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Anisotropic magnetoresistance in a two-dimensional electron gas in a quasirandom magnetic field
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We present magnetotransport results for a two-dimensional electrq2Q&S) subject to the quasirandom
magnetic field produced by randomly positioned submicron Co dots deposited onto the surface of a
GaAs/ALGa _,As heterostructure. We observe strong local and nonlocal anisotropic magnetoresistance for
external magnetic fields in the plane of the 2DEG. Monte Carlo calculations confirm that this is due to the
changing topology of the quasirandom magnetic field in which electrons are guided predominantly along
contours of zero magnetic field.
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The transport properties of a two-dimensional electron Our device consists of a GaAs/M&a _,As heterostruc-
gas (2DEG), subject to a spatially random magnetic field, ture containing a 2DEG 35 nm below the surface. At 1.3 K
have attracted great theoretical interest recémtlfhis is  the electron density1=3.8x 10> m™2 and the mobility u
partly due to its relevance to the fractional quantum Hall=45 n?V™'s™, corresponding to a mean free path
effect, which can be understood in terms of composite fer=4.5 um. The device design is shown in Figial The ran-
mions moving in an effective random magnetic fiélfhe = dom magnetic field is produced by depositing a randomly
problem of a 2DEG subject to strong random magnetiadistributed pattern of Co dots onto the surface of the Hall
fields, with correlation lengths that are small compared to thdar. This is represented by the shaded area in the figure. The
electron mean free path, is particularly interesting becaus€o dots have a diameter of 500 nm and a thickness of
the transport properties are predicted to be dependent of0 nm. The pattern was produced using electron beam li-
semiclassical “snake orbit” trajectories in which electrons argéhography and dc magnetron sputtering to deposit the Co. A
guided along lines of zero magnetic fiéldn a previous computer program was used to generate the positions of the
study we demonstrated that such snake orbits can lead tiots that cover 50% of the surface area and are distributed so
very large magnetoresistances when a 2DEG is subject tiat they can touch each other, but not ovelflgjyg. 1(b)].
large-amplitude periodic magnetic fieléisln this paper we Figure 2 shows the longitudinal magnetoresistance of the
show that electrons are indeed guided in the direction of theovered section of the device measured at 1.3 K with a mag-
contours of zero magnetic field in a quasirandom magnetioetic field applied parallel to the plane of the 2DEG. The
field and that this gives rise to a new type of anisotropicmagnetoresistance is defined &R/R,=(R-Ry)/Ry, where
magnetoresistance. Ris the measured resistance of the covered section when the

The devices investigated in this study are hybridmagnetic field is applied ang, is the resistance of the un-
ferromagnetic/semiconductor structures in which the mageovered section in zero field. Results are shown for angles of
netic field at the 2DEG is produced by randomly positioned0°, 50°, and 90° between the current along the Hall bar and
submicron Co dots fabricated on the surface of a GaAs-basetie direction of the applied field. We observe a positive mag-
heterostructure. Recently, there has been considerable intaretoresistance for all angles that saturates at approximately
est in the properties of hybrid ferromagnetic/semiconductor0.2 T. The size of the magnetoresistance is largest when the
devices due to their potential applications as magnetic fieldield is applied in the direction of the current and decreases
sensor$ and magnetic storage devicehere have been as the angle between the field and the current is rotated to
several previous experimental studies of a 2DEG subject to 80°. The presence of hysteresis in the measurements is con-
random magnetic field. However, these concerned weak rarsistent with the fact that sputtered Co films tend to have the
dom magnetic field$,or random magnetic fields with corre- easy axis of magnetization in the plaidndeed, we carried
lation lengths approximately equal’tor much larger thah  out transport measurements with the magnetic field applied
the electron mean free path. Recently, we showed how larggerpendicular to the device and no hysteresis was observed.
amplitude, short correlation length random magnetic fields We have shown previously that the resistance of a 2DEG
can be realized by using the naturally occurring domainincreases with increasing random magnetic field amplitude.
structures of CoPd film$Larger amplitude, short correlation The magnetization state of the dots is not known at zero
length random magnetic fields may have been achieved iexternal magnetic field. However, we expect the formation of
experiments using Dy dots, but the field amplitude is un-multidomain or vortex states, as has been observed by Mira-
known in this casé® The method considered here also pro-mondet all? for dots of diameter greater than 50 nm. Such
duces a relatively large-amplitude, short correlation lengthstates have a high degree of, but not complete, flux closure
random magnetic field, but has the particular advantage thand the small net stray field will produce a small-amplitude
the topology of the field can be controlled by an externalrandom magnetic field &=0 T. This may contribute to the
in-plane magnetic field. positive value ofAR/R, at B=0 T. Additionally, a strain-
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FIG. 2. The longitudinal magnetoresistance measured at 1.3 K
with the magnetic field applied parallel to the plane of the 2DEG.
Results are shown for angles of 0°, 50°, and 90° between the cur-
rent and the applied field. The arrows show the direction that the
magnetic field is sweeping.

