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Magnetic Domain Dependent Quantum Transport through a Ferromagnetic Dot
Embedded in a Semiconductor Quantum Wire
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Two unique quantum transport features, a clear appearance of Coulomb oscillations and a narrow
of Coulomb gap, are observed in an embedded ferromagnet (Ni) dot in a semiconductor wire a
magnetic field application. Magnetic force microscopy analysis suggests the existence of a domain
inside the dot before the field application, but it disappears after the field application forming a sing
domain in the dot. If we establish a transport model by assuming that the domain wall plays the r
of a “resistive barrier,” we can explain those unique transport features in terms of “Coulomb blocka
effects modified by domain dynamics.” [S0031-9007(98)07816-8]

PACS numbers: 75.70.Kw, 07.79.–v, 72.15.–v
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Recently, we have fabricated and proposed a ferrom
netic metal (Ni) dot structure embedded in a semicondu
tor quantum wire [1,2] as a new candidate for realizin
spin-related quantum transports in mesoscopic electr
ics. Spin-related transports themselves, for example, sp
selected tunneling [3,4], spin-filter [5], and spin-valve [6,7
effects have already been studied extensively mainly
using all metal or metal-insulator multilayers. Our struc
ture is a kind of heterogeneous small system composed
metal and semiconductor. But it can be regarded as a n
mal metal (2-dimensional electron gas, 2DEG)/ ferroma
netic metal/ normal metal (NM/FM/NM) junction with a
reduced size so that transport features expected would
rather close to those of the spin-filtered Coulomb blocka
effects. An alternative approach toward spin-depende
transport in a metal-semiconductor system is a spin fie
effect transistor (FET) proposed by Dattaet al. [8]. Al-
though there have recently been some related exp
ments [9], a full spin-dependent operation has not yet be
confirmed.

On the other hand, the embedded ferromagnetic d
structure is interesting also from the viewpoint of rece
mesoscopic magnetism [10]. If the dot size becom
smaller than about 1mm, a quantum fluctuation [11] of do-
main walls is expected to occur, since it becomes large
the effective mass of the domain walllLp reduces. Here
l andLp are the thickness and the cross-sectional length
the domain wall, respectively. Under such conditions, t
domain dynamics would appear in magnetization and/
in macroscopic tunneling processes in mesoscopic samp
[12]. As for magnetoresistance experiments, the case
thin transition metalwires has been extensively studied
both in theory [13] and in experiments [14–16]. The do
main wall has been believed to play a role of a scatteri
center and hence the (magneto-) resistance would incre
due to the appearance of the wall [17]. However, it h
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recently been predicted that quantum correction gives
reduction of (magneto-) resistances due to its suppress
effect against weak localization. At present, comple
agreements between the theories and several pionee
experiments are not attained. Moreover, transport pro
lems for thedotsample with domain wall in its inside have
not yet been studied.

Initially, we used conventional (GaAsyAlGaAs) high
electron mobility transistor (HEMT) as a base semicondu
tor. However, probably due to the relatively thick deple
tion layer, transport we have observed was not that throu
the dot but rather that passing through thesidesof the dot
[1]. In this Letter, we then changed semiconductor to P
(GaAsyInGaAsyAlGaAs) -HEMT with a thinner depletion
layer and hence succeeded to observe the transportthrough
the dot, although the conductance was still very small. T
features observed, the appearance of Coulomb oscilla
and the reduction of Coulomb gap by magnetic field a
plication, seem not to be explained by a simple picture e
cluding the domain wall in the dot. We concentrated o
efforts here on establishing a new transport model of t
ferromagnetic dot having a domain wall with its inside.

The starting base material is a pseudomorphic HEM
wafer composed of Al0.25Ga0.75AsyIn0.2Ga0.8AsyGaAs
layers. Sheet electron densitynS and mobilitym at 77 K
are8 3 1011 cm22 and3 3 104 cm2yV sec, respectively.
On the top surface, a pair of split gates which defin
a wire of 2mm long and 1mm wide was fabricated
by electron-beam (EB) lithography and lift-off proces
Between the split gates, Ni cluster was embedded
two-step surface modification using STM tips. The fir
is a conical hole fabrication by applying a single voltag
pulse between a tungsten (W) tip and the HEMT surfac
The second is an Ni evaporation also carried out
applying a single voltage pulse between a Ni-coated
and the sample surface. Conditions of the pulse volta
© 1998 The American Physical Society
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FIG. 1. Schematic cross section of the sample structu
fabricated.

