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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.
[S0163-18207)51424-X

The nature of the electron states of two-dimensional sysfree path of 1=7.7 um. An array of nickel stripes with

tems(2DES’S in a nonuniform magnetic field has attracted period a=500 nm has been fabricated by electron-beam li-
considerable interest recently. The existence of extendeghography directly on the surface of the heterostructure. The
states in a random magnetic field is still a matter ofstripes are taken to be along thelirection. The stripes have
controversy:~* In a magnetic field that varies spatially about nominal widthd=200 nm and heightt=100 nm. In order to
a mean of zero, the existence of delocalized 1D states propavoid any strain-induced electric modulation at the 2DES
gating along the contours of zero magnetic field has bee(Refs. 8—10due to the differential thermal contraction of Ni
predicted theoretically:’ Magnetoresistance commensura- and GaAs, the stripes are oriented normal to[&@0] direc-
bility oscillations have recently been observed in experimention which is nonpiezoelectrit® The grating covers the en-
tal studies of 2DES’s in periodically modulated magnetictire active area of the Hall bar devices, which are &t
field$'° and it has been suggested that an additional lowwide and which have voltage probes separated by 430
field magnetoresistance might be associated with such 1Dhe current direction is perpendicular to the direction of the
states’ Large-period, sign-alternating magnetic modulationsstripes.
have been studied for nonplanar 2DES’s in the quantum Figure 2 shows the longitudinal MR of the device mea-
regime!1? sured with the external magnetic field perpendicular to the

In this paper, we report the observation of a very largeplane of the 2DES#=0). The “sweep up” trace is foB
low-field magnetoresistancéMR) that provides clear evi- swept continuously from-0.5 to +0.5 T and the “sweep
dence for the channeling of 2D electrons in open otbfts down” trace is for+0.5 to —0.5 T. The observed MR oscil-
along lines of zero magnetic field. A periodic, sign-
alternating magnetic modulation is produced by a submi-
crometer ferromagnetic grating fabricated above a near-
surface 2DES. By tilting the applied external magnetic field
with respect to the plane of the 2DES, we are able to study
systematically the dependence of the MR on the amplitude of
the magnetic modulation. Our experimental results are
shown to be in good quantitative agreement with a semiclas-
sical model. The semiclassical origin of the MR is confirmed z:
by the fact that it is still observable above 200 K.

The device used is illustrated schematically in Fig. 1. The
2DES is formed in a 22-nm-wide GaA81Ga)As quantum
well, the center of which is only 35 nm beneath the surface
of the heterostructure. After infrared illumination, the elec-
tron density saturates at 480" m~2, while the electron FIG. 1. The device structurea=500 nm; d=200 nm;
mobility of 70 m?V~1s™! corresponds to an electron mean h=100 nm;z,=35 nm.
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FIG. 2. Commensurability oscillations in the longitudinal MR,

X FIG. 4. The calculatedz-component of the magnetic field
measured at 1.3 K ant=0 for “up” (dot-dashed line and

. " - ) ) 6B,(x) at the 2DES for different orientations of the magnetization
down” (solid line) field sweeps compared with the calculated be- of the stripes. The left-hand axis is in units of the magnetization.

havior (dashed ling for a pure magnetic modulationéRy  Thg right-hand axis gives the absolute magnitude of the modulation
=[Rux(B) = Ro]; Ro=52 (). Inset: The form of the magnetization ¢ g >02T
ex . .

used in the calculation.

lations result from commensurability effects between the diP8comes much stronger and extends to laggms 6 in-
ameter of the cyclotron orbit at the Fermi levéR2and the ~ CreasesR,, increases by a factor of up te2 on application
period of the magnetic modulation. For applied magneticof @ B, of only 50 mT. We observe a strongly hysteretic
fields of less than 0.2 T the MR is hysteretic. We associat®€havior of this MR forBe,<0.2 T independent ob. This
this with the hysteresis of the magnetization of the Ni stripesShows that the MR is due to the magnetizatidiy of the
Figure 3 shows the measured MR for different angles Nickel stripes and suggests thd}, is saturated and nonhys-
between the external magnetic fighi,; and thez-y plane teretic forBe,>0.2 T. The low-field MR decreases in mag-
[see Fig. 1a)], i.e., with the in-plane component perpendicu- Nitude wlth increasing temperature but is still obgervable and
lar to the stripes. The results are plotted versusthempo- ~ hysteretic at temperatures well above 200 K, which attests to
nent of the applied fiel®,, which is the component which itS semu_:lassmal origin. When the appheql fle_ld is tilted so
affects the motion of the electrons in the 2DES. The mosthat the in-plane component of the magnetization is along the

striking feature is the appearance of a low-field MR whichstripes, the MR is found to depend only upBp since the
magnetization component along the stripes produces no stray

field at the 2DEG.

