interaction data from two evolutionarily distant
species. Our data strongly support the idea that
functional modules are highly conserved, but the
wiring between them can differ substantially.
Thus, the use of model systems to make infer-
ences about biological network topology may be
more successful for describing modules than for
describing the cross talk between them.
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Current-Induced Spin-Wave

Doppler Shift

Vincent Vlaminck and Matthieu Bailleul

Spin transfer appears to be a promising tool for improving spintronics devices. Experiments
that quantitatively access the magnitude of the spin transfer are required for a fundamental
understanding of this phenomenon. By inductively measuring spin waves propagating along a
permalloy strip subjected to a large electrical current, we observed a current-induced spin wave
Doppler shift that we relate to the adiabatic spin transfer torque. Because spin waves provide a
well-defined system for performing spin transfer, we anticipate that they could be used as an
accurate probe of spin-polarized transport in various itinerant ferromagnets.

pin transfer—the transfer of angular mo-

mentum produced by a flow of electrons

through an inhomogeneous magnetization
configuration (/, 2)—has many potential applica-
tions for data storage and microwave electronics.
It has been demonstrated recently in nanostructured
multilayers [current-induced magnetic switching
(3, 4) and precession (3, 6)] and extended mag-
netic strips [current-induced domain-wall mo-
tion (7, 8)). It is usually difficult to measure the
magnitude of the spin transfer with such exper-
iments because they involve a complex spatio-
temporal evolution of the magnetization (4, 8).
As recently suggested, spin transfer can also

Institut de Physique et Chimie des Matériaux de Strasbourg,
UMR 7504 CNRS—Université Louis Pasteur, 23 Rue du Loess,
67034 Strasbourg Cedex 2, France.

occur when an electrical current flows through a
spin wave (9, 10), which has the advantage of
being a system that is stationary both in time and
space: The low-amplitude magnetization pertur-
bation is entirely determined by the wave vector
¥ and pulsation @ of the spin wave (Fig. 1A),
and the standard adiabatic gradient expression of
spin transfer torque (STT) for continuously var-
iable magnetization (//—/4) results in a simple
shift of the frequency of the spin wave (10, 15)

Pug

—2__.Jk 1
el (1)

AO)S"[T =

where P is the degree of spin polarization of
the electrical current, g is the Bohr magneton,
J is the electrical current density, e is the elec-
tron charge, and M is the saturation magnetiza-

tion. Although this current-induced frequency
shift should not be confused with a true Doppler
shift (/6) that occurs, for example, when a de-
tector is moved along the ferromagnet in which
the spin wave propagates (/7), it can be iden-
tified formally as the Doppler shift that would
occur if the full electron system were simply
drifting with respect to the lab frame with a ve-
locity of PugJ /—|e|Ms, as suggested 40 years
ago by Lederer and Mills (/8).

We used a micrometer-sized version of the
propagating spin wave spectroscopy (PSWS)
technique (/9-21). The microfabricated sample
(Fig. 1, B and C) consisted of a permalloy
(NigoFeyo) strip [width (w) = 2 um, thickness (¢) =
20 nm], at the extremities of which four metal
pads served to inject the current /. and measure
the resistance. An external field Hy (noHy ~ 1 T,
where [y is the permeability of the vacuum)
magnetized the permalloy strip out of plane so
that spin waves propagated in the so-called mag-
netostatic forward volume waves (MSFVW)
geometry (19, 20). Spin waves were emitted and
detected with a pair of spin wave antennae
(center-to-center distance D = 7.7 um) located
above the central part of the strip and connected
to a 20-GHz vector network analyzer via coplanar
waveguides (CPW). Each antenna consists of a
sub-micrometer—sized meander terminated with a
short circuit. In the operating principle of PSWS
(Fig. 1E), a microwave current i(®) is injected
into one antenna and generates a microwave
magnetic field (o) that couples to the spin
wave modes m(w,k). These spin waves propa-
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gate in both directions along the strip and induce
an additional magnetic flux on the excitation
antenna and on the second antenna. The sig-
nature of the spin waves is therefore a mag-
netic resonance behavior for the self-inductance
AL} (w) of the excitation antenna and for the
mutual inductance ALj>(w) between the two
antennae (15, 21). The spatial periodicity of the
microwave current density j(x, o), as fixed by
the meander shape of the antennae, determines
the wave vector k of the excited spin waves. The
Fourier transform j(k, ®) displayed in Fig. 1D
shows a main peak at ky; = 7.4 um ' [that is, a
wavelength (A) ~ 0.8 um corresponding to the
spatial periodicity of the design] with a full
width at half maximum (FWHM) of about 0.8
um ' alongside a secondary peak centered at
ks =2.8 um™'. In addition to the sample shown
in Fig. 1, B and C, three other devices with
different dimensions (w = 3.5 or 8 um, A ~ 0.8 or
1.6 um, and D = 5.4 to 14.5 um) were fabri-
cated and studied.

