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Observation of spin-wave Doppler shift in CosoFe1o/Ru micro-strips for
evaluating spin polarization
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The current-induced spin-wave Doppler shift has been investigated for CogoFeio films,
with and without under- and overlayers of Ru, aiming to obtain quantitative insights into
the value of spin polarization of the in a diffusive electrical currents flowing in this
material. This extends the use of spin-wave Doppler shift spectroscopy beyond the
study of Permalloy to other soft magnetic materials suitable for use in spintronic
applications such as racetrack memories. The Damon-Eshbach spin-wave mode was
employed, and a control experiment of Permalloy yielded a value of spin polarization of
P =0.44 £ 0.03 for that material. An extended method to properly evaluate spin-wave
Doppler shifts is developed that takes account of the non-negligible Oersted fields that
are generated by the current density asymmetry caused by conducting under- or
overlayers. The values of spin polarization for various CogoFeio—based structures are

found to lie in the range 0.3-0.35, only slightly less than in Permalloy.
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Magnetic random access memory (MRAM) [1] and racetrack memory [2] are
promising candidates for low power, high performance memories. Both technologies
have a major difficulty in reaching commercial application in terms of the efficiency of
generating spin angular momentum via electrical current injection. The key parameter is
the spin polarization P that is expressed as P = (Jy —J,)/(J; +],), where J; and J,
are the charge current densities carried by spin-up and spin-down electrons, respectively.
In spin-transfer torque MRAM devices, the critical current density required to write a
memory cell is proportional to 1/P [3]. The current spin polarization is also a key
parameter in racetrack-type devices where the domain wall velocity is proportional to P
[2,4]. In the search for highly spin polarized structures, research interest has shifted in
stages, starting from soft in-plane ferromagnetic materials [5,6,7,8], toward out-of-plane
magnetization structures [9,10,11] and systems with Dzyaloshinskii-Moriya interactions
(DMI) [12,13] leading to chiral DWs [14, 15]. Most recently, there has been interest in
pairs of magnetic layers coupled antiferromagnetically through Ru spacers [16]. Very
high domain wall velocities have been achieved in perpendicularly magnetized synthetic
antiferromagnets [17], whilst a remarkable reduction in the critical current density for
domain wall motion has been observed for in-plane magnetized coupled domain walls in
a CogoFei1o / Ru / CogoFeio synthetic ferrimagnet (SyF) track [18].

Various techniques have been developed to quantitatively evaluate P
[19,20,21,22,23,24,25,26], nevertheless the same material can present different current
spin polarizations in different transport regimes [27]. Racetrack memories operate in the
diffusive regime, where the results of ballistic or tunneling experiments are not relevant.
Methods developed in this regime include measurements of the current-perpendicular-to-
plane giant magnetoresistance [28], domain wall resistance [29, 30], and depinning of
domain walls through spin-transfer torque [31]. Here we adopt the current-induced
spin-wave Doppler shift (CISDS) technique [32,33], which has the advantages of
immunity to extrinsic effects such as interfacial effects at contacts.

The Landau-Lifshitz-Gilbert equation, in a form including adiabatic and non-adiabatic
spin transfer torques, describes the interaction between spin waves and currents [34,35].
From it, the magnetization drift velocity v arises from adiabatic spin transfer torque, and
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is given by Refs. 36 and 37 as v = J, where ] is the current density, g = 2 is

the Landé g factor, Mg is the saturation magnetization, and ug denotes the Bohr

magneton and e shows the elementary charge. This velocity directly leads to Doppler



shifts in the spin-wave propagation frequency Af, written as

2nAf = k-v=-2EB .k (1)

—2le|Mg

As a result, the spin polarization P can be derived from the gradient of a plot of the
current-induced frequency shift between opposite spin-wave propagation directions,
2Af, against current density J. Previous studies have mostly focused on CIDSD in
Permalloy and related films [38], and this technique has not been commonly adopted for
evaluations of other materials yet. Here we have investigated CISDS at room temperature
for a CogoFejo film, and Ru sandwiched CoogoFe o structures as building blocks of synthetic
antiferromagnet stacks, alongside a Py film as a control experiment. Three different
CogoFeio/Ru structures have been studied in order to study the effects of Oersted fields
acting on the CogoFeio caused by vertically asymmetric current distributions.

We adopt a form of propagating spin wave spectroscopy (PSWS) [39,40,41,42] that
uses the magnetostatic surface wave (also known as the Damon-Eshbach (DE)) mode
[43]. A scanning electron microscopy (SEM) image of a sample appears in the inset of
Fig. 1(a), which consists of two electrically isolated short circuit antennas bridged by a
ferromagnetic wire, from which they are electrically insulated via a spacer film. The
RF-band properties of both antennas are detected by using a 25-GHz vector network
analyzer connecting through coplanar waveguides (CPW). The operating principle of
PSWS [44] is that the signature of the spin waves is observed as a magnetic resonance
behavior in the self-inductance change AL;;(;,) of the excitation antenna, and also the
mutual inductance change AL,;(1,) between the two antennae. In this paper, we do not
need to consider the amplitude of the resonant spectra, and so describe these self and
mutual inductance changes using AS;q(z2) and AS,q(;2) for simplicity.

