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Spin Polarization Effects in Quantum Wires

Gerhard FAsoL*and Hiroyuki SAKAKI
JRDC - ERATO Quantum Wave Project
c/o Research Center for Advanced Science and Technology,
University of Tokyo, 4-6-1 Komaba, Meguro—ku, Tokyo 153, Japan

Abstract. A microscopic picture for electron-electron pair scattering in single mode
Quantum wires including electron spin is presented. The physical origin of spin-
subband dependent electron pair scattering is explained. It is shown that spin-
subband dependent pair scattering results in spontenous spin polarization effects
for transport in quantum wires and other mesoscopic structures

Transport and electronic properties of quantum
wires and related mesoscopic structures are a very
active research field[1]. Until very recently, spin ef-
fects have not been investigated neither in quan-
tum wires nor in the related edge state transport in
the Quantum Hall regime. The recent discovery of
spontaneous spin polarization effects for edge states
in the quantum Hall regime[2], and for single mode
quantum wires([3][4] opens a new field of research.
The basic principle of spin subband dependent pair
scattering rates is demonstrated in Fig. 1. Even
in a ‘single mode’ quantum wire (i.e. in a quan-
tum wire of approx. 50nm thickness with only one
conduction subband contributing), the conduction
band has two spin subbands. In general, these two
bands do not have the same energy and show spin
splitting. This splitting has terms proportional to
k and k2 and has been investigated theoretically [5]
[6] [7] and experimentally (8] [9] [10] in 3D and in
2D. It is of the order of 1meV at the Fermi edge
under typical conditions[5][8].

In Fig. 1 we look at pair scattering of (a) an electron
with wave vector p; in the spin-up band and (b) of
an electron at py in the spin-down band. For each
case we show a typical pair scattering process with
a partner electron near the Fermi surface. Once
the electron at p; or ps and the partner electron
at k; and ky have been chosen, energy and momen-
tum conservation together with the band dispersion
fix the final states. (For the purpose of producing
Fig. 1 we have calculated the final states from a re-
alistic dispersion relation using the ‘Mathematica’
software). The scattering process shown in Fig. 1(b)
has much higher probability than the process in
Fig. 1(a), since the Fermi population factors will
be much more favorable for scattering. (py +qq
in (a) has a high probability of being occupied, re-

*E-mail: fasoltansei.cc.u-tokyo.ac.jp -

Energy (meV)
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wave vector (105 am'1) wave vector (105 cm1)

Figure 1: Spin-subband dependence of electron pair
scattering: (a) Electron in the ‘spin-up’ band with
wave vector p; has lower scattering rate since in-
termediate state at p; + q; has high probability
to be filled. (b) Scattering rate for electron ps in
the ‘spin-down’ band is much higher, since the final
state ko — qo has lower thermal occupation proba-
bility than the final state in (a) at p; + q;. Pair
scattering is only allowed with a partner electron
of opposite spin (even in 2D scattering for electron
pairs of equal spin is reduced [11]).

ducing the scattering probability of the process in
Fig. 1(a) dramatically compared to (b)). There-
fore, an electron injected into the ‘spin-up’ subband
is likely to pass the quantum wire with low scatter-
ing probability. An electron (ps,|) injected into
the ‘spin-down’ subband, on the other hand, has an
increased scattering probability as demonstrated in
Fig. 1(b). There is a high probability that an in-
jected electron in the ‘spin-down’ subband is con-
verted into a hot ‘spin-up’ subband electron at sim-
ilar energy. Therefore the quantum wire can act as
an active electron polarizer.

To demonstrate the spin subband dependence of
pair scattering we have calculated the differential
pair scattering rates as a function of wave vector k
of the partner electron, and as a function of excess
electronic energy A. The details of the calculations
are explained in [3][4]. Fig..2 shows typical results
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Figure 2: For hot electrons (A > 0) and scatter-
ing with partners on the ‘near-side’ of the Fermi
surface, the electron pair scattering rate may be
orders of magnitude larger for one particular spin
orientation (here spin-down) than for the opposite
orientation. This effect is mainly due to the Fermi
population factors and the Pauli principle. (Irregu-
larities and divergences in the curves occur for scat-
tering vectors extremely close to q = 0 and are
partially eliminated from the Figure, they are not
eliminated for the final integrations of total scatter-
ing rates however. Scattering at q = 0 is believed
not to break the electron phase.)

of the calculation, and demonstrates that the pair
scattering rates can be many orders of magnitude
different for the two spin subbands. As explained in
[3][4], the total scattering rates are the balance of
scattering with partner electrons at the ‘near side’
and the ‘far side’ of the Fermi surface. The spin
subband dependence is expected to be strongest for
hot electrons, i.e. for electrons some energy A above
the Fermi energy.

