
ingly, the indices of refraction), were obtained from
least squares fitting of the reflectivity (29) [see the
vertical and horizontal 1:2 (reflectivity) scans in Fig. 3].

19. ky,intern is given by k2 � n2(2�/�)2 � kx,intern
2 �

ky,intern
2 � kz,intern

2, where kx,intern � nk sin(�i,intern)
and kz,intern � nk sin(�i,intern).

20. A. K. Ghatak, K. Thyagarajan, Introduction to Fiber
Optics (Cambridge Univ. Press, Cambridge, 1998).

21. This case corresponds to the radiation modes or leaky
modes of a waveguide and will not be discussed here
(14, 19).

22. The cutoff angle is obtained from �c,intern �
(�c,cladding

2 – �c,core
2)1/2, with a critical angle of

�c � (2�)1/2. With the above values, an internal
cutoff angle of �c,internal � 0.203° is obtained.
Therefore, the guide supports seven resonance or-
ders in the x direction (�intern) and three resonance
orders in the z direction (�intern).

23. The FWHM of the �11 field intensity distribution in
the waveguides guiding channel is 68.7 nm in the x
direction and 33.0 nm in the z direction.

24. Photons can exit the guide at the end (rear face) if
the footprint of the beam is separated from the end
no farther than the so-called coupling length (in our
case, 	750 
m).

25. Materials and methods are available as supporting
material on Science Online.

26. The results shown here were obtained at the ID13
and ID01 beamlines (at the European Synchrotron
Radiation Facility), with slightly different wave-
lengths but at comparable beam dimension and
beam characteristics. In order to compare the results,
the additional data set was rescaled to match the
wavelength � � 0.097 nm of the main experiment.

27. Standard reflectivity from thin-film layers is carried
out by measuring the reflected intensity as a function
of the angle on incidence, at �i � �f and �i � �f �
0.

28. This nonstandard type of reflectivity, described in detail
elsewhere, uses the fact that single, line-like nanostruc-
tures give rise to a circular diffraction pattern, subject to
the constraint qy � 0 (�i

2 � �i
2 � �f

2 � �f
2). Thus,

by measuring the reflectivity in �i and �f at a fixed,
small offset in �i/�f (�i � �f � 0.05° was used in the
present case), the lateral geometry (in the x direction)
of the nanostructure can be probed. Values for the
width w could thus be determined for several devices (a
representative measurement and the corresponding fit
are shown in Fig. 3A). Importantly, this circular diffrac-
tion pattern centered around the axis of the capillary
observed for all angles may not be confused with the
resonance effects.

29. L. G. Parratt, Phys. Rev. 95, 359 (1954).
30. The mapping in Fig. 2D was obtained by modifying

the refraction-corrected solution, displayed in Fig. 2B,
according to the following equation:

I�� i,� i� � �
p,q

exp� �� i � �i
p�2

2�
2
i
�

exp� �� i � �i
p�2

2�
2
i
�

exp� ��i
2 � �i

2� � ��i
p2� � ��i

q��2

2radial
2 � (3)

with �i � 0.015°, �i � 0.01°, and radial � 0.0011°.
31. The rms roughness  must not be small with respect

to � but with respect to �/(sin �). In practice, total
reflection can still occur up to about  � 1.5 nm.

32. The measurements (not shown here) were carried
out by scanning a 5-
m Ir/Pt pinhole (SPI, West
Chester, PA) along the x and z directions on a piezo
stage (Piezosystem Jena, Jena, Germany) at a dis-
tance of �1.0 mm behind the guide, confirming the
exit beam divergence and thus also the conclusion
that the exit beam originates from the end of the
guide (waveguide point source).

33. This number exceeds the flux through a hypothetical
pinhole of equivalent size by a factor of about 70.
Improved fabrication can be expected to increase the
output flux and hence the gain by orders of magni-
tude, similar to the recent progress in planar
waveguides.
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data, as well as D. Le Belloc’h and A. Mazuelas for
help at ID1. We are indebted to J. Kotthaus, H. Gaub,
and J. Peisl at the Center for NanoScience Munich for
advice and encouragement to carry out this project.
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Deutsche Forschungsgemeinschaft SFB-486.

