of the modulation. Electrons with smaller initial velocit
components cannot pass through the magnetic barriers
will be channeled in they direction along snakelike orbit
centered on the lines of zeroB. All electrons close to the
Fermi circle crossing aB50 line at an anglef less than a
maximum anglefmax, determined bydBz , will therefore be
in these ‘‘open’’ orbits.

For 0,uBzu,udBzu there are still two types of states, as
illustrated in Fig. 5~a!. Open orbits which propagate wit
drift velocities close to the Fermi velocityvF , and almost
we
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closed cyclotronlike orbits with guiding center drift veloc
ties very much less thanvF . To a good approximation one
can therefore consider the electrons’ guiding centers to
stationary apart from a fractionfmax/p which are drifting
with velocity .vF , wherefmax now depends upon both
dBz andBz . For uBzu.udBzu the magnetic field at the 2DES
no longer alternates in sign and there will be no such o
orbits.

The guiding center drift correction to theDyy diffusion
coefficient leads to a MR:20

DRxx /R052~vct!2^nd
2&/nF

2, ~2!

wheret is the elastic scattering time, and^nd
2& is the appro-

priate average20 of the square drift velocity. Approximating
^nd

2&'nF
2(fmax/p) therefore gives

DRxx /R05~2fmax/p!~vct!2. ~3!

We have calculatedfmaxby numerically integrating the clas
sical equation of motion for electrons traveling through t
magnetic profiles of Fig. 4. In this calculation we again u
the hysteresis curve of Fig. 2.

Figure 5~b! shows that the magnitude of the calculat
MR and its dependence on tilt angle are in good agreem
with our experimental results. The predicted rapid falloff
the MR as the magnitude ofBz approaches that ofdBz is not
observed experimentally. This is because our approxima

FIG. 5. ~a! The three types of electron orbits, from left to righ
open, intermediate, and closed. The vertical solid lines indicate
positions of the center of the stripes. The vertical dashed line in
cates theBz1dBz50 contour.~b! The calculated contribution to
the MR of the orbits~solid lines! compared with the experimenta
results ~dashed lines!. Inset: illustration of the origin of the MR
hysteresis drawn foru560° ~see text!.
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of zero guiding center drift for the ‘‘closed’’ orbits is n
longer valid at larger fields.19 Increasingu increases the am
plitude of the modulation through~i! the increase ofM0 for
a givenBz and ~ii ! the increase ofdBz /M0 ~Fig. 4!. The
increase in the amplitude of the magnetic modulation
creases the size of the MR and the width of the MR region
Fig. 3. We find that the calculated MR is not very sensit
to theshapeof the magnetic modulation.

The hysteretic region extends toBext.0.2, independent o
u. The width of this region inBz therefore decreases wit
increasingu. The orbits, and therefore the low-field MR
only exist whenBz oscillates about zero, i.e. whenuBzu
,udBzu. As the inset to Fig. 5 shows, this leads to a lar
hysteresis in the MR at intermediate angles. For the cas
u560° illustrated, one has an MR up to onlyBz,1 on the ‘‘up
er
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sweep’’ but fromBz,2 on the ‘‘down sweep’’. The observed
form of the MR hysteresis is well reproduced using Eq.~3!
and the hysteretic magnetization of Fig. 2, as we will show
a later paper.

In summary, we have observes a strong low-field M
which is well accounted for by a simple semiclassical theo
The effect arises directly from the sign alternation of t
magnetic field at the 2DES and provides experimental pr
of the existence of 1D electron states propagating along l
of zero magnetic field.

We would like to acknowledge the financial support
the EPSRC~UK! and the EspritSPIDERprogramme and the
most useful contributions to this work of Simon Brown
the University of New South Wales.
, T.
,

l-

.
n,
1T. Sugiyama and N. Nagaosa, Phys. Rev. Lett.70, 1980~1993!.
2Y. Avishai, Y. Hatsugai, and M. Kohmoto, Phys. Rev. B47, 9561

~1993!.
3D. N. Sheng and Z. Y. Weng, Phys. Rev. Lett.75, 2388~1995!.
4K. Yakubo and Y. Goto, Phys. Rev. B54, 13 432~1996!.
5J. E. Muller, Phys. Rev. Lett.68, 385 ~1992!.
6I. S. Ibrahim and F. M. Peeters, Phys. Rev. B52, 17 321~1995!.
7R. B. S. Oakeshott and A. MacKinnon, J. Phys. C5, 9355~1993!.
8H. A. Carmona, A. K. Geim, A. Nogaret, P. C. Main, T. J. Fost
M. Henini, S. P. Beaumont, and M. G. Blamire, Phys. Rev. Le
74, 3009~1995!.

9P. D. Ye, D. Weiss, R. R. Gerhardts, M. Seeger, K. von Klitzin
K. Eberl, and H. Nickel, Phys. Rev. Lett.74, 3013~1995!.

10S. Izawa, S. Katsumoto, A. Endo, and Y. Iye, J. Phys. Soc. J
64, 706 ~1995!.

11G. M. Gusev, U. Gennser, X. Kleber, D. K. Maude, J. C. Por
D. I. Lubyshev, P. Basmaji, M. de P. A. Silva, J. C. Rossi, a
Yu. V. Nastaushev, Surf. Sci.361-2, 855 ~1996!.
,
.

,

n.

,

12M. L. Leadbeater, C. L. Foden, J. H. Burroughes, M. Pepper
M. Burke, L. L. Wang, M. P. Grimshaw, and D. A. Ritchie
Phys. Rev. B52, 8629~1995!.

13J. H. Davies and I. A. Larkin, Phys. Rev. B49, 4800~1994!; E.
Skuras, A. R. Long, I. A. Larkin, J. H. Davies, and M. C. Ho
land, Appl. Phys. Lett.70, 871 ~1997!.

14R. R. Gerhardts, Phys. Rev. B53, 11 604~1996!.
15W. Van Roy, J. De Boeck, and G. Borghs, Appl. Phys. Lett.61,

25 ~1992!; 61, 3056~1992!.
16C. Kittel, Introduction to Solid State Physics~Wiley, New York,

1976!, Chap. 15.
17L. Callegaro and E. Puppin, Appl. Phys. Lett.68, 9 ~1996!; 68,

1279 ~1996!.
18F. M. Peeters and P. Vasilopoulos, Phys. Rev. B47, 1466~1993!.
19P. H. Beton, E. S. Alves, P. C. Main, L. Eaves, M. W. Dellow, M

Henini, O. H. Hughes, S. P. Beaumont, and C. D. Wilkinso
Phys. Rev. B42, 9229~1990!.

20C. W. J. Beenakker, Phys. Rev. Lett.62, 2020~1989!.


