Table 1 Relative orbital elements of 1998 WW31 binary system

All observations HST only Charon

Period (days) 574 (10) 521 (133) 6.3872
Semi-major axis (km) 22,300 (800) 21,200 (2,400) 19,366
Eccentricity 0.817 (0.05) 0.800 (0.10) 0.0076
Inclination (degrees) 41.7(7) 43.8 (10) 96.16
Node longitude (degrees) 94.3 (8) 94.6 (10) 2238.0
Pericentre longitude (degrees) 253.8(7) 251.8(9)
Mean longitude at epoch (degrees) 43.4 (4) 48.7 (16)
Epoch (Julian date) 2,452,300.5 2,452,300.5
R band magnitudes

Pair 23.6

A 24.2

B 24.6
Same albedo

Diameter ratio 1.2

Mass ratio 1.74
Same density 2.0gcm™3 (similar to Pluto)

Diameters (A, B) 118km, 98 km

Albedo

Same density 1.5gcm™
Diameters (A, B)
Albedo

Same density 1.0gcm™
Diameters (A, B)
Albedo

0.086 (0.007)
3

129km, 108km

0.071 (0.006)
3

148km, 123km

0.054 (0.005)

The orbital elements (mean equator and equinox of J2000.0) of the secondary component, B, of the
1998 WW31 system with respect to its primary, A. (Formal uncertainties in brackets are based on
the uncertainties assigned to the individual measurements used as outlined in Fig. 3.) Also shown
are the physical properties of the 1998 WW31 components derived from the mass of the system as
determined from the orbital parameters (period and semi-major axis), for various assumptions on
their density. The orbital elements based only on the HST data are shown to stress the importance of
the ground observations in spite of their poorer quality. Charon’s elements are from ref. 14.

semi-major axis; however, even the values presented in this paper
are accurate enough to lead to a good estimate of the mass of the
system.

The orbit is not determined well enough to predict with precision
when mutual eclipses could happen. With the present solution,
eclipses could take place in 2055 or 2056. The HST observations
scheduled for the next opposition will allow a better prediction of
when mutual events will occur.

Using both ground-based and HST observations, the two com-
ponents are found to have a magnitude difference in R band of 0.4
and a total magnitude of 23.6. If we assume that they have the same
albedo, their diameter ratio is 1.2. If they have the same density, it is
possible to get the mass of each component. The diameters can be
estimated assuming a given density. An albedo can then be derived
from the observed magnitude and the estimated diameter. Table 1
summarizes the results obtained assuming various densities from 1
to 2gmcm > (Pluto’s density is about 2 gm cm ™). The associated
albedo values are in the range 0.05 to 0.08. The albedo of cometary
nuclei, 0.04 (ref. 19), is the value generally assumed and used for
KBO size estimation; however, if we use that low albedo value for
1998 WW31, then the KBO would have a very low density of
roughly 1 gm cm ™, considerably less than the density of Pluto.

The announcement of the binarity of 1998 WW31 was the first of
what has become a series of binary KBO discoveries. Within less
than a year after our announcement of the binarity of 1998 WW31,
six other KBOs have been discovered to be binaries: 2001 QT297
(ref. 20) and 2001 QW322 (ref. 21) using ground-based obser-
vations, and 1999 TC36 (ref. 22), (26308) 1998 SM165 (ref. 23),
1997 CQ29 (ref. 24), and 2000 CF105 (ref. 25) using HST. We now
know of seven binary systems in a sample of nearly 600 objects.
Although we have to be careful when dealing with small numbers,
binarity is definitely not uncommon in the Kuiper belt, comprising
at least 1% of the currently known KBO population. d
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Electrical detection of spin
precession in a metallic
mesoscopic spin valve
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To study and control the behaviour of the spins of electrons that
are moving through a metal or semiconductor is an outstanding
challenge in the field of ‘spintronics’, where possibilities for new
electronic applications based on the spin degree of freedom are
currently being explored'™. Recently, electrical control of spin
coherence® and coherent spin precession during transport’ was
studied by optical techniques in semiconductors. Here we report
controlled spin precession of electrically injected and detected
electrons in a diffusive metallic conductor, using tunnel barriers
in combination with metallic ferromagnetic electrodes as spin
injector and detector. The output voltage of our device is sensitive
to the spin degree of freedom only, and its sign can be switched
from positive to negative, depending on the relative magnetiza-
tion of the ferromagnetic electrodes. We show that the spin
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direction can be controlled by inducing a coherent spin preces-
sion caused by an applied perpendicular magnetic field. By
inducing an average precession angle of 180°, we are able to
reverse the sign of the output voltage.