(peak and duration) were carefully chosen to make a h
of an optimum size (,100 nm depth to reach the 2DEG
plane) with no damage and to evaporate a small quan
of Ni (,100 nm diameter) after hundreds of trials [18,19

We have made magnetic force microscopy (MFM
analysis in an ambient condition, which has a Co-coat
cantilever as a probe. Figures 2(a), 2(b), and 2(c) sh
typical line profiles of topographic and MFM image
before and after field application, respectively. To ma
netize the dot, we applied a magnetic field of 2000 G
perpendicular to the 2DEG plane. The form of the Ni d
here is slightly different from that in the sample (measure
at low temperatures) shown in Fig. 1. The volume o
Ni is almost twice or third and hence it forms a moun
beyond the HEMT surface, which is suitable for MFM
observation. Typical lifting height of the cantilever is
within 60–80 nm. According to the profiles in Fig. 2(a)
the mound has a 100 nm height and a 500 nm botto
diameter at the surface. It is clearly seen in Fig. 2(
that before field application, we can find a negative pe
followed by a positive one (indicated by arrows in th
profile) in the corresponding region to the topograph
image 2(a). In contrast, in Fig. 2(c), only a wide positiv
signal was recorded over the entire region of the d
We adopted a cantilever of monopole type [20] to obta
better spatial resolution. It is, however, well know
that a MFM signal reflecting the stray fields general
expands horizontally over the corresponding topograph
signal. In fact, the signal expansion is almost 700 nm
the bottom in Fig. 2(c). If we apply the equal expansio
width to Fig. 2(b), both the negative and positive pea
are included in the width, suggesting that they are comi
not from the excursions on the right but from the dot itse
l axes
nters.
FIG. 2. Line profiles of (a) topographic image and MFM images of (b) before and (c) after the field application. Vertica
are “height” for (a) and “stray field strength” for (b) and (c), respectively. Line profiles are taken horizontally at the image ce
Other profiles taken horizontally at the vertical positions of almost6130 nm, from the image centers give similar results.
re

ole

tity
].
)
ed
ow
s
g-
s

ot
d
f

d

,
m

b)
ak
e
ic
e
ot.
in
n
ly
ic
at
n
ks
ng
lf.

The MFM data thus strongly suggest that there a
mostly two domains within the dot before the fie
application, while they become a single domain af
the field application. Since the spatial resolution in
MFM signal is generally limited to a few tens nm a
most [20], the analysis of the signal especially as that
Fig. 2(b) should be done carefully. However, we belie
our domain wall picture is reasonable, since recent mic
SQUID measurements [21] for similar size and vario
shape ferromagnetic dots suggest the possible forma
of domain walls inside the dot before the field applicatio
Additional and systematic analysis [22] of the magne
domain structure for STM made and EB made Ni do
having various sizes also indicates the possibility of t
appearance of domain walls inside the dots even when
lateral diameter is less than 200 nm.

Low temperature transport measurements have b
done at 0.3 K with a superconductive magnet of 10
Figure 3 shows typical conductance traces against a
voltage after a full pinch off of the wire taken with an
without a magnetic field of 1600 G s. Here the full pinc
off means the condition that depletion layers from t
gates fully contact to the depletion layer surrounding t
dot, which rigidly restricts electron transport paths on
to that through the dot. As shown in the traces, t
conductance oscillation with zero field seems aperiodic a
not reproducible against gate voltage sweep direction.
contrast, the oscillations taken under the61600 G s are
periodic and reproducible against the directions of g
voltage sweep and of magnetic field. Here, the volta
sVg7d of the gate close to the dot is fixed and only th
voltage (Vg11 ­ Vg in the figure) of the opposite side gat
was swept. These results suggest that the transport thro
the dot becomes simpler with an appropriate magne
field application. The fact that the oscillation periods a
almost equal for reversing the applied field indicates
realization of the dots with same effective size after t
field application. In other words, it does not depend
the field direction but rather on the field strength. No
here that the observed tunnel conductance is very sm
due probably to the still thick depletion layers surroundi
the dot (estimated to be several tens of nm).

In Fig. 4, typical current-voltagesI-V d characteristics
are shown for the cases with and without magnetic fi
s65000 G sd application. Those traces are taken under
gate voltagesVg11d just before the full pinch off condition.
5423
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FIG. 3. Typical two terminal conductancessG2tsd against
the gate voltageVg ­ Vg11 without and with magnetic field
application. The gate voltageVg7 of the opposite gate was
fixed to create the depletion layer which is enough to contact
the one surrounding the Ni dot.

