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Clear~0.5(2e?/h) conductance steps are observed in a quantum point cq@RE with a ferromagnetic
(Ni) dot embedded in its center, which is made on the surface of &b sAs/Ing Al sAs heterojunction.
Those steps are observed under no applied magnetic field. The interface between the embedded Ni dot and the
heterojunction seems to become Ni-iBa, sAs alloy due to the strong reactivity of Ni forming an adiabatic
semiconductor-metal-semiconductor transient region, which has Ohmic and possibly ferromagnetic natures.
The main origin of the~0.5(2e?/h) steps thus could be a quasiballistic transport through the Ni dot and/or the
transient region, which acts as a local spin filter at the QPC center.

[. INTRODUCTION the problem from this point of view. Especially, Wang and

. . 2 . . Berggrefl have shown the possibility of spontaneous local
Fractional quantized step§(2e°/h)(0<f<1), in semi-  gnin"nolarization occurring at the QPC center even under

conductor quantum point contatPQ have so far been zerg magnetic field.

investigated and discussed from various points of view: For very recently, we have made a quantum wire with an

example, Whararet al! has already reported spin-split steps embedded Ni dot in a GaAslpGa, As/AlGaAs hetero-

under a large parallel magnetic field. After finding half pla- junction and observed Coulomb blockade effects modified

teaus appearance depending on source-drain voltage by Palpyt domain-wall dynamics in the Ni dof.In the heterojunc-

et al,” Thomaset al2 have pointed out that anomalous struc- tion, there have been thin Schottky barriers surrounding the

ture at 0.7(2%h) evolved into 0.5(22/h) step by increas- Ni dot, through which electrons could pass by tunneling.

ing applied parallel magnetic field. Also recently, similar Eowever,f_spm;jselec;c_lv_el trans%c.)rt through the Ni dot has_k?lot

anomalies including 0.2@/h) step have been reported for een confirmed explicitly. In this paper, we report possible

. : spin-selective transport in a QPC with an embedded Ni dot,
ﬁe\fg-rI?Zc%feizgﬁ%?sa%d/\?\;igﬁzcilsfgﬂgsr é?&g?ﬁ)gnenévhich this time makes an adiabatic Ohmic contact to the

L Ing sG s/lng Al sAs heterojunction. Moreover, the re-
structure for zero bias in in-plane gate GaAs/AlGaAs tran-_ 02 % 8/INo Al 0./ J

. 5 h ol “sults described here might have an important meaning relat-
sistors. Kanet al” have observed 0.7¢%/h) steps in clean ing to the above-mentioned discussion about the origins of

quantum wires of enhargcement-mode field-effect transistofe fractional steps. The reason is that our structure could be
structures. Ramvalet al® have reported 0.7€/h) and regarded as a QPC which has a localized spin-polarized re-
0.2(2e?/h) steps and their evolution into 0.52h) by ap-  gion not spontaneously but “artificially.” That is, the small
plying strong parallel magnetic field in heterostructurely de-Ni-In, Ga, sAs alloy region which has Ohmic as well as
fined Ga odng 75As/INP quantum wire. As for the origins of possibly ferromagnetic natures is produced at the QPC cen-
the fractional steps with zero field, which are now believedter. In fact, two-terminal conductance exhibited clear
to be universal, there have been a lot of theoretical contribu~0.5(2e?/h) steps for various pairs of gate voltages which
tions; one possible explanation has been given by thenade possible to sweep a constriction in the vicinity of the
Luttinger-Tomonaga(LT) theory for locally interacting Ni dot.

ideal one-dimensiondlLD) electrons. The theory claims that  In the following sections, after describing the sample
the conductance is renormalized l&62e?/h) by the pres- structure briefly, the results from low-temperature transport
ence of mutual interactions, where the interaction-dependemheasurements are addressed. We then discuss the possible
parameter's ar& <1 andK>1 for repulsive and attractive structural and electromagnetic properties of the
interactions, respectively. It seems, however, to have somii-dot/Iny Ga, sAs channel interface on the basis of former
difficulties such as finite-size and boundary effects to applyand recent experiments for those material systems. Finally,
to the observed conductance anomalies. An alternative origiseveral possible origins for the 0.5%h) steps including

is a kind of spin effect suggested by Thonetsal® There the gate voltage sensing of the Ni-dot density of states are
have also been reported some theoretical résltreating  proposed.

0163-1829/2000/615)/99564)/$15.00 PRB 61 9956 ©2000 The American Physical Society



PRB 61 BRIEF REPORTS 9957

4 T
T:03K
2DEG Plane V1.2 ¢ parallel sweep
L] &
g ............. dG/dVg %
< 2} m
= =)
£ 5
o' =
0 T .
-1.00 -0.95 -0.90 -0.85
Gate Voltage : Vg (V)
T-03(K '
14FeT )
= 1.2k Ve s fix (from -1.5 to -2.5 (V) B
N Vg, - SWeep
810t .
FIG. 1. Schematic top view of our sample. Dashed line shows a % 0.8 T
dummy Schottky electrode which was used by grounding only z 0.6} .
when the STM fabrication was done. Small positive voltage was = g4l -
applied to the electrode in low-temperature measurement. o ; ;
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In Fig. 1, a simplg illustration of the top view of our Gate Voltage : Vg, (V)
sample is shown. This structure was fabricated by succes-
sively utilizing conventional electron bea(&B) lithography FIG. 2. Two terminal conductances ) normal (without fer-

and two-step surface modifications using scanning tunnelingomagnetic dgtand (b) ferromagnetic dot QPC’s. Note here that
microscope (STM) tips. The base heterojunction of the gap width is different between the nornt@l5 xm) and ferro-

INg sGay sAs/Ing sAlp sAs was grown on a semi-insulating magnetic dot(1.4 um) QPC's.