We first characterized the permalloy strip and
the propagation between the two antennae with-

out dc current. Figure 2A shows the real and imag-
inary parts of the self-inductance AL, for the w =
8 um, A ~ 1.6-um sample under an applied field
WoHoy = 0.993 T. The absorption /m(AL;;) dis-
plays two peaks: a main one at resonance fre-
quency frs = 3.48 GHz with a FWHM of 150
MHz and a secondary one at fie, = 3.24 GHz.
They are attributed to the excitation of spin waves
around Ay, and ks, respectively. The insets in Fig.
2A show the magnetic field dependency of the
frequency of the main resonance (left) and the
frequency dependence of its FWHM (right).
These data are accounted fairly well by using
the MSFVW dispersion (/5) with a gyromagnetic
ratio y/2r = 30.0 GHz T ', an effective mag-
netization poM.g= 0.88 T, and a Gilbert damping
factor o = 0.009. These values compare reason-
ably well with the values obtained by broadband
ferromagnetic resonance measurements on the
unprocessed film (29.3 GHz T, 094 T, and
0.006 T respectively) and with published values
for permalloy/alumina thin films (22). Figure 2B
shows the real and imaginary parts of the mu-
tual inductance that were measured in the same

1Hz port 1
A

ﬁ:' Py strip/
4

O,

spacer

10

Fig. 1. Principle of the spin wave measurements. (A) Sketch of a spin wave subjected to STT [case
of a spin wave propagating against the dc current (along the electron flow) with a spin polarization
P > 0]. The red arrows represent the flow of spin-polarized electrons (the spin current Q) (15). (B)
Optical micrograph of the device with a w = 2-um permalloy strip (t = 20 nm) and a pair of A =
0.8-um antennae. (C) Scanning electron micrograph of the central region. (D) Fourier transform of
the microwave current density for the antenna shown in (C). It was calculated by assuming a
uniform current density across each branch of the meander. (E) Sketch of the operating principle of

propagating spin wave spectroscopy.
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run. One sees clear oscillations that are con-
voluted with the two absorption peaks observed
in Fig. 2A. This is attributed to the propagation
delay of the spin waves. When the frequency is
swept around the f, slightly different wave
vectors are selected within the FWHM of the
J(k,w) peaks so that the phase delay of the trans-
mitted signal (¢ = —kD) changes continuously.
From the period f» of these oscillations, we
estimate the spin wave group velocity to be Vg =
D fp ~ 0.8 um ns ', in reasonable agreement
with the value of 0.72 um ns~' deduced from the
MSFVW dispersion. The mutual inductances
AL, and AL;,, which correspond respectively
to signal propagating in the forward (antenna
1— 2) and reverse (antenna 2 — 1) directions,
are identical (Fig. 2B), which confirms that the
transmission of these volume spin waves is
reciprocal (19, 20) in the absence of a dc current.

Next, we proceeded to transmission measure-
ments with a dc current. Figure 3A shows the
imaginary part of the forward and reverse mu-
tual inductances AL,; and AL, measured for
the w=2 um, A ~ 0.8 um sample upon injecting
Iy = 6 mA through the strip. The curves are
shifted horizontally with respect to each other:
The blue curve [Im(AL,,)], which corresponds
to spin waves traveling in the same direction as
the electron flow (Fig. 3A, inset), is shifted about
18 MHz higher in frequency than the red curve
[Im(AL,y)], which accounts for spin waves trav-
eling against the electron flow. When the polarity
of the dc current is reversed (Fig. 3B), it is the
red curve [Im(AL,;)], now corresponding to spin
waves propagating along the electron flow, that
is shifted about 18.5 MHz higher in frequency
than the blue one. These observations were re-
produced on all four samples, for different values
of the dc current and for different values of the
applied field (75). We also verified that the po-
larity of Hj has no influence on the effect. To
quantitatively compare these results, we plotted
the measured frequency shifts Af normalized by
the wave vector ky; versus the electrical current
density J (Fig. 3C). Aside from the data points
corresponding to the highest current densities,
we recognize a clear linear dependence in
agreement with the STT Doppler shift. Upstream
and downstream spin waves are Doppler-shifted
in opposite ways so that the measured frequency
shift Af'is two times the Afsrt of Eq. 1. From the
slope of the line shown in Fig. 3C, the spin
polarization of the current in our permalloy film
is estimated to be P = 0.5 £ 0.05 (/5), which
indicates that the electrical current is mostly
carried by the majority spins. The order of mag-
nitude is consistent with the previous estimates
derived from a detailed modeling of the low-
temperature magnetoresistance of spin valves
containing permalloy layers (P = 0.6 to 0.8) (23)
and of the residual resistivity of bulk dilute
alloys (P = 0.8 to 0.95) (24).