In order to deduce Coulomb gap values unambiguously
Fig. 4, several sets of parallel tangent lines to the lar
jV j regions of theI-V traces are written (thin lines in the
figure) and the cross points with the voltage axis we
determined as usual. There are then clear differen
between the Coulomb gaps before and after the fie
application: The Coulomb gap at zero field of 8–9 m
likely decreases to about a half (5–6 mV) by applying th
fields of 25000 G s (downward) or15000 G s (upward).
Those results suggest that the Coulomb gap likely redu
to about a half as sufficient strength fields are applie
Since also the gap is roughly related to the effective “do
size, the gap reduction is considered to mean an effect
expansion of the dot size.

Let us have some quantitative discussion here. We c
assumeEc ­ e2y8p´0a as a charging energy for a meta

FIG. 4. Field-dependentI-V characteristics of the Ni-dot
structure forVg11 ­ 22.07 sVd. Solid lines are those without
magnetic field. Dotted and dashed lines are the cases
15000 G s (upward) and25000 G s (downward) applications,
respectively.
5424
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fine particle of radiusa. If the features mentioned above
are those of Coulomb blockade effects, the oscillation pe
riod in gate voltageDVg and the Coulomb gapVgap are
represented asDVg ­ eyaC and Vgap ­ ey2C, respec-
tively, whereC is a total capacitance of the dot and equal
4p´0a, and a is a parameter related to the capacitanc
between the dot and the gate. If we adopt the value
DVg , 4 mV andVgap , 4 mV for the case of after the
field application, they give the samea , 180 nm when
a ­ 2. As a result, the dot diameters of 180 and 360 nm
are obtained for the cases of before and after the field a
plication, respectively. Those values are somewhat larg
than the expected structural sizes of.50 and .100 nm,
respectively, although realistic values are not accurate
estimated at present. These discrepancies seem, howev
within the allowance from the approximations in the equa
tions used.

Based on the results of MFM analysis and low tempera
ture transports, we can now propose a transport model f
our Ni-dot structure embedded in the HEMT based quan
tum wire. Before the field application, there seem to exis
two domains in the dot. If we assume the domain wal
as a “resistive barrier,” the dot could be regarded as tw
subdots divided by the “barrier” having an opposite mag
netization direction. In the problem of electron transpor
through the dot, therefore, we should consider the follow
ing two typical cases as for barrier/current direction: In
the case as shown in Fig. 5(a), electrons with down (ma
jority) -spin pass through the series subdots by crossin
(or tunneling) the barrier, since down-spin electrons hav
a higher density of states (DOS) at the Fermi level of th
Ni dot. Another case is that the barrier is parallel to the
current direction [Fig. 5(b)]. In this case, two subcase
of barrier /sample surface alignment [the barrier is paralle
or perpendicular—Fig. 5(b)—to the surface] could appea
and also mainly down-spin electrons pass through both
the subdots simultaneously. In the case of oblique barrie
alignment, parallel but unbalanced conduction through th
two subdots, depending on the obliquity, would occur.

After the application of enough fields, however, MFM
analysis indicated the disappearance of the domain wa
i.e., the “barrier” in the dot. The full dot is then realized
(not shown), and the dot size becomes almost twice a
large as that before the field application. This size chang
should be the main origin for the Coulomb gap narrowing
observed in Fig. 4, although identical gap value is no
attained against the reversal of the field direction. Beside
the size change, a simpler transport path has to be realiz
in this case, which could be responsible for the appearan
of the clear Coulomb oscillation after the field application
seen in Fig. 3. One important thing to be noted is tha
in all the cases, spin-selective transport would occur du
to the DOS imbalance in the Ni (sub-) dot(s) between up
and down-spin electrons. Unfortunately, this selectivity is
not confirmed within this work. One possible method is
to use spin-split edge states in 2DEG as an injector an
a collector of spin-polarized electrons. This is the main
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FIG. 5. Possible transport models for the Ni dot before th
field application. Note that dashed arrows attached to the dot
indicate the directions ofmagnetization,while those attached to
electrons (circles) indicate the directions of spin (up or down)

reason that we adopted the high mobility 2DEG as a ba
material, although it still plays only a role of leads to
the dot.

We have investigated ferromagnetic (Ni) dot structur
embedded in HEMT-based quantum wires. Prelimina
MFM observation suggests domain wall formation insid
the dot before the field application. It then disappeare
after the field application, forming a single domain in th
entire dot. In low temperature transport measuremen
we observed two distinct field-dependent features: a cle
appearance of Coulomb oscillations and a narrowing
Coulomb gap after the appropriate magnetic field applic
tion. On the basis of MFM and transport results, we pro
pose a transport model, in which the domain wall insid
the dot plays a role as a resistive barrier. In other word
the domain wall splitted the original dot into the two sub
dots and then it changed drastically the effective “dot” siz
and the Coulomb blockade-related transport features.
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