All ferromagnetic wires, Ti/Au antennas, and Al>Os3 insulating spacers were fabricated
via conventional lift-off and wet etching processes on thermally oxide silicon wafer. We
investigated 5 film structures of wires; single layers of Py (NigiFei9) (20 nm) and of
CogoFeio (20) nm, as well as three different Ru / CogoFe1o multilayer films: Ru (5 nm) /
CogoFe1o0 (10 nm), CogoFeio (10 nm) / Ru (5 nm), and Ru (5 nm) / CogoFeio (10 nm) / Ru
(5 nm). The main exchange-coupled wavevectors were set by the antenna dimensions to
be 7.85 and 5.22 um~! ,with D = 2.6 um in center to center separation distances [45,
46]. The wire width was 4um.

Figure 1(b) shows a typical frequency spectrum of mutual inductance change obtained
from Ru / CogoFe1o / Ru at applied field poH = +67.5 mT. The spin wave contribution
is isolated by a subtracting reference spectrum taken at puoH = +200 mT. The main peak

at 14.0 GHz and a secondary peak at 12.2 GHz correspond to spin-waves coupled two



different wavelengths, and the Fourier transform in Fig. 1(a) gives the corresponding
values of wavenumber k. The former coincides with A~0.8 um (ky = 7.85 um™1),
selected by the center-to-center distance of the CPW, alongside a secondary peak centered
at kg =2.80um~1. The spin wave frequency f (shown in Fig. 2) follows the

conventional field dependence of the DE mode [47, 48], which is written as

f= %Ho [\/(H + Mst)(H + Ms(1 _Pk)) ; (2)

where p, is the magnetic permeability of free space, y is the gyromagnetic ratio, Py is
the dynamic dipole field factor P, = 1 — (1 — e"k't) /lk|t and t is the thickness of
the ferromagnetic layer. Our experimental results follow this analytical model well, with
design parameters of (kpy, ks) with poMg=182+0.01T and g = yh/ug =
2.01 % 0.03, as plotted in Fig. 2. This dispersion relation gives all the material parameters
needed to derive the spin polarization P in Eq. 1, and our results for them show good
agreement with the typical values reported by previous studies [6, 49].

We have next implemented transmission measurements under a dc current in the wire
to study CISDSs. Fig. 3 shows the forward and backward mutual inductance changes
measured for a (a) Py and (b) CogoFeio single film wires upon injecting J = +£1.5 X
101 A/m? and ] = +2.0 X 10'* A/m? through the wire respectively. Since there is a
nonreciprocity of spin-wave coupling in the DE mode [50], S;, spectra were taken in
positive field (ugH = +61.5 mT) whilst S,; was measured in negative field (uoH =
—61.5 mT) to obtain same order major spectra [51]. Therefore, frequency shift in this
approach is described as Af = (f12(+H) — fo1(=H))/2, where fij(£H) denotes the
resonant frequency of the ReAS;; spectra (i,j = 1,2). For the Py wire in Fig. 3(a), the
curves show clear shifts horizontally with respect to each other depending on current
direction. When positive current is injected (higher panel), the black curve, ReAS;,,
where spin waves travel in the same direction as the electron flow, is shifted about 17.9 +
1.6 MHz higher than the blue curve ReAS,;, where spin waves propagate against the
electron flow. When negative current is injected (lower panel), the opposite occurs: the
blue curve ReAS,; where spin waves now propagate along the electron flow, is shifted
22.0 £ 1.0 MHz higher in frequency than the black one. This is typical behavior of
CISDSs, and observed for CogoFeio samples also. The larger magnetization Mg of
CogoFeiomakes the CISDS in Fig. 3 (b) becomes a little less easy to discern due to the
broadening of peak widths and a decrement of value of Af itself, as described in Eq. 1.
The resonant frequencies are determined via Lorentzian curve fitting on the resonant
centers, as shown in extensive views of dashed squares next to the whole spectra. This

method gives us a precision of 1-2 MHz in the center peak frequency and so we can still



find clear CISDS-type behavior as a +7.8 £ 1.1 MHz shift under the positive current
and a —12.2 + 1.1 MHz shift under the negative current in this figure. Note that the
resistance increase due to Joule heating was minimal, with the highest resistance increase
for the wire being 2.8%. The corresponding temperature increase lies in range of 5-10 K,
small enough that we believe it did not compromise our results significantly. To
determine the value of spin polarization using Eq. 1, we plot values of CISDS as Af
normalized by the main wave vector kjy; against the electrical current density ]/ for each
thin film in Fig. 4(a) and (b). Combining the slope of a line of best fit with the material
parameters obtained by the fits to the data in Fig. 2, the spin polarization of our Py film
is estimated to be P = 0.44 + 0.03, and that of our CogoFejo film is P = 0.33 + 0.02.
The result of Py film shows good agreement with other reports of spin Doppler shift
results [33, 51] and is also comparable with values obtained by other means [8, 31]. The
value for spin polarization of CogoFejo is also quite reasonable.