GaAs substrate via JAl ]1,XAS step buffer layers by molecu-

lar beam epitaxyMBE)."* Layer sequence from the top was measuring the ferromagnetic dot QPC’s, we have first

as follows: 10-nm cap-yrGaAs, 40-nm Si-doped hacked the ; ; :
: - properties of normal QPC, which has been si-
I sAl g sAS, 20-nm undoped Al 5AS spacer, 30-nm un- -, aneously made on the same wafer with no embedded

doped I3sGasAs channel, 820-nm I, ,As (x dot. The gate gap width and the length of the normal QPC

=0-0.5) step graded buffer and 30-nm GaAs buffer. Thu . :
the two-dimensional electron gé8DEG) plane is located 70 Was 0.5 and 0.3um, respectively. Figure (@) shows two

nm below the surface. The sheet electron density @nd ;[.ermlnafl conducltance of the nc;)rmal deg’. Wherhe no anorpa-
mobility () of the wafer used were 1.311012(/cr?) and €S OF ractional steps were observed. Since the mean free
48300(cn?/V seq, respectively at 77 K. path of thl_s wafer was almost Am at 0.3 K, the fact that _
Split gate of width 1.4um and length 0.3:m as well as a only the first and second steps are able to be obselrg/ed is
dummy electrode for STM fabrication were defined on a Hall"€@sonable. This result is similar to that of Schapstral:
bar using EB lithography and liftoff process. Embedding of/n contrast, QPC with an ezmbedded Ni dot exhibits clear
Ni cluster was carried out by doing two-step STM processconductance steps at0.5(2e“/h) [accurately they are close
utilizing the dummy electrode; the first step is hole fabrica-rather to 0.4(2%/h)] as seen in Fig. ®). In this figure,
tion by tungsten(W) bare tip and the second is Ni cluster parameter is a fixed voltagé/{,;) applied to one side QPC
evaporation from the Ni-coated W tip both by applying gate(gate 3 and gate voltage\(y,) applied to the opposite
single voltage pulse between the tip and the heterojunctioside(gate 2 was swept. Thus we scanned the “constriction”
surface at the tunnel conditions. Details of the STM fabrica-center in the vicinity of the Ni dot along the line perpendicu-
tion process has already been reported eIseWﬁeTgpical lar to the current direction.
hole size was 200—300 nm upper diameter antDO nm In Fig. 3@), our quantitative speculation about the lateral
depth and a diameter of the Ni-cluster was 100—-200 nm. Itigweep of the constriction is shown by taking the structural
noted here that, as easily expected, a local heating is inevind electrical asymmetries of the gate electrodes into ac-
tably accompanied by the STM fabrication adopted heregount, In Figs. &) and (b), also the expected feature of
since an applied electric field as high as~10 VI5 A _unreacted Ni dot and transition layer is illustrated schemati-
=.20 GV/m is u_sed |n.the electrical evaporation. Deposnedca”y [Fig. 3(b) is a cross-sectional vielwFrom comparison
Ni cluster thus immediately reacts witholsGay As making ¢ Fig. 3(a) with Fig. 2(b), the conductance trace correspond-
some alloys and hence an electric contact to Reda AS  jng 1o Vg1 =—1.9(V) seems to have its constriction center

channel almost in the perfect Ohmic regime is realized. 1 that of the Ni dot. It is also noteworthy that the step
H — _ !
lll. RESULTS OF LOW-TEMPERATURE TRANSPORTS heights forVg,=—1.5 and—-2.5 (V) (a anda’) becomes
slightly lower than those of othéfy, cases. This is probably
Conductance measurements were carried out by constabecause the constriction locates at the edge of the transition
voltage (<100 uV) ac lock-in technique at 0.3 K. Prior to region where the motion of passing electrons is less affected



9958 BRIEF REPORTS PRB 61

Schottky ...iws Ohmic
— —

g 1.0 T T

& 08 i
- 06 .a -
S N

© 0.4} R s
5 02 O T .
& 00— SN e
!

