two ions. The DFS-encoded state can store a
qubit at least 10 times as long under applied
noise as a single ion can, and appears immune
to collective dephasing. Under typical ambi-
ent conditions, the DFS encoding also im-
proves storage time considerably, showing
that collective dephasing is indeed the limit to
quantum memory using our physical qubits.
Even without normalizing for the overhead
incurred in encoding and decoding, the en-
coded state retains more coherence than the
test state for long storage times in ambient
conditions. The DFS encoding therefore cur-
rently provides an improved single-qubit
quantum memory for ion-trap quantum com-
puting applications. The loss of coherence
incurred in encoding and decoding is a draw-
back to our scheme, but in the future, practi-
cal quantum computing will in any case re-
quire logic gates of a much higher fidelity
than those used in this work. We therefore
expect that, once the technical problems of
ion heating and laser fluctuations are solved,
the scheme presented here should be a prac-
tical method for long-term storage of qubits
with near-perfect fidelity.

Our results suggest applications in quan-
tum communication and large-scale quantum
computing. Single photons have already been
shown to transmit quantum information over
long distances with high fidelity (8, 9), and
the information in a single photon can be
mapped onto a single atom (28, 29). With our
encoding technique, the quantum information
received by a single ion can be mapped into a
DFS for robust storage. Our encoding tech-
nique will also be essential in scaling up
ion-trap quantum computers. In one model of
large-scale ion-trap quantum computing (/9),
qubits reside in a large array of interconnect-
ed ion traps. To perform one- or two-qubit
logic gates, the relevant ions are moved into
“accumulator” regions where they interact
with lasers that drive the gates. One obstacle
to this quantum computing architecture is that
the magnetic field strength must be well-
characterized across the entire device. Other-
wise, the ions will constantly accumulate un-
known relative phase during transport, lead-
ing to decoherence. Encoding into the DFS
solves this problem, because the phase of a
logical qubit in the DFS does not depend on
the local magnetic field strength as long as
the field strength is the same at each physical
qubit. Thus, we can entangle two logical
qubits, move them far apart, and perform
operations on them in separate accumulators
without losing phase information.
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Magnetization Precession by
Hot Spin Injection

W. Weber,* S. Riesen,’ H. C. Siegmann?

As electrons are injected at various energies into ferromagnetic material
with their spin polarization vector perpendicular to the axis of the mag-
netization, we observe precessional motion of the spin polarization on the
femtosecond time scale. Because of angular momentum conservation, the
magnetization vector must precess as well. We show that spin injection will
generate the precessional magnetization reversal in nanosized ferromag-
netic bits. At reasonable injected current densities this occurs on the pi-

cosecond time scale.

Electrons injected into ferromagnetic mate-
rial experience exchange coupling to the
magnetization and spin-dependent scatter-
ing, leading to excitations of the magneti-
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zation (/-4). By injecting currents of high
density, these excitations have been ob-
served through the occurrence of spin
waves (5-7), permanent changes of the
micromagnetic structure (8, 9), or even a
reversal of the magnetization (10-12).
However, to date, the injection of electrons
from a ferromagnetic emitter through nano-
contacts occurs continously or in pulses
that are long compared with the relaxation
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of the magnetization vector M into the
direction of the effective field, meaning
that precession and relaxation of M are
intertwined. Furthermore, the spin polariza-
tion P of the injected electrons is not
known. This arises because P is modified
and may even change sign in the process of
extracting the electrons from the ferromag-
net (/3-15). All this comes together to
make it impossible to uniquely interpret the
existing experiments in terms of specific
elementary processes.