Dyx = fw (W O)uy())dt. (1)
0

Here thex axis is parallel to the direction of the applied
field. We can then calculate the magnetoresistance. Scatter-
ing is included in the model by randomizing the electron
direction using a Monte Carlo method with appropriate prob-

FIG. 1. (a) Standard Hall bar design of the device. The shadedability distributions for the scattering angle and scattering
area represents the region where the Co dots are depadijedl.  time. Figure 4 shows the calculated final positions of 10 000
scanning electron microscope image of the Co dot pattern. electrons starting at the same initial positich0) with the
;Eermi velocity and initial angles spread evenly over 360°.

the surface, may also be a factor. With increasing extern ach electron is allowed to travel 6 momentum relaxation
field, domains aligned with the applied field will grow until, Mean free path lengths. The results show that the electrons

eventually, the magnetization of the dots is saturated in th&€ Preferentially guided in the direction of tBg=0 T con-
direction of the applied field. The amplitude of the randomtours. Our calculations show that this leads to an enhance-
magnetic field at the 2DEG will therefore grow with increas- ment of the ratiodD,,/Dy,. In the case of a 1D periodic sign
ing external field until saturation magnetization is reachedalternating magnetic field profile this arises from snake orbits

This will lead to the observed increase and then saturation dft the y direction® In the present case electron trajectories
the measured resistance. are preferentially guided along contours®f=0 T, but the

We now restrict ourselves to analyzing the resistance

when the magnetization of the dots is saturated. The mag- ip SIALTT
netic field profile at the site of the 2DEG due to the random ‘(‘&? 4
array of Co dots can be calculated numerically, since we ‘r b
R
¢

know the positions of all the Co dots. The dynamics of the 1

induced electrostatic field, due to the deposition of Co ont

2D electrons are only sensitive By, the component of the
magnetic field perpendicular to the 2DEG. We have calcu-
lated B, for our device and find that the rms amplitude is .J
0.13 T at saturation. This is not quite in the strong field limit

as defined in Ref. 2. Figure 3 shows the contours of zero 4
field (B,=0 T) calculated for the case when the magnetiza-

tion of the dots is saturated in ttxedirection. It can be seen % E
that the contours are preferentially aligned in the direction *1‘
perpendicular to the magnetization of the dots. Using the ey
calculated magnetic field profile we have calculated the ex- 2 4 6 8 10

pected device resistance using the semiclassical Kubo for- X Axis (um)

malism. The method involves calculating the trajectories of

electrons with the Fermi velocity in the random magnetic FIG. 3. The contours of zero magnetic fielB,=0 T) taken
field profile. By averaging the velocity-velocity correlation from the calculated magnetic field profile at the site of the 2DEG
function over all of the trajectories the diffusivity tensors for due to a random array of Co dots. The magnetization of the Co dots
the system can be calculated using the Kubo formtila: is along thex axis.
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nonlocal measurement. The measured voltage is shown for the ex-

FIG. 4. The final positions of 10 000 electrons starting at the L S
coordinateq0,0) with the Fermi velocity and initial angles spread ternal magnetic field applied in the plane of the 2DEG at angles of
X Y 9 P 0° (solid curve, 45° (dashed curve and 90°(dotted curvg to the

evenly over 360°. The electron trajectories were calculated within,.
) ) . direction of the current.
the field profile used to produce Fig. 3.

probability of an electron completing a full snake orbit is used, which is in very close agreement with the nominal
small. thickness of 70 nm.

Figure 5 shows the magnetoresistance, measured for an Another clear example of the effect of contours Bf
in-plane field of 0.5 T, against the angle between the current0 T guiding the electron motion can be observed by per-
and the applied field. If the anisotropic magnetoresistance iforming measurements in a nonlocal geometry. The inset to
due to only the induced magnetization and the samples haveig. 6 shows the experimental arrangement. A constant ac
no additional intrinsic anisotropy, arising from anisotropy in current of 300uA is passed between two voltage probes in

the dot positions for example, then one exp¥cts they direction, across the Hall bar, and the voltage is mea-
sured between two adjacent voltage probes. The external
Pex=p. +(p—p )cos b, (2) magnetic field is applied parallel to the plane of the 2DEG.

Figure 6 shows the measured voltage, as the external mag-
wherep, is the measured resistivity faf=0° andp, is the  netic field is swept to +0.5 T, for angles of 0°, 45°, and 90°
measured resistivity fop=90°. The dashed line in Fig. 5 petween the current and the field. When the magnetic field is
shows that this gives an excellent fit to our data. Also showrparallel to the current, the contours Bf=0 T will guide
are the results of numerical calculations of the CondUCtiVitye|ectr0nS in thex direction, perpendicu|ar to the direction of
tensors. The fit was obtained by using the thickness of the Cget current flow, i.e., the current will tend to spread along the
dots as the only adjustable parameter. We see excellent quanall bar. This results in an increase in the measured voltage.
titative agreement to our data when a thickness of 75 nm igvhen the magnetic field is perpendicular to the current, the

contours ofB,=0 T will tend to focus electrons along thye
06+ direction, resulting in a decrease in the measured voltage.
o For 45° one expects the existence of the orientated zero field
05- AN contours to have no effect.
Y In conclusion, we have observed an anisotropic magne-
e toresistance and demonstrated that this arises from the de-
g 04 AN pendence of the anisotropy of the quasirandom magnetic
g
\\ field on the direction of the net magnetization. In particular,
034 . we have shown the strong influence of the contours of zero
\ magnetic field, which has been predicted theoreticaliye
024 20 note that a previous study of electron transport in a periodic
magnetic field considered an anisotropic magnetic field pro-
o 20 4 e 80 file as a possible explanation for the effects observed, but a
Angle between | and B (degrees) detailed study was not presented.
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FIG. 5. The magnetoresistance, measured with an in-plane field We gratefully acknowledge funding by the EPSREK.)
of 0.5 T, plotted against the angle between the current and the magnd the ESPRIT SPIDER programr¢teU). We also wish to
netic field. The dashed line is a fit of E€®) to the data using the thank S. Thoms for allowing us to use the electron beam
measured values gf, and p,. The solid line shows the results of facility at the Department of Electronics and Electrical En-
the numerical calculations. gineering, The University of Glasgow.
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