Supporting Online Material
www.sciencemag.org/cgi/content/full/297/5579/230/
DC1
Materials and Methods
Fig. S1
Table S1

19 March 2002; accepted 31 May 2002

Spin-Polarized Resonant
Tunneling in Magnetic Tunnel

Junctions
S. Yuasa,* T. Nagahama, Y. Suzuki

Insertion of a thin nonmagnetic copper Cu(001) layer between the tunnel
barrier and the ferromagnetic electrode of a magnetic tunnel junction is shown
to result in the oscillation of the tunnel magnetoresistance as a function of the
Cu layer thickness. The effect is interpreted in terms of the formation of
spin-polarized resonant tunneling. The amplitude of the oscillation is so large
that even the sign of the tunnel magnetoresistance alternates. The oscillation
period depends on the applied bias voltage, reflecting the energy band structure
of Cu. The results are encouraging for the development of spin-dependent
resonant tunneling devices.

A new field of electronics called spin electronics
(1, 2), which makes use of both the electric
charge and the spin of conduction electrons, has
been developing rapidly in systems such as me-
tallic magnetic multilayers, magnetic semicon-
ductors, and strongly correlated electron sys-
tems. Among these systems, a magnetic tunnel
junction (MTJ), which consists of two ferro-
magnetic (FM) metal layers (electrodes) sepa-
rated by a thin insulating layer (tunnel barrier)
and shows the tunnel magnetoresistance ( TMR)
effect (3–5), is especially important for applica-
tion to magnetoresistive random-access memory
(MRAM) devices. Highly functional spin-elec-
tronic devices such as spin transistors cannot be
realized without a better understanding of the
mechanism of spin-polarized electron transport,
because it is still unclear how the coherence of
the wave functions and spins of the conduction
electrons are conserved in the transport process.
For example, the resonant-tunneling effect (i.e.,
coherent tunneling of electrons from one elec-
trode to the other through quantum well states
formed between the two electrodes) (6), in
which the coherence of electron wave functions
is essential, has never been well controlled in
spin-polarized systems such as MTJs and mag-
netic semiconductors. Spin-polarized resonant
tunneling is crucial for the development of high-

ly functional devices, such as a resonant-tunnel-
ing spin transistor (7) and quantum information
devices, because the coherency of both the wave
functions and the spins of conduction electrons
should be conserved in those devices.

One of the simplest ways to realize spin-
polarized resonant tunneling is to insert a non-
magnetic (NM) metal layer between the insu-
lating tunnel barrier (I) and one of the two FM
electrodes in a MTJ. Because spin-dependent
reflections of the conduction electrons take
place at the FM-NM interface (Fig. 1A), spin-
polarized quantum well (QW) states are created
in the NM layer (8, 9) and spin-polarized tun-
neling electrons will resonantly pass through
the NM layer. Theories predict an oscillation of
the TMR effect as a function of the NM layer
thickness because the spin polarization of the
tunneling electrons oscillates as a result of the
resonant tunneling (10, 11). Although a number
of experimental studies have been made, there
have been no reports of an oscillation being
observed (12–17). To date, the TMR ratio has
usually been found to decrease monotonically
with NM layer thickness (12). Moodera et al.,
using a NM Au layer (polycrystalline), first
observed a sign reversal of the TMR ratio (13).
Although it was attributed to a quantum size
effect, no oscillation of the TMR was observed.
LeClair used a NM Ru layer and obtained a
similar result (17). The sign reversal of TMR
was, however, attributed to a change of the
density of states (DOS) of the electrode due to
the interfacial mixing, not due to the quantum
size effect. It was also found that the TMR
effect almost disappears at a NM layer thick-
ness of about 6 Å (13–17), indicating that the
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spin polarization of a tunneling electron is com-
pletely scattered when it passes through the 6 Å
NM layer. Such a short spin scattering length
will prevent spin-polarized resonant tunneling.
However, the strong spin scattering seems to be
attributable to the polycrystalline nature of the
samples. The MTJs with a single-crystal elec-
trode will be indispensable for spin-polarized
resonant tunneling.

In our previous study, we prepared a MTJ
with an ultrathin FM Fe(001) single-crystal
electrode and observed a small oscillation of
TMR as a function of the bias voltage (18). In
this case, however, the resonant tunneling is not
necessary for the oscillation of TMR because an
incoherent tunneling to the ultrathin Fe elec-
trode, in which the spin polarization is modulat-
ed by QW states, can result in the oscillation of
TMR. Moreover, the quantum-well effect is
very small because of the short mean free path
and spin diffusion length in the FM metal, and
therefore a theoretical analysis is difficult to
perform (18). On the contrary, in the MTJs with
a NM insertion layer, the resonant tunneling
through the NM layer is essential for the TMR
oscillation. A single-crystal layer made of a NM
noble metal is ideal for the resonant tunneling
because of the long mean free path. We report
that a clear spin-polarized resonant tunneling is
realized by using a single-crystal electrode made
of a NM Cu(001) layer grown on Co(001).