We present an experiment in which
these disadvantages are avoided and in
which the precession of the magnetization
by hot spin injection can be measured. We
also provide comprehensive results for the
elemental ferromagnets Fe, Co, and Ni. It
turns out that high precession frequencies
equivalent to the application of a magnetic
field of ~1 T may be generated at reason-
able injected current densities in Fe, Co,
and Ni, suggesting that the spin-injection
technique may be suitable to technically
relevant materials for precessional magne-
tization reversal. The precession mode of
reversal is an attractive concept for advanc-
ing the speed of magnetic data recording
into the picosecond time scale (/6). The
current-induced switching as practised at
present and as discussed in (/) is different
in that it uses both precession and relax-
ation of the magnetization, yet it has a
fundamental time barrier of about 1 ns
imposed by the spin-lattice relaxation be-
low which it cannot be effectuated. Preces-
sional reversal, on the other hand, has no
such time barrier, as explained in more
detail in (/6) and below.

The principle of the present experiment
is that an ensemble of spin-polarized elec-
trons is introduced into the ferromagnet.
The spin polarization vector P, of the en-
semble at the time ¢+ = 0 encloses an angle
¥ = w/2 with the magnetization M. After
the electrons have spent a time ¢ on the
order of a few femtoseconds within the
ferromagnet, P is measured again. One
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finds that P has precessed about an axis
parallel to M by an angle €, and that P has
rotated into M, reducing the angle 9. The
precession angle € = AE-t/# is due to the
exchange splitting AE of the electron states
in the ferromagnet, whereas the rotation
into M is caused by the spin-dependent
scattering of the electrons (/7, 18). The
finding that ¥ is always reduced means that
the minority spins are scattered more
strongly compared with the majority spins
(19). Note that we define the direction of M
by the direction of the majority spins in the
ferromagnet.

Once an electron has crossed the surface
barrier potential and is inside the ferromag-
net, we have a closed system with no ex-
ternal forces. Hence, the total angular mo-
mentum L, consisting of the angular mo-
mentum of the magnetization L,, and the
one of the injected spins L, is conserved. It
follows that the total torque T = dL/dt = 0.
The observed precession of P means that M
produces a torque T, on the injected elec-
trons. Hence, these electrons must also pro-
duce in turn a torque T,, on M with T =
T, + T,, = 0. Therefore, by measuring the
torque T, we have also measured T,,.
Finally, from T,,, one obtains the preces-
sion frequency w,, of the magnetization.
This precession is generated by the non-
equilibrium exchange interaction of the in-
jected spins (20) and is the essential ingre-
dient in the reversal mode discussed here as
previously shown (21).

The rotation of P into M produces no
torque; however, it leads to an increase of
the magnitude of the angular momentum of
the injected electrons parallel to M. Hence,
| M| must decrease correspondingly to con-
serve L. This occurs by scattering of elec-
trons into the holes of the 4 shell, produc-
ing localized excitations that later may de-
cay into spin waves. These types of excita-
tions occur also when initially unpolarized
electrons or electrons with P, antiparallel
to M are introduced into the ferromagnet.
On the other hand, precession always re-

Fig. 1. The spin preces- 90
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quires a component of the injected spin
polarization perpendicular to M.

In practice, the experiment is done by
letting a spin-polarized, low-energy elec-
tron beam produced in a GaAs photocath-
ode pass through a ferromagnetic film of
thickness d on the order of a few nanome-
ters. The femto- and subfemtosecond time
scale is accessible because the electrons
typically require fractions of a femtosecond
to traverse 1 nm. The polarization is mea-
sured on those electrons that have traversed
the ferromagnetic film without losing ener-
gy (the energy resolution of the retarding
field analyzer is 0.5 eV full width at half
maximum). Of course, the ferromagnetic
film is too thin to stand alone; rather, it has
to be supported by a polycrystalline gold
foil of about 20-nm thickness and further-
more capped for chemical protection by yet
another gold film of 2-nm thickness. The
most difficult task is to avoid pinholes in
the trilayer structure. Even the tiniest pin-
hole will increase the transmitted current,
thereby reducing or even swamping the
observations of the transmitted spin polar-
ization. One of the essential advantages of
the present experiment compared with all-
solid-state structures is that the trilayer can
be checked independently for pinholes by
increasing the electron energy to around 30
eV. Owing to onset of the scattering with
the 5d electrons in Au, the transmitted cur-
rent must vanish at these energies in the
absence of pinholes. The fabrication of the
trilayers Au/ferromagnet/Au is described
elsewhere (17, 22).