Fig. 3 demonstrates schematically the construction
of a quantum wire spin polarizer based on spin sub-
band dependent pair scattering rates. The wire
length has to be less than the scattering length
for ‘spin-up’ electrons (using the convention of the
present Letter), less than the probability for scat-
tering with partners near k & —kp and longer than
the scattering rate for electrons in the ‘spin-down’
subband. Calculation shows that this can be ful-
filled in GaAs/Al.Gay_,As based quantum wires,
for excess energies A of the order of 5meV, oper-
ating temperatures of T' = 4K or below, and wire
lengths in the ym-range. Acoustic phonon scatter-
ing is expected to be weaker than electron scatter-
ing effects up to at least 100K, while we expect
that optical phonon scattering will destroy this ef-
fect above approximately 100K. Sufficiently high
mobility is required, so that impurity and roughness
scattering are lower than electron-electron scatter-
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Figure 3: (a) Schematic design of a quantum wire
spin polarizer for hot electrons. (b) and (c) show
the fraction of electrons in the ‘spin-up’ and in the
‘spin-down’ subbands in the hot electron beam. In
this case the background electron gas in the wire
is coupled to the a thermal bath which equilibrates
the spin distribution
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Figure 4: Schematic diagram showing a spin po-
larization of the electron gas in a quantum wire
with spin splitting, induced by a hot electron beam
due to spin subband dependent electron scattering
rates.



ing. Since in-built microscopic electric fields affect
the spin-splitting of the quantum wire, and since
interface roughness can affect microscopic electric
fields, it could also negatively affect the spin polar-
ization phenomena. Plasmon scattering is a pos-
sible loss mechanism reducing efficiency and is ne-
glected here.

So far we have assumed that the background elec-
tron gas in the wire is sufficiently coupled to the en-
vironment, so that its distribution is not disturbed
by the injected electron beam. The opposite limit
is the case of weak coupling of the background elec-
trons in a section of the wire to the surroundings,
as demonstrated in Fig. 4. In this case the in-
jected electron beam will flip background electrons
between spin subbands with unequal probability,
leading to unequal spin populations and a steady
state magnetization of the background electrons.
In summary, we have shown that spin splitting
causes spin subband dependent electron pair scat-
tering rates. Using this effect, an active electron
spin polarizer can be constructed from a quantum
wire. We have calculated the spin dependent dif-
ferential electron pair scattering rates as a function
of electron excess energy. We have introduced a
further related effect: a hot electron beam can in-
duce spin polarization (corresponding to a steady
state magnetization) in a section of a quantum wire,
which is weakly coupled to the surroundings. This
work opens the possibility of a range of spin depen-
dent experiments in microelectronic structures.
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Magnetic properties of fcc-Fe artificial superlattices

S. Mitani, A. Kida and M. Matsui

Department of Materials Science and Engineering, Nagoya University, Furo-Cho, Chikusa-ku, Nagoya 464-01, Japan

Fee-Fe /Cu(MX001) (M = Au,Ni) artificial superlattices were prepared. The interatomic distance of fcc-Fe was changed
by the epitaxial growth on Cu(Au) or Cu(Ni) alloy layers. The magnetic moment of Fe is increased up to 2.7uy for only 1%
increment of interatomic distance. Furthermore, non-ferromagnetic state of fcc-Fe was observed at 1.8% decrement.

1. Introduction

We reported that fcc-Fe/Cu artificial superlattice
films were grown on Cu single-crystal substrates using
MBE technique and measured their magnetic proper-
ties in previous papers [1,2]. The ferromagnetic mo-
ment of fcc-Fe was determined to be 2.0 X 0.1p5/Fe.
The Curie temperature was 400 to 580 K and increased
with increasing number of Fe atomic layers. Below
3ML Fe, the films showed perpendicular anisotropy.
Thus fcc-Fe epitaxially grown on Cu(001) showed fer-
romagnetic properties corresponding to the high spin
state of fcc-Fe which was suggested by R.J. Weiss [3].

On the other hand, it was reported that y-Fe pre-
cipitates showed antiferromagnetic state which corre-
sponds to the low spin state with smaller volume than
the high spin state [4-6]. In the present paper we study
the magnetic properties of fcc-Fe as a function of
interatomic distance by preparing fcc-Fe /Cu(Au) film
for expansion and fcc-Fe /Cu(Ni) film for contraction.