The MTJs, Co(001)–Cu(001)–Al-O–Ni-
Fe (Fig. 1A), were prepared by using a mo-
lecular beam epitaxy technique and the sub-
sequent microfabrication processes (19). The
thickness of the Cu(001) layer, tCu, was
changed from zero to 29 Å in order to study
the tCu dependence of the TMR effect. MTJs
were prepared with thicknesses of the Al-O
tunnel barrier tAl-O � 12, 18, and 24 Å; the
size of the junctions was 2 
m by 2 
m (20).
The electric resistance was measured by the
dc four-probe method with a bias voltage up
to 700 mV. The bias voltage direction was
defined with respect to the Co-Cu electrode.
Magnetoresistance measurements were car-
ried out at 2 K and 300 K in magnetic fields
up to 2 T. In addition to the MTJs, we also
prepared Co(001)-Cu(001)-Co(001) films
(tCu � 0 to 40 Å) using the same substrate

and buffer layers (20) and investigated the
interlayer exchange coupling through the
Cu(001) layer. It is known that the interlayer
exchange coupling oscillates as a function of
the Cu layer thickness because of the QW
states formed at the Fermi level in Cu (21).

In the transmission electron microscope
(TEM) image of a tunnel junction with a
Co(001)–Cu(001) (20 Å)–Al-O (18 Å)–Ni-Fe
structure (Fig. 2), the bottom electrode
[Co(001)-Cu(001) layer] is a single crystal, the
Al-O tunnel barrier has an amorphous structure,
and the upper electrode (Ni-Fe layer) is poly-
crystalline. A very flat Cu(001) layer with
monoatomic steps on the interfaces was pre-
pared. Typical magnetoresistance curves for
tCu � 0 Å and 4.5 Å are shown in Fig. 3, A and
B, respectively. The MTJ with tCu � 0 Å shows
the usual positive TMR effect, whereas the
MTJ with tCu � 4.5 Å shows an anomalous
negative (inverse) TMR effect. The antiparallel
magnetic configurations were well realized

in both cases because of the different coer-
cive forces (HC) for the bottom electrode
(Co) (HC � 25 mT ) and for the upper
electrode (Ni-Fe) (HC � 3 mT ). This
means that there is little magnetic coupling
between the two electrodes.

Figure 3C shows the TMR ratio at temper-
atures of 2 K and 300 K at a low bias voltage
(�10 mV ) as a function of tCu. The TMR ratio
is defined as �R/Rp � (Ra – Rp)/Rp, where Rp

and Ra are the tunnel resistance when the mag-
netizations of the two FM electrodes are aligned
parallel and antiparallel, respectively. The TMR
ratio clearly oscillates up to tCu � 29 Å. It is
noteworthy that the amplitude of the TMR os-
cillation is so large that even the sign of the
TMR ratio alternates. The TMR oscillation is
well fitted to a damped oscillation function plus
a small positive background curve (a simple
damping curve). The origin of the background
is not clear at the present stage. The period of
the TMR oscillation is 11.4 Å. On the other

Fig. 1. (A) Schematic diagram of
the magnetic tunnel junction
(MTJ) with FM-NM-I-FM struc-
ture, in which electrons with dif-
ferent spin directions tunnel
from the upper to the bottom
electrodes. FM, NM, and I denote
a ferromagnetic electrode, a
nonmagnetic layer, and an insu-
lating layer (tunnel barrier), re-
spectively. We prepared the
MTJs to have a Co(001)–Cu(001)–Al-O–Ni-Fe structure. (B) Fermi surface of face-
centered cubic Cu. When conduction electrons are confined in the [001]-direction,
quantum-well states with scattering vectors q1 and q2 can be created (21).

Fig. 2. High-resolution
TEM images of a tunnel
junction with a Co(001)
(200 Å)–Cu(001) (20 Å)–
Al-O (18 Å)–Ni80Fe20 (100
Å) structure.