The dependence of the precession angle €
on the film thickness d for Fe, Co, and Ni is
shown in Fig. 1 and is valid for elastic elec-
trons at 7 €V above the Fermi energy E... The
data point at 4 = 0 was taken with the Au
substrate alone, showing that P does not pre-
cess in Au as expected. A linear fit describes
the observations in all three ferromagnets,
indicating that the precession is a bulk prop-
erty of the ferromagnets. The slope is the
specific precession angle € = 33°nm,
19°/nm, and 7°/nm for Fe, Co, and Ni, re-
spectively. However, the linear fits intercept
the abscissa at finite thicknesses d, > 0, an
indication that the two interfaces of the fer-
romagnet with Au of joint thickness d,, do not
contribute to the precession. Reasons for this
in¢lude both the absence or weakening of the
magnetization by interdiffusion and the non-
uniformity of the ferromagnetic-film thick-
ness (23). We do not discuss the reasons for
the occurrence of d,, in more depth because
we are focusing here on bulk effects of the
ferromagnet as extracted with the specific
precession angle €.

If v is the group velocity of the electrons
in the ferromagnet, the precession frequen-
cy of the electrons is w, = € v. With the
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current density j = n_ev of the injected
electrons, where n, is the electron density
and e the elementary charge, the torque
(per unit volume) acting on the injected
spinsis T, = w L, sin®d = Pyn o (f/2) sind
= (fi/2e)Pyj€ sinY. On the other hand, the
torque (per unit volume) acting on the mag-
netization is T, = w,,L,, sind. With T, =
T,, the precession frequency of M is then
obtained from

(1)

where ny is the number of Bohr magnetons
per atom and n,, is the density of the atoms
in the ferromagnet. For simplicity, we have
neglected the orbital contribution to the
magnetization by setting the angular mo-
mentum (per unit volume) L,, = npn,,fi/2.
Assuming j = 10'* A/m?2, as reported for
nanocontacts (9, 12), Eq. 1 yields »,, =
1.94 X 10'!, 1.35 X 10'!, and 1.4 X 10!
s~ ! for Fe, Co, and Ni with the respective
specific precession angles & from Fig. 1 and
assuming P, = 1. These precession fre-
quencies are obtained exclusively from ex-
perimental data. They correspond to the
application of a magnetic field of 1.1, 0.76,
and 0.79 T. Considering the large differ-
ences between Co and Ni in €, it is perhaps
surprising that w,, is nevertheless the same.
This arises because the exchange field pro-
duced by one Bohr magneton is similar in
the different ferromagnets, which is then
reflected in the finding that &n, does not
vary by much.

The spin polarization vector P relaxes
into the direction of M. The experiments
show that this relaxation takes a few fem-
toseconds only. The data for the angle O
enclosed by P and M (Fig. 2) are given as
a function of the thickness d of the Fe, Co,
and Ni films. The decrease of ¥ with in-
creasing d is due to the well-known spin-
selective inelastic scattering, i.e., the pref-
erential absorption of minority spins in the

wy=P,j€lenyny

Fig. 2. The angle U en- 90 <T
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ferromagnet. It is evident that spin-selec-
tive inelastic scattering is similar in Fe and
Co but less effective in Ni. The curves
through the data points represent fits based
on the results from physically very differ-
ent experiments (/9). In these experiments,
one measures the attenuation of a spin-
polarized electron beam with intensities
I = I, exp(—o™*d) at P parallel to M and
with I~ = I, exp(—o~d) at P antiparallel
to M. The spin asymmetry of electron ab-
sorptionis 4 = (I — [")/P,(I" + ") =
{exp[(c™ — o0™)d] — 1}/Py{exp[(c™ -
o7)d] + 1}, where 0% and o~ are the
absorption coefficients of majority and mi-
nority spins, respectively. Elementary
theory shows that ¥ = arctan (P,
V1 — A4%/4). We see that the present data
agree well with previous experiments ob-
tained by measuring 4. Again, 9 reaches its
initial value of 90° at finite film thickness-
es. These d, values up to which no rotation
of P occurs are similar to those for the
absence of precession, indicating that their
occurrence is due to the reduction or ab-
sence of magnetization at the two interfac-
es. The important observation is that the
precession of P about M or vice versa of M
about P on a cone with large opening angle
¥ will only occur over a short distance of a
few nm from the point of injection of the
spin-polarized electrons.