In our experiment we use a mesoscopic spin valve (Fig. 1a), where
a cobalt ferromagnetic electrode (Col) injects spin-polarized elec-
trons into an aluminium (Al) strip via a tunnel barrier. At a distance
L from the injector a second cobalt electrode (Co2) is placed, which
detects spin-polarized electrons in the Al strip through a tunnel
barrier. The presence of the tunnel barriers is crucial, as they provide
a high spin dependent resistance, which enhances the spin polariz-
ation of the injected current flowing into the Al strip®™'° In
addition, the barriers cause the electrons, once injected, to have a
negligible probability of losing their spin information by escaping
into the Co electrodes. During the time of travel from injector to
detector, the spin direction of the electrons can therefore only be
altered by (random) spin flip scattering processes in the Al strip or,
in the presence of an external magnetic field, by coherent precession.
Here we experimentally demonstrate both processes by measuring
the amplitude of the spin signal, first as a function of the Co
electrode spacing L and second as a function of an applied
perpendicular magnetic field. A related method of probing spin
injection and detection has been reported by Johnson and Silsbee’,
However, the reduction of the sample dimensions by 3 orders of
magnitude and the introduction of tunnel barriers enables us to
observe a clear sign reversal of the output voltage V due to coherent
precession, and allows us to make direct comparison with theory.
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Figure 1 Geometry of our spin valve device. a, Scanning electron microscope image of a
device with a cobalt (Co) electrode spacing of L = 650 nm. Current is sent from Co1 into
the Al strip. The voltage is measured between Co2 and the right side of the Al strip.

b. Device cross-section. ¢, The spatial dependence of the spin-up and spin-down
electrochemical potentials («, dashed lines) in the Al strip. The solid lines indicate the
electrochemical potential (voltage) of the electrons in the absence of spin injection. A
spin flip length.
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We made a batch of 10 devices with L ranging from 550 to
1,350 nm, using a suspended shadow mask evaporation process'’
and electron beam lithography for patterning (Fig. 1a). In the first
step, an Al strip with a thickness of 50 nm and a width of 250 nm is
evaporated on a thermally oxidized silicon substrate by electron-
gun evaporation. Next, the Al strip is exposed to an oxygen (O,)
environment of 5 X 10~ mbar for 10 minutes, producing a thin
aluminium oxide (ALOs) layer. In the third step, without breaking
the vacuum, we evaporate two ferromagnetic Co electrodes with
sizes of 0.4 X 4 pm? (Col) and 0.2 X 12 pm? (Co2) and a thickness
of 50 nm. Two Al/AL,OyCo tunnel junctions are thus formed at the
overlap of the Co electrodes and the Al strip (Fig. 1b). The
conductivity of the Al film was measured to be g5 = 1.1 X
107 Q2 'm™" at room temperature and o = 1.7 X 107 Q 'm!'at
4.2 K. The resistance of the tunnel barriers was determined to be
typically 600Q of the Col electrode and 1,200Q for the Co2
electrode at room temperature, both increasing by 10% at 4.2 K.
Different geometric aspect ratios of Col and Co2 are used to obtain
different coercive fields. This allows us to control their relative
magnetization configuration (parallel/antiparallel) by sweeping an
applied magnetic field B, directed parallel to their long axes®.