2. Sample preparation

The artificial superlattice films were grown on
Cu(001) substrate by the MBE method. The inter-
atomic distance of fcc-Fe was changed by the epitaxial
growth on a Cu-Au or Cu-Ni alloy layer, whose lattice
constant was evaluated by the composition of Au or Ni
for expansion or contraction, respectively. The {fcc-
Fe /Cu(Au)l,, and [fcc-Fe /Cu(Ni)]y, multilayered films
were prepared. A typical design of the film is shown in
fig. 1. The composition of the buffer layer was gradu-
ally changed. The interatomic distance of Cu(M) alloy
layer was represented by the increment or the decre-
ment (Aa) which was rclative to that of pure Cu.

Correspondence-to: Dr. Seiji Mitani, Department of Materials
Science and Engineering., Nagoya University, Furo-cho,
Chikusa-ku, Nagoya 464-01, Japan. Fax (052-782-0834.

RHEED and XRD were observed for structural
identification. The magnetization of the films was mea-
sured by VSM and SQUID magnetometer.

3. Results and discussion

RHEED showed epitaxial growth of fcc-Fe on
Cu(M) alloy layers. Fig. 2(a), (b) are the RHEED
patterns of Cu(Au) surface and 20th fcc-Fe surface of
(7ML Fe/10ML Cu(Auly, (Aa = +0.5%) film. Fig. 3
shows a XRD pattern of a fcc-Fe artificial superlattice
film, where Aa = —3%. RHEED and XRD revealed

=y
Cu(Au) o
Aa=4% 400A )
Fe s ,
Aa=4% Cu(Au) | .
""" - 9
@
78
- 2
Fe s
da=an  Cu(Av) |
"Fe
CU(AU) 5
Aa=ay, ~ A400A | %
da=3% oA | %
Aa=2% 50A ~ 7
| ba=1%  s0A
Na=0.5% 50A
Cu(001) substrate

Fig. 1. Designed structure of fcc-Fe/Cu(Au) artificial super-
lattice with Aa = +4%.



Fig. 2. RHEED npatterns of [TMLFe/10MLCu(Au)),,(001)
film with Aa = +0.5%;(100] azimuth, (a): Cu(Au) buffer layer,
(b): 20th fcc-Fe layer.

epitaxial growth and artificial periodicity of fcc-Fe arti-
ficial superlattice.

Saturation magnetization of fcc-Fe strongly de-
pended on Aa. Fig. 4 shows the magnetization curve of
fcc-Fe in the film, where magnetization of Cu alloy was
excluded. Surprisingly, the saturation magnetization of

[TMLFe/1AMLCu{Au)]y, & §
Na=3% 28
w 53
SN .,
c |
N 2
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14 i
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Fig. 3. XRD pattern of [TMLFe /14MLCu(Au)]y,(001) film
with Aa = +3%.
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FigAVA‘ Magnetization curves of fcc-Fe /Cu(M) (M'= Au, Nj)
artificial superlattices; (a) Aa=-12%, (b) Aa=0%, (c)
Aa= +1%.

270 emu/g for Fe was obtained for Aa = +1%. Mag-
netic moment per Fe is summarized as a function of
Aa in Fig. 5. It is increased up to 2.7ug5/Fe for only
1% increment of Aa for [fcc-Fe /Cu(Au)),, film. The
result suggests a possibility of huge magnetization films
for applications. Furthcrmore, non-ferromagnetic state
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Fig. 5. Magnetic moment per Fe atom as a function of the
interatomic distance represented by the increment or decre-
ment (Aa) which is relative to that of pure Cu (Aa = 0).

(low spin state) of fcc-Fe is observed at 1.8% decre-
ment of Aa for [fcc-Fe/Cu(Ni)ly, film.

The analyses of middle angle X-ray diffraction re-
vealed large tetragonal distortion of the fcc-Fe for
|Aa|> 1%, and the atomic volume of fcc-Fe was evalu-

ated by the tetragonal distortion and the in-plane in-
teratomic distance. The plot of magnetic moment vs
atomic volume also revealed that the ferromagnetic
state disappears at about 1.9% decrement of the atomic
volume.

It should be emphasized that magnetic properties of
fce-Fe strongly depends on the interatomic distance or
atomic volume of Fe atoms and that the present result
is the first direct proof of the two-spin states of fcc-Fe.
On the basis of the present results, it is concluded that
the contradictions of magnetic properties of fcc-Fe
among previous reports come from the two spin states
of fcc-Fe with different atomic volumes.
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Spin Polarized Electron Probe X - ray Analysis (SPEXA)
FEREA O IE

Abstruct: The principle of fluorescent X-ray analysis using spin polarized
electron beam for excitation of inner core electrons is discribed with some
preliminaly experiments.