M relaxes also into P, but this relaxation
is much slower. The relaxation time of M
into the direction of a field is obtained from
experiments determining the damping pa-
rameter in the Landau-Lifshitz-Gilbert
equation (/6), or from the width of the
ferromagnetic resonance, or directly by
time-resolved images of the magnetization
precession (24). The relaxation time of M
into the direction of an applied field turns
out to be 0.1 to 1 ns. In thin films, it is
mainly due to the excitation of spin waves.
This explains why the relaxation of M is so

closed by Pand M as a 3 \
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much slower than the relaxation of P into
M, which is caused by electron scattering.

Furthermore, the axis of precession of
M changes direction in space as the inject-
ed electrons travel through the ferromagnet.
This arises because the torque T, = —T,, is
always perpendicular to P and M. Hence,
while P precesses about an axis parallel to
M, M in turn must precess about an axis
parallel to P, which precesses itself at the
frequency w,. To obtain a nonvanishing
precession component of M along a direc-
tion fixed in the lattice of the ferromagnet,
the ferromagnetic-film thickness must be
small relative to the path length on which P
precesses itself by 2. This is yet another,
although less critical, reason why the sam-
ple thickness is important for the observa-
tion of magnetization reversal by spin
injection.

The dependence of the precession angle
€ on electron energy may be determined in
the present experiment as well (Fig. 3). In
the case of Co and Ni, the variation of €
in the energy range of 5 to 12 eV above E
is weak; e decreases somewhat, in agree-
ment with € = AE-t/h, because the time ¢
spent by the electrons within the ferromagnet
decreases with 1/A/E). Thus, the exchange
energy AE in the polycrystalline samples is

T T T T T T

120} T
100} li U s ]
w P g E

€ [deg]

T T T
1

60

20—£

a0} .

! ®

20}

€ [deg]

10 1
24nmCo |

30 + .

20% .

€ [deg]

10+ B
5.5 nm Ni

PR R

4 6 8 10 12 14
E-Eg [eV]
Fig. 3. The spin precession angle € at constant
film thickness as a function of the electron

energy for Fe (top), Co (middle), and Ni
(bottom).
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quite constant, extending to surprisingly
high electron energies. This finding agrees
with predictions from band structure calcu-
lations. In the case of Fe, € exhibits a much
stronger dependence on electron energy,
with a maximum at 9 eV above E. (23).
This agrees well with the band structure
showing flattening of the bands at this en-
ergy and thus a decrease of the group ve-
locity of the electrons (26). The time spent
by the electrons within the ferromagnet is
thus not simply proportional to the thick-
ness d of the ferromagnet, as in the free-
electron model used so far, but rather de-
pends on the group velocity. One expects
further corrections at energies where the
electrons can form quantum-well states in
the ferromagnetic film. However, this re-
quires single-crystalline samples of uni-
form thickness that could not be observed
with the present polycrystalline films.