R E P O R T S

www.sciencemag.org SCIENCE VOL 297 12 JULY 2002 235



hand, the tunnel resistance (Rp) itself also
shows a slight oscillatory behavior, although it
is not as clear as the TMR oscillation. The
tunnel resistance takes a maximum at tCu � 4.5
Å where the TMR ratio takes a minimum (neg-
ative) value. We carried out the same measure-
ments on the MTJs with different Al-O thick-
nesses (tAl-O � 12, 18, or 24 Å) and obtained
essentially the same results on the TMR oscil-
lation while the tunnel resistance itself expo-
nentially increased from 100 ohm�
m2 (tAl-O

� 12 Å) to 7 � 107 ohm�
m2 (tAl-O � 24 Å).
As a possible origin of the TMR oscillation,

we note that spin-dependent reflection of con-
duction electrons occurs at the Co-Cu interface
(Fig. 1A). The tunneling electrons with up-spin
(defined as a spin parallel to the magnetization
of Co) easily transmit into the Co layer, where-
as the tunneling electrons with down-spin (de-
fined as a spin antiparallel to the magnetization
of Co) have a higher probability to be reflected
at the Co-Cu interface. If multiple scatterings

occur between the Co-Cu and Cu–Al-O inter-
faces, the down-spin electrons form resonant
states (QW states) in the Cu layer. Two kinds of
QW states corresponding to the scattering vec-
tors q1 and q2 are known to be formed in an
ultrathin Cu(001) (Fig. 1B) (21). According to
the band calculations, q1 and q2 are responsible
for the QW oscillations with periods 10.6 Å and
5.9 Å, respectively (21). Such oscillations are
observed in the interlayer exchange coupling
through the Cu(001) layer, although the short-
period oscillation due to q2 easily disappears
because of the atomic-scale roughness of the
films (8, 21, 22). The observed period of the
TMR oscillation (11.4 Å) agrees (within exper-
imental error) with the long-period oscillation
due to q1. On the other hand, the interlayer
exchange coupling in the Co(001)-Cu(001)-
Co(001) films prepared in this study show a
QW oscillation with a period of 11 Å (fig. S1),
which is the same as the period of the TMR
oscillation. Those agreements clearly suggest
that both the TMR and the exchange coupling
oscillations originate from the same QW states
corresponding to q1 at the Fermi level. We
successfully observed the QW oscillation of the
TMR effect, although other researchers ob-
served no oscillatory behavior with a polycrys-
talline Cu layer (12, 14–16). It is noted here
that conduction electrons with a wave vector k
normal to the tunnel barrier (k// � 0) are the
main contributors to the tunneling current in an
ideal tunnel junction (19, 23). This is because
the tunneling probability sharply decreases as
the direction of k deviates from the barrier
normal. Consequently, the tunneling electrons
can be efficiently injected into the QW states
located at k// � 0 (i.e., the QW states of q1)
(Fig. 1B).

Fig. 3. Normalized TMR curves at T � 2 K at a bias voltage of �10 mV for Co(001)–Cu(001)–Al-O (18
Å)–Ni80Fe20 junctions with Cu layer thickness (tCu) of (A) 0 Å and (B) 4.5 Å. Rp denotes the tunnel
resistance with parallel magnetization configuration. (C) TMR ratio at T � 2 K and 300 K at a bias
voltage of �10 mV as a function of tCu.

Fig. 4. (A) TMR ratio at T � 2 K at
various bias voltages (V ) for
Co(001)–Cu(001)–Al-O (18 Å)–
Ni80Fe20 junctions as a function of
tCu. (B) Period of the TMR oscilla-
tion as a function of V. The solid
circles represent the observed oscil-
lation period. The error bars come
from the least squares fitting. The
red line is a theoretical estimation
obtained from the energy disper-
sion of the �1 band of Cu (26). The
triangle at 0 mV represents the os-
cillation period of interlayer ex-
change coupling in Co(001)-
Cu(001)-Co(001). (C) A schematic
illustration of electrons tunneling
from one electrode to the other. (D)
The energy dispersion of the Cu-�1
band along the �-X direction. The
red arrows denote the scattering
vector, q1, for the quantum-well
states. The period of the quantum-
well oscillation is inversely propor-
tional to the length of q1.
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For the origin of the anomalous negative
TMR effect, the TMR ratio can be formulated
in terms of the spin polarizations of elec-
trodes (i.e., the difference between the DOS
of up and down spin bands). According to
Julliere’s formulation (24), the TMR ratio at
a low bias-voltage limit is expressed as

TMR � (Ra � Rp)/Rp � 2PP�/(1 � PP�)

(1)

where P and P� are the spin polarizations of the
two electrodes. Because the spin polarization of
Ni-Fe is positive (25), the negative TMR indi-
cates that the spin polarization of the Co-Cu
electrode is effectively switched by the reso-
nant-tunneling effect. Standing waves of wave
functions of the conduction electrons (i.e., the
QW states) in Cu(001) are effectively formed
under the condition tCu � q � �1 � �2 � 2�n,
where �1 and �2 are phase changes of the
electron wave functions induced by the reflec-
tions at the Co-Cu and Cu–Al-O interfaces,
respectively, and n is an integer number. The
QW states are formed when tCu � 2�n/q1 �
constant; therefore, the period of QW oscilla-
tion is 2�/q1. Because the down-spin electrons
are mainly confined in the Cu layer, the QW
states should have a negative spin polarization.
Thus, the TMR effect may change sign with a
periodicity of 2�/q1 � 11 Å.