These results can be examined within the
two-current model for which P = 2 —"1 where

. L Pty
the resistivities p; for the majority and p, for
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the minority spin channels are determined by
adding the contributions from the different
sources of electron scattering (24). For bulk

Fig. 2. Characterization of the
spin wave signals in the ab-
sence of dc current. (A) Self-
inductance measurement for a
A = 1.6-um antenna coupled
to at=20-nm, w = 8um

alloys at low temperature, the substitutional dis-
order dominates. Because the atomic potentials
on Ni and Fe sites nearly align for the majority

FWHM [GHz]

f_,[GHz]

A 18 . -
3 fres [GHZ] r’,’ 04
- 5 —_—
1% ',.-"} ::
P4 -
J o -’/ po Hm m i
08 10 11 12 13 14

2 4 6 8 10121418

channel but differ substantially for the minority
channel (25), this type of scattering is strongly
spin-polarized in Ni-Fe (p; ~ 100 microhm cm >>
p1) (26), which explains the very high value of
P measured in these conditions (24). We estimate
that several other sources of scattering contrib-
uted to the 30-microhm-cm room-temperature
resistivity of our 20-nm polycrystalline film
(to be compared with the residual resistivity
4 microhm cm of bulk permalloy): phonons and

permalloy strip subjected toa 8- § magnons (24), spin-mixing processes (24, 26),
LoHo = 0.993 T field. (Left) T | grain boundaries, and film surfaces (27). This
Magnetic field dependence 2 could explain the quantitative differences be-
of the main resonance fre- = 44 tween our value of P and the previous estimates
quency. The continuous line ;]' 1 (23, 24). Our experimental conditions were very
was calculated with the disper- 0 close to those used to observe current-induced
sion Of MSFVW (SOM  text) Re(AL domain-wall motion (7, 8, 28), and so the po-
(25). (Right) Frequency depen- 4 e( 11) larization we measured is probably the most
(?ence‘z of the frequency—swept ] | e— |m(QL ) - relevant in this context. The deviations from the
linewidth (FWHM) of the main i linear dependence of Af/k versus J observed in
resonance. The continuous line B o ' ' b Fig. 3C for current densities |/| > 1.2 10" Am >
was calculated by adding the 0.8+ 7 could reflect the enhancement of magnon and
intrinsic G1lbgrt contribution phonon scattering (24) due to a sizable Joule
(15) to the inhomogeneous . _
. heating (A7 ~ 100 K for the w = 3.5-um sample

broadening because of the 0.4 1 _ 11 ) .

. . under |J| = 1.7 100" A m -, as estimated from
finite wave vector spreading = . .

- . I the changes of the strip resistance and resonance
of the excitation (Fig. 1D). B) o . . :
Mutual inductance measure- ', 0.0 frequency) .(15). In line with these observations,
ments for the same experimen- | a systematic study of the dependepce of the
tal conditions (D = 8.7 wm). = = Re(AL,) Dopp.ler shlﬂ on temperature, film thc@ess, and

-0.4 - & AL 12° material microstructure could help to elucidate the
! m(A 12) scattering mechanisms that govern the adiabatic
Re(AL21) spin transfer in various materials. Spin waves
0.8+ . |m(AL ) could also be used to test the existence of the
— T o controversial nonadiabatic term of STT (8, 12—-14).
31 32 33 34 35 36 3 7 3.8  Such a term would result in a simple change of
the propagating attenuation of the spin waves,
frequency [GHZ] which could be accessed by improving the am-
A o004 C 3 - : - .
v w=3.5pm, k=39 ym"
— 0-03- ‘||| "‘('.l 2] o w=2pm, k7.8 ym’ v v
T & _1' {. o w=8 um, k,=3.9 pm” B
L i o* T 1 A wRsumkETaum’ 3 ]
—_ ‘. linear fit Ve
= 0014 \'\x q =
‘S' 0.00 ] \.‘ Af E 8
g X 18 MH = :
—— | L] / o )
-0.01 \. < -1 : 7
- . <4
il ] 44 P=0.5+0.05
0.04 ¥ g 1
B 1<0 1 3
= 003 I I]|||H "M "' TR 0.2 .01 0.0 01 0.2
G 002", e J[10”Am?
[ J % -_. ’ . [ 1] '.;
’_TT 0.014 ", b "..‘. Fig. 3. Influence of a dc current on the spin wave propagation. (A) Mutual-
& o i w °, ,.-' ¥ Af inductance measurement in the presence of a/=+6 mA dc current for thew =2 um,
s " . A = 0.8 um sample under poHy = 1.029 T. ALy4 is shown as a red curve and
i R ® S -18.5 MHz 1 . : :
~—  .0.01- - '. corresponds to spin waves propagating from antenna 1 to antenna 2. AL;; is
4 “uan -'-° : shown as a blue curve and corresponds to spin waves propagating from antenna
-0.02 + = 2 to antenna 1. The orientations of the spin wave wave vector and of the electron
558 =a0 o6 = flow are shown in the inset. The measured frequency shift Af is indicated on the

frequency [GHZz]

graph. For clarity, only the imaginary part and only the frequency range
corresponding to the main peak (k = ky) are shown. (B) /yer, for / = —6 mA. (C)