The most appropriate electron energies
are at around 1 eV above Ey. for the appli-
cation of spin injection in devices based on
the combination of ferromagnetic metals
and semiconductor materials. However, so
far the precession angle € has not been
measured at energies below the vacuum
energy. There is no principal obstacle
against using an all-solid-state device with
two ferromagnetic films before and after
the sample under investigation, one film
acting as a source and the other as a
detector of the spin polarization (27). On
the basis of the well-established spin-
polarized band structure of the ferromag-
netic metals, it is likely that € will increase
on approaching E.. Indeed, it has been
reported (/1) that an effective field equiv-
alent to 100 to 200 Oe is generated in Ni
wires by drawing a spin-polarized current
of 10'" A/m2. This effective field is about
twice the one calculated from Eq. 1 when
the specific precession angle observed at
electron energies of 7 eV above E. is used.
However, this experiment (/) cannot
rigorously be compared to the present ex-
periment because the injected current lasted
200 ns, which is much longer than the
relaxation time of M into the direction of
the effective field produced by the injected
electrons. Another major point is the very
fast relaxation of P into M (Fig. 2). In this
instance, experimental results are available
at the lower electron energies (28, 29)
showing that the inelastic lifetimes of the
electrons increase on approaching Ep.
Hence, spin relaxation is expected to slow
on lowering the electron energy. Using
low-energy electrons in solids will gener-
ally make it easier to induce precession of
M. An accurate quantitative description of
a solid-state device needs the consideration
of spin-dependent interface scattering (1),
multiple reflections, and interference of
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electron waves from the various interfaces
within the device (30). We have only con-
sidered the phenomena induced by the
electrons once they are inside the ferromag-
net. The data in Figs. 1 and 2 justify the
assumption of the relative weakness of in-
terface scattering effects in the present set-
up. Furthermore, the electrons in a solid-
state device will not be collimated as in our
scattering experiment, but will impinge on
the ferromagnetic film from a wider distri-
bution of angles.

Precessional magnetization reversal is
much simpler to achieve than the thermally
assisted magnetization reversal, in which
the external field is applied antiparallel to
M and in which curling or buckling modes
as well as domain-wall motion and pinning
of M by defects may occur. Precessional
reversal is accurately described by the
Landau-Lifshitz-Gilbert equation involving
only two material parameters, the anisotro-
py and the damping of the precession of M.
Two conditions are essential to achieve
precessional reversal: first, the external
magnetic field B_,, must come in a pulse
shorter than the relaxation time of M into
B.,,, which is on the order of 0.1 to 1 ns;
and second, B, , must be perpendicular to
M. In this way, M experiences maximum
torque and precesses around B, ,. The mag-
netic field pulses of the Oerstedt type pro-
duced in the laboratory frame by the highly
relativistic electron bunches delivered from
an accelerator are ideal to fulfill these con-
ditions (37). The most favorable materials
are in-plane magnetized uniaxial thin films
(16), in which B, is applied in the plane
of the film. M then precesses out of the
plane of the film, thereby producing a de-
magnetizing field; the precession of M
around this field completes the reversal
after B, has ceased to exist. Generally, the
angle €,, by which M must precess out of
the film plane before B, , can be switched
off depends on the properties of the mate-
rial; €, = 20° is sufficient to trigger the
reversal in a Co film.

The question then is whether a spin-
polarized current can produce such preces-
sion angles €,,. From Eq. I, one finds that
with P, = 1 andj = 10'* A/m?, a duration
of the injected pulse of 7, = €y/wy = 2
ps is sufficient. With the more realistic
P, = 03 for ferromagnetic emitters,
Touise = 0 PS. Smaller injected current den-
sities may be compensated for by increas-
ing 7,,.; however, the pulse length must
remain below the relaxation time of M.
Hence, the essential conditions for inducing
precessional reversal are very thin ferro-
magnetic samples of a few nanometers
thickness, the injection of an electron
current with a component of spin polariza-
tion perpendicular to M, and a duration

of the injection below 0.1 ns. This shows
that hot spin injection can readily in-
duce precessional magnetization reversal
(32).

References and Notes

1. ). C. Slonczewski, J. Magn. Magn. Mater. 159, L1
(1996).

2. L. Berger, Phys. Rev. B 54, 9353 (1996).

3. Y. B. Bazaliy, B. A. Jones, S.-C. Zhang, Phys. Rev. B 57,
R3213 (1998).

4. ). Z. Sun, Phys. Rev. B 62, 570 (2000).