The magnetization of the ferromagnetic grating produces
a magnetic field at the 2DES withzacomponentB, . It is
this component which influences the electron dynamics. We
have calculatedsB, as a function of@ assuming that the
stripes have a uniform magnetization that is parallel to the
external magnetic field. The results, shown in Fig. 4, were
obtained from both a Fourier analysis of Maxwell's
equation$* and, as a check, by integration over the equiva-
lent magnetic pole densities at the boundary faces of the
stripes'® The amplitude of the modulation is quite large due
to the shallowness of the 2DES and the reasonably small
demagnetizing factors in our geometyThe form of 5B,
changes from being square-wave-like #+0 (perpendicular
field) to almost triangular ford=90° (in-plane field. The
amplitude of the modulation is a weak function @tut is
, largest forin-plane magnetization. Th&9=0 modulation is
: —— ——— . asymmetric about zero field because the width of the stripes
02 01 0.0 o1 02 is not equal to one-half the period of the modulation. Our

: calculated results will be accurate when the external field is

FIG. 3. The low-field MR measured 4 K as afunction of the sufficien_tly large to Sf':ltur_ate the magnetization and_ enforce
component of the magnetic field normal to the 2DBS, for dif- near unlfo_rm magnetization. For smallgr external fle_lds_the
ferent tilt angless. The 20°, 40°, 60°, and 80° traces are vertically demagnetizing flelq will lead to nongnlform magnetization
offset by 0.3, 0.6, 0.9, and 1.2, respectively. Results for up sweepdnd a small reduction of the modulation amplitude.

(dash-dotted linésand down sweepgfull lines) are shown. The The magnetizatiorM, of the nickel grating will be a
arrows indicate the values &, for which B,,=0.27. B,; and function of Beyt and will be hysteretlc. Pure continuous Ni

B, are explained in the text and are the same as the field compdHms of similar thickness to those used here reach the satu-
nents in the inset to Fig.(B). ration magnetization of 0.51 TRef. 1§ on application of
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external fields of about 20 m.Our patterned wires will,

(2)

however, be highly disordered and, as discussed above, we
observe hysteretic behavior suggesting saturation for exter-
nal fields of about 0.2 T. To model the dependence of the

magnetization on the external field, we use the form shown
in the inset to Fig. 2, which we will show below is consistent

with the measured MR.

6=75°

y

In a uniform magnetic field, electrons move in closed cy-
clotron orbits whose guiding centers are fixed in space. In the
presence of a small 1D magnetic modulation, the guiding
center drift velocity of the cyclotronlike states has maxima

whenever the cyclotron diameter is commensurate with the

(b

modulation period, within a phase factor. The predicted MR

for a purely sinusoidal magnetic modulation wittzaom-
ponent at the 2DES of amplitudg,, without an electrostatic
contribution!® is

5RXX_ ak,: ﬁwo 2 Ie 2
Ry, |47\ Eg ) I,
T T\  [27R, =
X 1—A(T—a +A T—a)smz 3 _Z)]’ )

wherea is the period of the modulatiork: and Eg are the
Fermi wave vector and energy, respectively, and I,

SR, /R,

B=005T
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=(fi/leB)" are the electron mean free path and the magnetic FiG. 5. (a) The three types of electron orbits, from left to right:
open, intermediate, and closed. The vertical solid lines indicate the
with w,=eB/m* wherem* is the electron effective mass, positions of the center of the stripes. The vertical dashed line indi-
cates theB,+ 6B,=0 contour.(b) The calculated contribution to
magnetoresistance taking the first harmonic of the calculatethe MR of the orbits(solid lines compared with the experimental
results (dashed lines Inset: illustration of the origin of the MR
hysteresis drawn fof=60° (see text

