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We investigate magnetoresistance effects for transport across (Ga,Mn)As nanoislands, detached by nano-
constrictions from wider (Ga,Mn)As input leads. As in previous studies a huge magnetoresistance was
found for nanoconstrictions in the tunnelling regime. For slightly wider junctions an enhanced anisotropic
magnetoresistance effect was observed.
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The discovery of a very large tunnelling magnetoresistance (TMR) for transport through lateral ferro-
magnetic (Ga,Mn)As wires with nanoconstrictions came as a surprise [1]. In these experiments the
magnetic field was aligned in-plane along the wire axis. Since the central wire section, detached by
nanoconstrictions, was narrower than the (Ga,Mn)As input wires, the coercive fields were different and
an antiparallel alignment of the magnetization in the island and the input lines was obtained in a certain
magnetic field window. This together with a depletion of charge carriers in the constrictions, hence form-
ing an electrostatic barrier, are the essential ingredients for observing a TMR effect. In subsequent angle
dependent measurements for a similar geometry with equally wide wires, where the in-plane magnetic
field direction was varied, an enhanced anisotropic magnetoresistance (AMR) was observed [2]. Since
the nanoconstrictions in this experiments were also in the tunnelling regime and since the angular de-
pendence was AMR-like, the effect was ascribed to the tunnelling anisotropic magnetoresistance effect
(TAMR). The latter was observed before in Au/AlO./(Ga,Mn)As [3] and (Ga,Mn)As/GaAs/(Ga,Mn)As
stacks [4]. In the experiments presented below we explore above effects in 50 nm thick (Ga,Mn)As lay-
ers and find an antiferromagnetic arrangement of the central (Ga,Mn)As island to the leads at zero mag-
netic field as well as an enhanced AMR in a pre-tunnelling regime.

We fabricated (Ga,Mn)As nanostructures consisting of a central island of 100 nm width and 700 nm
length that is separated by nanoscale constrictions (=25 nm) from 400 nm wide and 10 um long
(Ga,Mn)As wires (Fig. 1). Additional current and voltage leads connected to the 400 nm wide wire allow
four-probe transport measurements. The long axis of the structure is oriented along the [100] (or equiva-
lent) direction which is near the easy axis of the (Ga,Mn)As material. For our samples we used a 50 nm
thick Ga,_,Mn,As film (x = 2%) grown by low temperature molecular beam epitaxy on a semi-insulating
GaAs(100) substrate with a 150 nm thick (Al,Ga)As buffer layer [5]. The inset of Fig. 1 shows the tem-
perature dependence of the longitudinal resistance R,,, used to estimate the Curie temperature 7. From
the resistance maximum we extract 7. ~ 60 K. The sheet resistance R is 1.8 kQ at 1 K. From the high
field Hall resistance R,, at 90 mK we obtained a hole carrier concentration p ~ 1.8 x 10* cm™ [6]. Within
a 6 band & - p model this corresponds to a Fermi energy of 130 meV [7].
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Fig.1 Scanning electron micrograph (SEM) of a sample with an island, separated by nanoconstrictions
from the input leads. The current and voltage leads for four probe measurements are also shown. Current 7
is applied along the [100] direction, close to the easy axis, where « is the angle between current I and the
in-plane magnetic field B. The left inset displays a magnification of the central island. The inset on the
right hand side shows the temperature dependence of the longitudinal resistance for the (Ga,Mn)As mate-
rial used to determine 7 in our experiments.

For transport experiments (Ga,Mn)As layers were first pre-patterned with a Hall-bar structure using
standard optical lithography and chemical dry etching. After brief ion beam etching (Ar-sputtering) of
the surface to remove the native oxide layer, gold contacts were deposited by a standard lift-off method.
To define the nanostructures we used electron beam lithography with PMMA as negative resist followed
by SiCl, based reactive ion etching. Magnetotransport measurements are carried out in a *He bath
cryostat with a superconducting magnet and by employing standard lock-in techniques. The direction of
the applied external magnetic field relative to the current direction (angle «, see Fig. 1) was varied in-
plane by using a rotatable sample holder.