5. M. Tsoi et al., Phys. Rev. Lett. 80, 4281 (1998).

6. S. M. Rezende, F. M. de Aguiar, M. A. Lucena, A.
Azevedo, Phys. Rev. Lett. 84, 4212 (2000).

7. M. Tsoi et al., Nature 406, 46 (2000).

8. E. B. Myers, D. C. Ralph, J. A. Katine, R. N. Louie, R. A.
Buhrman, Science 285, 867 (1999).

9. N. Garcia, H. Rohrer, |. G. Saveliev, Y.-W. Zhao, Phys.
Rev. Lett. 85, 3053 (2000).

10. J. Z. Sun, J. Magn. Magn. Mater. 202, 157 (1999).

11. ).-E. Wegrowe, D. Kelly, Y. Jaccard, Ph. Guittienne,
).-Ph. Ansermet, Europhys. Lett. 45, 626 (1999).

12. ). A. Katine, F. ). Albert, R. A. Buhrmann, E. B. Myers,
D. C. Ralph, Phys. Rev. Lett. 84, 3149 (2000).

13. M. Sharma, S. X. Wang, J. H. Nickel, Phys. Rev. Lett.
82, 616 (1999).

14. ). M. De Teresa et al., Science 286, 507 (1999).

15. J. S. Moodera, J. Nowack, L. R. Kinder, P. M. Tedrow,
Phys. Rev. Lett. 83, 3029 (1999).

16. C. H. Back et al., Science 285, 864 (1999).

17. D. Oberli, R. Burgermeister, S. Riesen, W. Weber, H. C.
Siegmann, Phys. Rev. Lett. 81, 4228 (1998).

18. W. Weber, D. Oberli, S. Riesen, H. C. Siegmann, N. J.
Phys. 1, 9.1 (1999).

19. H. C. Siegmann, in Selected Topics on Electron Phys-
ics, M. Campbell, H. Kleinpoppen, Eds. (Plenum, New
York, 1996), pp. 221-231.

20. C. Heide, R. J. Elliott, Europhys. Lett. 50, 271 (2000).

21. C. Heide, P. E. Zilberman, R. J. Elliott, arXiv cond-mat,
0005064 (2000); available at http://arXiv.org/abs/
cond-mat/0005064.

22. S. Riesen, thesis, ETH Zirich (2001).

23. We note that a nonuniformity of the ferromag-
netic-film thickness only influences the d, values,
whereas the specific precession angles & are not
affected. We find a thickness variation with a
root-mean-square value of about 0.5 nm for all
three ferromagnets.

24. Y. Acremann et al., Science 290, 492 (2000).

25. The data points for Fe in the energy range around
(E — E;) = 7 eV cannot be compared with the ones
of Fig. 1. This arises because the Au/5 nm Fe/Au
trilayer was subject to excessive sputtering, lead-
ing to a reduction of the magnetization. This was
necessary to enable measurements of the spin
polarization up to electron energies of 12 eV above
E,.

26. E. Colavita et al., Phys. Rev. B 25, 2490 (1982).

27. L. Berger, IEEE Transact. Magn. 31, 3871 (1995).

28. M. Aeschlimann et al., Phys. Rev. Lett. 79, 5158
(1997).

29. W. H. Pippard, R. A. Buhrman, Phys. Rev. Lett. 84,971
(2000).

30. X. Waintal, E. B. Myers, P. W. Brouwer, D. C. Ralph,
Phys. Rev. B 62, 12317 (2000).

31. H. C. Siegmann et al., J. Magn. Magn. Mater. 151, L8
(1995).

32. The maximum of the Oerstedt type of field pro-
duced by injecting the current density jis H,, =
D-+j/4, where D is the diameter of the nanocontact.
The precession frequency of M produced by this
field is always small compared with w,, in Eq. 1 for
nanocontacts with D =< 100 nm.

33. We gratefully acknowledge financial support by the
Swiss National Science Foundation.

14 November 2000; accepted 10 January 2001

9 FEBRUARY 2001 VOL 291 SCIENCE www.sciencemag.org


http://arXiv.org/abs/