As Fig. 2 shows, the calculated peak positions agree well
with the experimental results. This indicates that the oscilla-
tions arise from a predominanﬂy magnetic modu|ation_C|OS€d Cyclotronlike orbits with gmdlng center drift veloci-
There is also good agreement between the theory and expeties very much less tham-. To a good approximation one
ment for the magnitude of the last commensurability peak agan therefore consider the electrons’ guiding centers to be
~0.27 T. Above~0.2 T the theoretical prediction involves Stationary apart from a fractiogh,./ 7 which are drifting
no free parameters so this agreement confirms the accuraith velocity =vg, where ¢, now depends upon both
of the calculated saturation modulation amplitude. Below 0.29B, andB,. For|B,|>|6B,| the magnetic field at the 2DES
T the decrease in amplitude will depend upon the exact forno longer alternates in sign and there will be no such open
of the Mo(Bey) and damping due to scattering, which is not orbits.
The guiding center drift correction to th,, diffusion
The observed low-field MRFig. 3) can be understood in coefficient leads to a MR

length, respectively, A(x)=x/sinh), 47°ksT,=fiwake,
and wg=eB,/m*. We have used EqJl) to calculate the

modulation of Fig. 4 asB,, with My given by the model
hysteresis curve of Fig. 2.

included in Eq.(2).

terms of channelin§ of electrons along lines of zero mag-

netic field within the sample. Consider first the case of zero

external field but finite modulation fieldB,. In this situa-

tion, two kinds of electron states coexist. Electrons which
have a sufficiently large initial velocity component perpen
dicular to the magnetic stripes will propagate across th

sample in the same direction they would have in the absence

of the modulation. Electrons with smaller initial velocity

ARy /Ry=2(wer) X v3)I V2,

AR /Rp= (2¢max/77)(wc7')2-

()

wherer is the elastic scattering time, arﬁdﬁ) is the appro-
priate averag® of the square drift velocity. Approximating
év§)~ v2(pmax! ) therefore gives

()

components cannot pass through the magnetic barriers awde have calculateg,,,, by numerically integrating the clas-
will be channeled in they direction along snakelike orbits sical equation of motion for electrons traveling through the
centered on the lines of zeM. All electrons close to the magnetic profiles of Fig. 4. In this calculation we again use
the hysteresis curve of Fig. 2.
Figure b) shows that the magnitude of the calculated
MR and its dependence on tilt angle are in good agreement
For 0<|B,|<|8B,| there are still two types of states, as is with our experimental results. The predicted rapid falloff of
illustrated in Fig. %a). Open orbits which propagate with the MR as the magnitude &, approaches that afB, is not
observed experimentally. This is because our approximation

Fermi circle crossing 8=0 line at an anglep less than a
maximum anglep,.x, determined byB,, will therefore be
in these “open” orbits.

drift velocities close to the Fermi velocity:, and almost
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of zero guiding center drift for the “closed” orbits is no sweep” but fromB,, on the “down sweep”. The observed
longer valid at larger fields’ Increasingd increases the am- form of the MR hysteresis is well reproduced using E3).
plitude of the modulation through) the increase oM, for  and the hysteretic magnetization of Fig. 2, as we will show in
a givenB, and (i) the increase obB,/Mq (Fig. 4). The  a later paper.

increase in the amplitude of the magnetic modulation in- |n summary, we have observes a strong low-field MR
creases the size of the MR and the width of the MR region inyhich is well accounted for by a simple semiclassical theory.
Fig. 3. We find that the calculated MR is not very sensitiveThe effect arises directly from the sign alternation of the
to the shapeof the magnetic modulation. magnetic field at the 2DES and provides experimental proof

The hysteretic region extends Bq,=0.2, independent of ¢ the existence of 1D electron states propagating along lines
6. The width of this region inB, therefore decreases with ¢ 0.0 magnetic field.

increasingd. The orbits, and therefore the low-field MR,

only exist whenB, oscillates about zero, i.e. whelB,| We would like to acknowledge the financial support of
<|8B,|. As the inset to Fig. 5 shows, this leads to a largethe EPSRQUK) and the EsprisPIDER programme and the
hysteresis in the MR at intermediate angles. For the case ahost useful contributions to this work of Simon Brown of
6=60° illustrated, one has an MR up to orBy ; on the “up  the University of New South Wales.
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