Figure 2a shows an electron micrograph of a ~25 nm wide constriction which turned out to be in the
tunnelling regime. A huge TMR effect of ~5000%, similar to the one described in Ref. [1], can be ob-
served at 1.4 K. A corresponding experimental result is displayed in Fig. 2b. The external magnetic field
is always applied along the current direction, approximately equal to the easy axis. At high negative
fields, e.g., the magnetization of all three parts of the structure is aligned along the field-direction. When
the field is increased, a distinct resistance jump occurs at about 4 mT caused by switching of the wires’
magnetization. Now island and wire magnetizations are in the antiparallel state. This antiparallel align-
ment of the magnetization at each constriction is the reason for the resistance increase. The resistance
decreases again due to parallel alignment of the magnetizations at higher fields. The three different mag-
netization configurations are schematically displayed in the insets of Fig. 2b. An interesting feature is
observed at higher temperatures (Fig. 2¢, d): coming e.g. from positive magnetic fields the switching into
the high resistance state occurs at positive magnetic field values. This suggests an antiferromagnetic
arrangement between island and wires before the B-direction has been reversed. This could reflect the
formation of end domains in the vicinity of the junction due to demagnetizing fields. A potential domain
configuration is shown in the inset of Fig. 2d. One would expect however two steps in the resistance
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Fig. 2 (online colour at: www.pss-a.com) (a) SEM picture of a 25 nm wide constriction giving rise to a very high
TMR effect, shown in (b) for 7= 1.4 K. The external magnetic field is applied along the [100] direction. The resis-
tance jumps can be attributed to the change in the magnetization configuration of the three domain areas (see insets).
The high resistance state corresponds to an antiparallel alignment of island and wire magnetization; (¢) TMR of the
same sample at 3.1 K and (d) at 4.2 K. The inset sketches a possible domain configuration consistent with a switch-
ing event before the magnetic field direction gets reversed. For all shown measurements the applied current was
900 pA in the low resistance state.

before the maximum value is reached unless the formation of both end domains occurs at the same field.
More experiments are needed to clarify this point.

Samples with very similar geometry but with a constriction width of ~30 nm do not show such large
magnetoresistance effects. A corresponding example is displayed in the right hand column of Fig. 3. In
these experiments the direction of the in-plane magnetic field was varied. The data in the right row are
compared to corresponding measurements carried out on wires without constrictions (left row). The
pronounced magnetoresistance observed in the reference sample can be ascribed to the AMR effect. The
jumps reflect switching of the magnetization into an easy direction. The underlying physics was dis-
cussed in detail in Ref. [8] and similar magnetoresistance traces were quantitatively modelled within a
single domain picture recently [9]. The magnetoresistance size AR/R is angle dependent and ranges be-
tween 1% and 4%. Very similar features can be found in the magnetoresistance across the island struc-
ture. In addition to the resistance jumps stemming from magnetization switching of the input leads, addi-
tional small features emerge from magnetization switching inside the island. The resistance trace of the
bottom figure (= 90°) is shown on an extended magnetic field scale in Fig. 4 together with a schema-
tics of the magnetization configuration in the different sections of the wire. Remarkably, the overall
magnetoresistance increases by a factor 3—5 compared to the unpatterned reference. An enhancement
of the AMR effect was recently observed in a system with nanoconstrictions in the tunnelling regime and
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Fig. 3 (online colour at: www.pss-a.com) Comparison of the magnetoresistance for wires without (left) and with
(right) nanoisland for three different angles between magnetic field B and current direction I. Magnetic field and
easy direction are slightly misaligned for the 0° trace. Corresponding electron micrographs of the samples’ central
region are displayed on top. The magnetoresistance features, ascribed to AMR are enhanced for transport across the
island. The higher current of 10 nA for the wire without nanoisland was chosen to reduce noise, the size of the ef-
fects did not change for 1 nA.

ascribed to the TAMR effect [2]. In our experiment the increase of the resistance from about 12.5 kQ to
80 kQ after insertion of nanoconstrictions is expected from the modified geometry alone and tunnelling
seems not to be a dominant transport mechanism here. The enhanced magnetoresistance AR/R might
result from a reduced carrier density in the vicinity of the constrictions which brings the system closer to
the metal-insulator transition. Such an enhanced AMR effect was observed for example for a reduced Mn
concentration (and hence reduced carrier density) in unpatterned (Ga,Mn)As films [10].
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Fig. 4 (online colour at: www.pss-a.com) (a) Magnetoresistance of the right bottom panel of Fig. 3 displayed on an
extended magnetic field scale. A sketch of the corresponding magnetization configurations at different magnetic
field values is shown in (b). In the experiment the current was flowing along the [100] direction while the magnetic

field was aligned perpendicular to the current.
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