EPMA (Electron Probe Micro Analysis) has been established as one of the
most reliable and popular method of physical analysis. Chemical analysis of
surface has been possible by total- reflection-angle X-ray Spectroscopy [1]. It
is now important to examine the magnetic state of various atoms at surface of
magnetic materials. ‘

If we use spin polarized electron beam for exitation of inner core of target
atoms it is shown here that magetic polariztion of those atoms can be obtained
qualitatively distinguishing individual elemets in a specimen. Let the intensity
of incident electron beam of + or - spin I or I.. Then total intensity is I =1

+ L. and the spin polarization of the incident electron beam P = (I - [)/I.



The energy of the incident electrons is chosen to be large enough to exite the
inner core (K shell) electrons of target atoms in a specimen. The probablities
of the exitations are denoted as p and q for the cases of parallel and antiparallel
spins of the incident and core electrons. p and q are proportional to the cross

section of the inelestic electron scattering which can be expressed as If-gl2 and
Ifl2+Igl2, respectively, where f and g denote the direct and exchange
scattering amplitude.

The number of holes in the core level may be written as

h, =ply +ql. (1)
h. =pL +ql, 2)

The fluorescent X-ray is emmited when electrons in upper levels fall into the
holes in the core level. If the target atoms have magnetic moment, d or f
electrons are spin polarized with the spin dependent state densities, D(1+m) or
D(1-m). Neglecting the spin flip process the emitted X-ray intensity, X,p, is
considered to be proportional to

D(+m)h, +D(1-m)h.=DI[(p+q) +(p-qymP] (3)

It is easy to reverse the polarization of incident electron beam to -P, with
which the fluoresent X-ray intensity, X p, is obtained. Then the spin

polarization, m , of the target atom can be obtaind from the experimental
results as follows,

[X,p-Xpl/[X,p+Xpl=-APm, (4)

where the asymmetric factor, A, is expressed as follows,

A=(qp)/(q+p) =1 -2( 2 + Igl2) / (If-g? + If12 + Ig[?). (5)

The direct and exchange scattering amplitude, f and g, are determined by the
transition matrix elements between the initial and final state of two electrons
system. Hence the asymmetric factor, A, is considered to be determined by
the core electron state of the target atom, and may be weekly dependent on the
energy of incident electrons. An experiment of impact ionization of polarized
hydrogen atoms by polarized electrons showed that A became up to 0.5 at just
above threshold energy [2].



Preliminary experiment using unpolarized RHEED elctron beam of 20 HA
(16 keV in energy) gives about 105 counts/sec for KB line of Fe by a SSD

detector placed about 20 cm apart from the specimen. The fluorescent X-ray
intensity is increses drastically with incident electron energy just above the
absorption edge, and saturate about 10 keV above the edge. The X-ray
intensity is not linear to the incident electron beam current but almost
proportional to the square root of the current.

Polarized photo-electron beam from a GaAs crystal illuminated circularly
polarized laser light decays after NEA surface treatment by Cs and O;. Typical

decay time is 400 sec with an initial current of 20 uA with longer tail than
exponential decay. It is possible to maintain the photo-current constant at

lower current value for longer time (e.g. 1.2x10%4sec at 0.5 pA) by adjusting
the laser power. The acumulated total X-ray counts of Fe-KB line by a SSD

detecor for one run without refleshment of NEA surface was 3.2x107 in this
geometry. It is possible to increase counting rate by facor 10 by putting the
SSD detecter closer to the specimen.

Statistical error is the square root of total counts. Thus the left hand side of

Equation (4) has at least the relative error of 8x10 -4 The polarization of
incident electron beam can be colse to 50%, and the asymmetric factor may be
assumed to be about 0.2 . Then we can detect magnetic polarization of target
atoms in an acuracy of about 8x10-3 for one run of the experiment.

An advantage of this method is that we can distinguish each element in the
alloy specimen or different surface atoms on a ferromagnetic materials by the
energy of fluorescent X-ray. If the electron beam can be focussed on the
surface of a spcimen, magnetic domain map as well as the chemical map can
be obtained by just scanning the incident electron beam. It may also be
possible to get the depth profile by selecting the take-off angle of the
fluorescent X-ray from the surface of the specimen.
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| H Superconductor - Insulator Transition in Disordered Thin Films

Since all electron states are localized by disorder in two dimensions, there is no metallic
state at zero temperature in disordered thin films. There can, however, be a superconducting
phase, and hence a transition, at T=0, between superconducting and normal phases when,
for eXample, the amount of disorder is changed. This is an example of a transition driven
by quantum, rather than thermal, fluctuations. Quantum transitionsindisordered systems
arepoorly understood, and their critical properties cannotbe understood by conventional per-
turbative renormalization group techniques. The superconductor - insulator transition is
a particularly interesting example of this type of transition, because there are experimental
realizations and because of some unusual theoretical predictions, such as the universality
of the resistance at the critical point. The talk will review existing work and then discuss the

results of numerical simulationsintended toelucidate the critical properties of these systems.
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