Experimental k-normalized frequency shifts versus current density. The data has
been collected on four different devices and, in most cases, for two different magnetic fields (so that the main resonance falls in the ranges of 3 to 4 GHz and 4 to 7 GH2).
The linear fit was performed in the range |Jl < 1.2 10" A m™. P was determined with Eq. 1 and a product M, which was deduced from the resonance data (15).
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plitude stability of the PSWS experiment. Such
studies could help to promote a fundamental un-
derstanding of spin-polarized transport in various
itinerant ferromagnets, in that spin waves provide
both a well-defined inhomogeneous magnetiza-
tion configuration for performing spin transfer
and an accurate probe with which to measure it.
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Complex Patterning by Vertical
Interchange Atom Manipulation
Using Atomic Force Microscopy

Yoshiaki Sugimoto,* Pablo Pou,? Oscar Custance,* Pavel Jelinek,*

Masayuki Abe,> Ruben Perez,” Seizo Morita®

The ability to incorporate individual atoms in a surface following predetermined arrangements
may bring future atom-based technological enterprises closer to reality. Here, we report the
assembling of complex atomic patterns at room temperature by the vertical interchange of
atoms between the tip apex of an atomic force microscope and a semiconductor surface.

At variance with previous methods, these manipulations were produced by exploring the
repulsive part of the short-range chemical interaction between the closest tip-surface atoms.
By using first-principles calculations, we clarified the basic mechanisms behind the vertical
interchange of atoms, characterizing the key atomistic processes involved and estimating

the magnitude of the energy barriers between the relevant atomic configurations that leads

to these manipulations.

canning tunneling microscopy (STM)
has proven to be the method of excel-
lence for creating nanostructures on sur-
faces, manipulating atoms and molecules one
at a time (/—3). A new panorama has recently
been opened by the capability of atomic force
microscopy (AFM) to create similar nanostruc-
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tures atom by atom (4) and to quantify the
forces involved in these lateral manipulations
4, 6).

When exploring a surface with these scan-
ning probe methods, the apex of the probe can
be contaminated with atomic species present
at the surface (7) by picking up atoms in ac-
cidental or intended mechanical contacts with
the surface. Advantage could be taken of this
situation, and an atomic version of the dip-pen
nanolithography (&) may be implemented: Atoms
wetting the tip apex could be individually de-
posited to write patterns at heterogeneous sur-
faces. We provide evidence that such an atomic
pen can be implemented by using AFM.

We performed the AFM experiments (9) in
dynamic mode under the frequency modulation
detection scheme (10), keeping the cantilever

oscillation amplitude constant. Commercial silicon
cantilevers, which have very sharp tips at their
free ends, were used to image the Sn/Si(111) —
(v/3 x V/3)R30° surface (1/) by detecting the
short-range chemical interaction force between
the closest tip and surface atoms (9).

The inset of Fig. 1A shows topographic im-
ages of a single atomic layer of tin (Sn) atoms,
which appear as bright protrusions, grown over
a silicon (111) single-crystal substrate. Among
the atomic defects this surface exhibits (/7), the
most representative ones are substitutional sil-
icon (Si) atoms (/2) at the perfect Sn atomic
layer, and these appear as protrusions with
diminished contrast. We have observed that
these Si defects can be vertically manipulated
during force spectroscopy (73, 14) experiments.
After imaging the surface and positioning the
AFM tip with a lateral precision better than
+0.1 A (15) over the topmost part of the marked
Si atom, we moved the sample toward the os-
cillating AFM probe. At a given tip-surface
distance, an instability in the frequency shift
occurs, as highlighted by the arrow in the graph.
In an image taken after the sample was retracted,
the Si atom was no longer visible, and a Sn
atom was found to occupy the corresponding
lattice position instead (Fig. 1A, bottom right
inset). One hypothesis to explain this event is
that the Si atom at the surface has been replaced
by a Sn atom originally located at the tip apex, as
sketched out by the illustration in Fig. 1A. The
same procedure can be consecutively applied to
the freshly deposited Sn atom (marked with a
circle in Fig. 1B, left inset), resulting in the
replacement of this surface atom by a Si atom
coming from the tip and in a partial loss of
atomic contrast (Fig. 1B, bottom right inset).
Because all the images shown in Fig. 1 were
acquired under the same experimental parameters,

17 OCTOBER 2008

413