The spin polarization P of the current I injected from the Col
electrode into the Al strip is determined by the ratio of the different
spin-up and spin-down tunnel barrier resistances Ry and R, and in
first order can be written'? as P = (N; — N|)/(N; + Nj). Here
N;(N)) is the spin-up (spin-down) density of states at the Fermi
level of the electrons in the Co electrodes. The injected spin current
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Figure 2 Spin valve effect. a, Output signal ///as a function of the in-plane magnetic field
Bfor a sample with a Co electrode spacing L = 650nm at 7 = 4.2K and room
temperature. The solid (dashed) lines correspond to the negative (positive) sweep
direction. b, The dependence of the spin-dependent resistance AR on the Co electrode
spacing Lat T = 4.2 Kand room temperature. The solid squares represent data taken at
T = 4.2K, the solid circles are taken at room temperature. The solid lines represent the
best fits based on equation (1).
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causes the densities (or electrochemical potentials) of the spin-up
and spin-down electrons in the Al strip to become unequal (Fig. 1c).
This unbalance is transported to the Co2 detector electrode by
diffusion, and can therefore be detected. Owing to the spin-
dependent tunnel barrier resistances, the Co2 electrode detects a
weighted average of the two spin densities, which causes the
detected output voltage V to be proportional to P2

Figure 2a shows a typical output signal V/I as a function of an in-
plane magnetic field B, directed parallel to the long axes of Col and
Co2, taken at room temperature and 4.2 K. The measurements are
performed by standard a.c. lock-in techniques, using a current
I = 100 pA. Sweeping the magnetic field from negative to positive,
a sign reversal of the output signal is observed, when the magnetiza-
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Figure 3 Modulation of the output signal I/// due to spin precession as a function of a
perpendicular magnetic field B |, for L = 650nm, L = 1,100nm and L = 1,350 nm.
The solid squares represent data taken at T = 4.2 K, whereas the solid lines represent
the best fits based on equations (2) and (3). The arrows indicate the relative magnetization
configuration (parallel/antiparallel) of the Co electrodes. P, spin polarization; D, diffusion
constant.
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tion of Col flips at 19 mT (room temperature) and 45 mT (4.2 K),
and the device switches from a parallel to antiparallel configuration.
When the magnetization of Co2 flips at 25 mT (room temperature)
and 55mT (4.2 K), the magnetizations are parallel again, but now
point in the opposite direction. The fact that the output signal
switches symmetrically around zero indicates that this experiment is
sensitive to the spin degree of freedom only.

We have calculated the expected magnitude of the output signal
V/I as a function of the Co electrode spacing L by solving the spin
coupled diffusion equations for the spin-up and spin-down elec-
trons in the Al strip'>~"”. Taking into account the fact that the tunnel
barrier resistances are much larger than the resistance of the Al strip
over a spin flip length, we obtain:

K: ilp2 Ast
oalA

i 3 exp(=L/As) )]
where A = /D1 is the spin flip length, A the cross-sectional area,
D the diffusion constant, and 7 the spin flip time of the Al strip.
The positive (negative) sign corresponds to a parallel (antiparallel)
magnetization configuration of the Co electrodes.

Figure 2b shows the measured spin dependent resistance AR =
AV /I as a function of L, where AV is the output voltage difference
between parallel and antiparallel configuration. By fitting the data
to equation (1), we find P = 0.11 * 0.02 at both 4.2K and room
temperature, Ay = 650 £ 100 nm at 4.2 K and Ay = 350 = 50 nm
at room temperature. The diffusion constant D is calculated using
the Einstein relation g5 = ¢2Na D, where e is the electron charge
and N = 2.4 X 10?? states per eV per cm? is the density of states of
Al at the Fermi energy'® Using D = 4.3 X 10 > m?s ™! at 42K and
D=27x10"m?s"! at room temperature, we obtain 74 =
100 ps at 4.2 K and 74 = 45 ps at room temperature. These values
are in good agreement with those reported in the literature™”~%",