The TMR oscillation at various bias voltag-
es is shown in Fig. 4A. All the curves can be
fitted by using the same damped oscillation
function. The parameters (e.g., the oscillation
period, phase, and amplitude) change depend-
ing on the bias voltage. Here we discuss only
the oscillation period, whose physical origin is
the most straightforward. Figure 4B shows the
bias dependence of the oscillation period. Un-
der a positive bias, the oscillation period in-
creases with the bias voltage. Under a negative
bias, on the other hand, the oscillation period is
approximately independent of the bias voltage.
The theoretical value of the oscillation period
estimated from the band structure of Cu (26) is
also shown in Fig. 4B. The overall shape of the
observed bias dependence is well reproduced
by the theoretical estimation. To obtain the
theoretical curve, we assumed a simple picture
in which ballistic electrons tunnel from one
electrode into the other without energy loss
(Fig. 4C). Under a positive bias (�V ), electrons
at the Fermi level (EF) in Ni-Fe dominantly
tunnel into the empty states at EF � eV in Cu.
In this case, the QW states at EF � eV in Cu
have a strong influence on the TMR effect.
Therefore, the oscillation period is determined
by the length of the q1 vector at EF � eV. Thus,
the period is expected to depend on the bias
voltage, reflecting the energy dependence of q1

(i.e., the energy dispersion of the �1 band of Cu
along the �-X axis) (Fig. 4D) (26). Under a
negative bias (–V ), on the other hand, electrons
at EF in Cu dominantly tunnel into the empty

states at EF � eV in Ni-Fe. In this case, the QW
states at EF in Cu have a strong influence on the
TMR effect. Therefore, the oscillation period is
expected to be independent of the bias voltage.
The observed period at zero bias is slightly
longer than the theoretical value. This discrep-
ancy is also observed in the interlayer exchange
coupling, where the observed oscillation period
(27) is usually longer than the theoretical esti-
mation (21). Although the theoretical estima-
tion is based on an assumption that the tunnel-
ing process is ballistic (without energy loss), the
observed TMR oscillation can be well ex-
plained by the theory.

We have shown that the coherence of
spin-polarized tunneling electrons can be
conserved after multiple reflections in the
electrode, resulting in the spin-polarized res-
onant tunneling. With the use of this effect, it
is possible to develop highly functional spin-
electronic devices based on coherent trans-
port, such as the resonant-tunneling spin tran-
sistor and quantum information devices.
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Spontaneous Organization of
Single CdTe Nanoparticles into

Luminescent Nanowires
Zhiyong Tang,1 Nicholas A. Kotov,1* Michael Giersig2

Nanoparticles of CdTe were found to spontaneously reorganize into crystalline
nanowires upon controlled removal of the protective shell of organic stabilizer.
The intermediate step in the nanowire formation was found to be pearl-
necklace aggregates. Strong dipole-dipole interaction is believed to be the
driving force of nanoparticle self-organization. The linear aggregates subse-
quently recrystallized into nanowires whose diameter was determined by the
diameter of the nanoparticles. The produced nanowires have high aspect ratio,
uniformity, and optical activity. These findings demonstrate the collective
behavior of nanoparticles as well as a convenient, simple technique for pro-
duction of one-dimensional semiconductor colloids suitable for subsequent
processing into quantum-confined superstructures, materials, and devices.

Unique structure and optical and electrical
properties of one-dimensional (1D) semicon-
ductors and metals make them the key struc-
tural blocks for a new generation of electron-

ics, sensors, and photonics materials. Several
synthetic methods of nanowire and nanorod
production have been developed (1–8), but
they all are based on point-initiated uniaxial
growth of the crystal. Lateral expansion of
the crystal lattice is arrested by a rigid tem-
plate or by unfavorable kinetics. We describe
a method of nanowire synthesis based on a
different principle—a crystalline nanowire
spontaneously self-assembles from individual
nanoparticles. This technique of nanowire
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