3 -0.2 i \
8

'5 -04f s 1 . 1 N 1 N 1 N

@ 0.0 0.2 0.4 0.6 0.8 1.0

GaAs

Composition of In,Ga,_As : x

FIG. 4. Schottky barrier height dependency of Ni upon In con-
tentx, of In,Ga, _,As, deduced from the empirical relation for Au
by Kajiyamaet al. (Ref. 19.

in Fig. 4). If the work function differencé0.35 e\j between
Ni and Au is considered, we can dedugg,(x) for Ni as
shown in Fig. 4, curvé. From this curve, we can conclude
that ¢,,(x) <0 for x>0.4, which suggests an almost Ohmic
property at the interface, even when no heat treatment is
carried out. In our case, there should be some local heating
when the Ni clusters are evaporated as described earlier. The
full Ohmic nature could thus be guaranteed in our sample,
but the metallurgical structuréwhat kind of transition or
alloy layers are likely produced by the heatirsggems rather
more important to discuss the magnetic and/or spin-related
transport properties. Note here that this reaction process is
fairly different from a simple diffusion from surface as seen
_L Ni/GaAs alloy in thermal process of unreacted impurity metal, which might
T Ti0n produce distributed impurity clustefgloty in semiconduc-
tors.
' Since there have been almost no works which deal with
| dynamics of(heat-treatedinterface metallurgical structure
Before annealing After annealing (300C, 5min.) between the two materials, we start our discussions from the
(c) pioneering work by Ogawa concluding strong reactivity of
Ni with GaAs. He has clarified interface alloy structure pro-
FIG. 3. Schemati¢a) top view and(b) cross-sectional pictures duced in thermally annealed Ni filL10 nm thick/GaAs
of expected depletion layer expanding and Ni dot transition layersystems in detail, which varies depending on the anneal tem-
illustrated by taking structural and electrical asymmetries of theperature,T,; although there was no alloy layer whén
gates into account(c) lllustration of reaction process in thin Ni <200 °C, monocrystalline hexagonal SiaAs and hexago-
film/GaAs system after annealing from Ref. 15. nal NiAs+ B-NiGa appeared as reaction products for
400°C>T,>200°C andT,>400 °C, respectively. He also
than in the dot center. Since the deviation of the constrictiorpointed out that the total alloy layer after the full reaction
from the center is almost 200 nm for the tWg;s, effective  reaches to 230 nm. Figuréc3 is a schematic illustration of
diameter of the Ni dot including the transition layer becomesthe reaction of Ni thin film/GaAs system by heat treatment,
almost 500 nm. It is also noted in Fig(l that conductance on the basis of which Fig.(B) was drawn.
kinks corresponding to~0.75(2%h) (b and e and Based on those results, we can speculate that Ni and Ni-
1.0(2e?/h) (c and d) were seen in the traces fov g, related transition(reacted layer, which is composed of
<—2.1(V). The origin of those steps, especially the one forNi,lng sGa, sAs or NiAs, Niln, and NiGa, could exist de-

~0.75(22?/h), is an open question at present. pending on the heated temperature in our case and they ex-
pand to about-500 nm diameter at the QPC center. This
IV. DISCUSSION diameter almost agrees with the value estimated from the

transport measurement. The 2DEG’s probably pass the re-
In order to explore the origin of the-0.5(2e%/h) steps  gion by adiabatically varying their Fermi wavelength. Al-
described above, we should discuss electrical and metalluthough the magnetic properties of the Ni-related compounds
gical structures of the interface transition region between thare not known(related bulk materials such as4#8ia usually
Ni dot and the 1gsGa sAs channel. We first describe the exhibits paramagnetigmsmall structures of them such as
speculation about the electrical properties of the interfacefilms or clusters might have a ferromagnetic nature due to
Kajiyama et al!* have given an empirical equation of the size effects. These transition laydtsgether with the
In,Ga, _,As Schottky barrier heigh,,, against Au(curvea  unreacted Ni dgtcould then play a role of spin selector for
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the passing electrons. This picture simply explains the aptemperature two-terminal conductance exhibited clear
pearance of the-0.5(2e?/h) steps observed in the constric- ~0.5(2e?/h) steps under zero magnetic field. Gate sweep
tion sweep measurement. experiment suggests the diameter of the interacting region of
Very recently, Garciaet al’® and Onoet al*’ have re-  ~500 nm, which almost agrees well with the value estimated
ported similar conductance quantization in thin Ni constric-from the interface metallurgical reactions between Ni and
tion at room temperature in the samples of very simple strucgaAs. The region consisted of Ni dot and transition alloy
tures. Those results might observe the same phenomenon @ger, which could have ferromagnetic nature and reveal ar-
ours reported in this letter. However, their samples seem tQicig spin polarization, should explain the 0.5(2¢%/h)
have sufficiently thin constriction compared with the electrongieng appeared in our transport measurements. In this sense,
mean free path, y; in Ni. In contrast, the transition region in our result strongly support the spin-related origin for the

our sampk_e has too large d|a_meter over the valii A BUt  factional steps so far observed in a variety of clean OPC's,
we can point out that the region is not fully metallic and thatalthough there remain possibilities of some other origins

only the restricted partfor example, one kind alloy such as : .
NiAs) of the region might be ferromagnetic. In such a case,SUCh as gate voltage sensing of DOS at the Ni dot.
the mean free path could be larger than the size of the re-
stricted part.
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structure with a Ni dot embedded in its center. Low-
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