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Feg complexes have a total spin S = 10. Be-
low a few kelvin, thermal fluctuations can-
not overcome the anisotropy barrier on the
scale of hours, and quantum physics sets
in. Rather than by rotation, magnetization
variation proceeds by transitions across the
discrete energy levels approximately de-
scribed by the magnetic quantum number
M. In a spectacular manifestation of quan-
tum tunneling, the tunnel splitting between
M =-Sand S — n (where n is an integer be-
tween 0 and S) oscillates as a function of
the applied magnetic field, as a result of
interference of two tunneling paths con-
necting the two quantum levels. Moreover,
the oscillation phase depended on the pari-
ty of n, providing solid proof for a quan-
tum mechanic effect.

Magnetic structures slightly larger than
the single domain case are most likely to be
used in applications in the near future.
Claude Chappert proposed calling such
structures that are not single domain but
have a limited number of degrees of free-
dom “‘coherent spin structures.” The entire
structure of these samples can be computed
with micromagnetic theory and compared
with experiments. One example is the
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prospective basic element for magnetic ran-
dom access memory (MRAM) (5), a rect-
angle several hundreds of nanometers in
lateral size and a few nanometers thick. The
material is magnetically soft (no aniso-
tropy) so that the magnetization lies in the
element plane, oriented along the long edge
with some deviation at the ends (see figure,
right panel). An IBM team recently mea-
sured the switching of such an element with
nanosecond time resolution by magneto-
transport measurements (9). Comparison
was made with the predictions of the Lan-
dau-Lifshitz-Gilbert equation, which de-
scribes the evolution of the local magneti-
zation and contains a relaxation or damping
term. Many mechanisms contribute to this
damping, such as magnon excitation and in-
trinsic damping for asymmetric ions. The
Gilbert damping parameter ¢ is therefore
often adjusted to experimental values. With
some care, it can be extracted from the fer-
romagnetic resonance (FMR) linewidth, but
the bulk FMR value is lower than that ex-
tracted from experiments involving an inho-
mogeneous magnetic structure. For exam-
ple, Ono et al. (2) recently measured the
domain wall velocity in a 500 nm by 20 nm

NiFe wire and extracted o = 0.6, which is
rather large. Hopefully, structures with re-
duced dimensions will help us to under-
stand damping better by restricting the
available loss channels. Industry also re-
quires that damping be controlled, because
MRAM elements should reverse as fast as
possible with no overshoot.

All these experiments on high-spin
molecules, nanoparticles, or small elements
such as wires, are concerned with magneti-
zation relaxation or damping. The many dif-
ferent approaches to magnetism—classical
and quantum, continuous and discrete—can
guide each other to understand and use mag-
netism at dimensions that have only recently
become accessible to experiments.
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RETROSPECTIVE

Rolf Landauer (1927-1999)

Charles Bennett

tions to the theory of electrical con-

ductivity, mesoscopic phenomena,
and the physics of information, died of
brain cancer on 27 April at age 72.

Born into a German Jewish family in
Stuttgart in 1927, he emigrated to the U.S.
during the 1930s, received his Ph.D. from
Harvard in 1950, and began working for
IBM in 1952. During his long career at IBM,
he was awarded the American Physical Soci-
ety’s Buckley Prize and the Institute of Elec-
trical and Electronics Engineers’ Edison
Medal and was elected to the U.S. National
Academies of Sciences and Engineering, to
the American Academy of Arts and Sciences,
and to the European Academy of Science.

Rolf Landauer’s work on electrical trans-
port theory has found important applications
in almost all areas of mesoscopic physics. In
a pioneering paper in 1957 and subsequent
contributions, he arrived at a simple and ele-
gant formulation for electrical conductance

Rolf Landauer, noted for his contribu-

The author is at the T. J. Watson Research Center,
IBM, Yorktown Heights, NY 10598, USA. E-mail:
bennetc@watson.ibm.com. This retrospective was
written with the help of Alan Fowler, Joseph Imry,
and Seymour Keller.

in terms of scattering. His observation that
elastic scattering does not break the coher-
ence of quantum mechanical wave functions
led to the idea of normal persistent currents.
The Landauer approach now stands along
with the Kubo formula as one of the most
powerful ways to understand conduction.

During the 1960s, as director of IBM
Research’s Solid State Sciences Division,
Rolf Landauer oversaw the development of
the injection laser and promoted large-scale
integration, before returning to full-time re-
search in 1969.

Landauer did more than anyone else to
establish the physics of information process-
ing as a serious subject for scientific inquiry.
This achievement grew out of his deep con-
viction that “information is physical”” He had
little use for purely mathematical ideas that
could not be given an operational meaning or
physical embodiment. This passion led him
to pursue the thermodynamics of information
and to eventually overturn the long-held be-

lief that each elementary information-pro- .

cessing act requires an expenditure of work
at least as great as the mean thermal energy.
In his landmark 1961 and subsequent papers,
Landauer established that this is true only for
operations like erasure that cannot be un-

done, whereas other operations have no in-
trinsic, irreducible thermodynamic cost. This
discovery led to the theory of reversible com-
puters and communication channels, as well
as our modern understanding of Maxwell’s
Demon, whose obedience to the Second Law
of Thermodynamics is enforced by what is
now called Landauer’ principle, the thermo-
dynamic cost of forgetting.

Landauer was critical of portraying each
new physical phenomenon as “tomorrow’s
revolutionary computer technology.” Re-
cently, he doubted whether quantum com-
puters could ever be made stable enough for
their promised advantages to materialize.
Advocates of quantum computation re-
sponded with ingenious error correction,
eventually earning his grudging respect.

But he was no simplistic opponent of sci-
entific fashion. Recently, he contrasted the
narrowness of many recent sessions on
quantum mechanical entanglement, with the
diversity of the first conference seriously ad-
dressing the fundamental physics of compu-
tation, held at MIT in 1981: “The narrowing
represents real progress; we now understand
more about what counts.”” But, at the same
time, the narrowing strengthens fashionabili-
ty in science. A carefully selected group re-
inforces its existing values, and declares to
science journalists that their stuff is what re-
ally counts. I hope that quantum information
can receive the attention it deserves, without
eclipsing [...] other questions.”
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