Having determined the parameters P, Agrand D, we are now ready
to study spin precession of the electron spin during its diffusion
time ¢ between Col and Co2. In an applied field B |, perpendicular
to the substrate plane, the injected electron spins in the Al strip
precess around an axis parallel to B | . This alters the spin direction
byan angle ¢ = w t, where wy = gupB, /Histhe Larmor frequency,
gis the g-factor of the electron (~2 for Al), ppis the Bohr magneton
and 71 is Planck’s constant divided by 2. Because the Co2 elec-
trode detects the projection of the spin direction ¢ onto its own
magnetization direction (0 or ), the contribution of an electron to
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Figure 4 Modulation of the output signal 1/ as a function of a perpendicular magnetic
field B, upto 3T, for L = 1,100 nm. The solid squares/circles represent data taken at
T = 4.2K, whereas the solid lines represent the best fit based on equations (2) and (3).
The arrows indicate the relative magnetization configuration (parallel/antiparallel) of the
Co electrodes.
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the output voltage V is proportional to =cos(¢). However, in an
(infinite) diffusive conductor the diffusion time ¢ from Col to Co2
has a broad distribution P(t) = [1/+/4wDt] exp[—L*/(4Dt], where
P(t) is proportional to the number of electrons that, once injected at
the Col electrode (x = 0), arrive at the Co2 electrode (x = L) aftera
diffusion time . The output voltage Vat the Co2 detector electrode
as a function of B, is calculated by summing all contributions of the
electron spins over all diffusion times ¢. We obtain:

2 00
V(B,) = iIeZI}\;m L P(t) cos(wr.t) exp(—t/7s)dt (2)

The exponential factor in equation (2) describes the effect of the
spin flip scattering. For w;, = 0, equation (2) reduces to equation
(1). We note that equation (2) can be evaluated analytically, and we
have verified that it yields the same result as obtained by Johnson
and Silsbee, who explicitly solved the Bloch equations with the
appropriate boundary conditions®"*2

At large B |, the magnetization direction of the Co electrodes is
tilted out of the substrate plane with an angle ¢. When we include
this effect we calculate:

V(B.,8) = V(B,)cos’(d) + [V(B, = 0)] sin*(89) 3

Equation (3) shows that with increasing & (from zero), the
precession signal is reduced and a positive background output
signal appears. For ¢ = 0 equation (3) reduces to equation (2). In
the limit that ¢ = /2, the magnetization of the Co electrodes is
perpendicular to the substrate plane and parallel to B, . No preces-
sion now occurs, and the full output signal |[V(B, = 0)] is recov-
ered. The angle & has been determined independently as a function
of B, by measuring the anisotropic magnetoresistance of the Co
electrodes™.

In Fig. 3 we plot the measured output signal V/I at 42K, as a
function of B, for L = 650nm, L = 1,100 nm and L = 1,350 nm.
Before the measurement an in-plane magnetic field B directed
parallel to the long axes of Co electrodes is used to prepare the
magnetization configuration of the Co electrodes. For a parallel
(antiparallel) configuration we observe an initial positive (negative)
signal, which drops in amplitude as B, is increased from zero field.
This is called the Hanle effect in ref. 3. The two curves cross where
the average angle of precession is about 90° and the output signal is
close to zero. As B | is increased beyond this field, we observe that
the output signal changes sign and reaches a minimum (maximum)
when the average angle of precession is about 180°, thereby
effectively converting the injected spin-up population into a spin-
down and vice versa. We have fitted the data with equations (2)
and (3), as shown in Fig. 3. We find for all measured samples that
the best-fit parameters P, A and D are very close to those
independently obtained from the length dependence measurements
(Fig. 2).

As already visible in Fig. 3, for B> 200mT an asymmetry is
observed between the parallel and antiparallel curves. This is due to
the fact that magnetization of the Co electrodes does not remain in
the substrate plane. In Fig. 4 we plot the measured output signal V/I
at T=4.2K for [=1,100nm up to B, = 3T, together with the
calculated curve, using P, Aiand D as obtained from the best fit
in Fig. 3. The data are in close agreement with equation (3), and
show a suppression of the precessional motion of the electron spin.
The full magnitude of the output signal is recovered at large B,
when & = 7/2 and no precession takes place. Preliminary results
show that precession effects similar to those shown in Fig. 3 can also
be obtained at room temperature.

We believe that the system we report here, with its unique
sensitivity to the spin degree of freedom, will make possible detailed
studies of a variety of spin-dependent transport phenomena. [
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Electrochemical techniques for depositing metal films and coat-
ings' have a long history”~. Such techniques essentially fall into
two categories, with different advantages and disadvantages. The
first, and oldest, makes use of spontaneous redox reactions to
deposit a metal from solution, and can be used on both insulating
and metallic substrates. But the deposition conditions of these
processes are difficult to control in situ, in part because of the
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