Fig. 5 shows equivalent plots of normalized values of CISDS Af/k as functions of
flowing currents | for our three Ru/ CogoFe1o multilayer structures. We have taken care
to correct account for the effects of Oersted-field induced frequency shifts (OFIFS) for
these structures, since current flowing in the Ru layers will exert asymmetric Oersted
fields on the CogoFe1o layers. First, a nontrivial non-reciprocity becomes important around
or above a critical thickness region due to the effect of the exchange interaction [52, 53],
which was previously neglected in the standard DE model in Eq. 2. The spin-wave profile
decays exponentially away from the surface, and in our case it has an appreciable
magnitude throughout the layer, since k <« 61/t, where t is the CogoFe1o thickness [52].
Here, the OFIFS effect caused by current in ferromagnetic layers (FLs) can be evaluated
through the critical thickness ., given in Ref. 52 as t? = a.n?/(Vv2+v+0.5—v —
0.5), where v = H/Ms. In our experiment v = 0.036 and the exchange constant a, =
3.0 x 10713 | assuming a Co-like value, which gives t =39nm. In all our
measurements the FLs are thinner than this this threshold, so that the spin waves are not
fully localized at the top or bottom surface of the CogoFe1o. From this point of view it is
reasonable that the effects of OFIFS and the exchange interaction in the FLs should be
negligible.

Second, OFIFSs arising from currents flowing in the Ru layers should be still
carefully evaluated because our Ru/CogoFe1o bilayer samples are analogous structures to
ferromagnet/normal metal bilayer spin interferometers [54, 55] where the OFIFS
induced by a current in the Ru layers is generally at least as large as the CISWDS.

Accordingly, new values of the Doppler shift are extracted using the following relation:

Af = {(f21(—1) - f21(+1)) - (flz(—l) - f12(+1))}/4, where fij(il) is determined



from the point where ReAS;; signal (i,j = 1,2) vanishes, prior to the peak
maximum.

Without using this four-measurement cancellation method, the apparent frequency
shift is as large as Af~100 MHz, which drastically exceeds the scale of original
CISWDS of around Af~10 MHz, and leads to totally unphysical polarizations: P > 1
for Ru / CogoFeio and P < —1 for CogoFeio / Ru structures. One notices this sign
inversion in P arises from the direction inversion of OFIFS by Ru layers placed above
or below the CogoFejo layer. The four-measurement evaluation method is designed to
cancel out OFIFS by conducting over- or underlayers [56], so long as the first
perturbations of OFIFS between f;, and f,; stay of a comparable size (i.e.
8H,,(0f12/0H)~6H,,(0f21/0H)), where 8H;; is the thickness integrated perturbation
of OFIFS. We can further note that a small non-reciprocity between f;, and f,; in
Ref. 53 can be mostly cancelled out by this method, since they are subtracted twice
between positive and negative currents. The control measurement of the CogoFejo single
layer by this method results in the almost perfect agreement of that by the previous
evaluation method in Fig. 4, yielding P = 0.30 £+ 0.03 (circle data points in Fig.5). It
shows OFIFS cannot be dominant for this single layer sample with this thickness, as
already expected from an estimation of critical thickness above.

The results of the bottom Ru sputtered structure Ru (5) / CogoFeio (10) are also
comparable with that of CogoFe1o (20) single layer, P = 0.31 4+ 0.05, when this new
method is used. This good agreement indicates to us that the method of MSSW Doppler
shift measures the thickness-integrated spin wave scattering processes, and it is mostly
free from interfacial spin density distribution changes, in this case a Ru / CogoFe1o
interface [57].

Meanwhile the structural asymmetry markedly affects the frequency shifts in cases of
the top Ru structures CogoFeio (10) / Ru (5) and the Ru (5) / CogoFeio (10) / Ru (5)
trilayer. The extracted frequency shifts no longer follow a linear dependence on J rule in
the former, meaning that a reliable value of P cannot be extracted from these data. It
also results in large decrement in spin polarization, in the latter, yielding P = 0.12 +
0.01. The difference between devices with top and bottom Ru comes from stronger
current shunting from the CogoFeio layer to top Ru layers. The device resistance of a top
Ru structure decreases to 76 % of that obtained from a bottom Ru structure, indicating a
much lower resistivity for Ru grown on CogoFe1o than directly onto the substrate. We
speculate that this is due to superior crystalline quality in the form of a larger grain size
for Ru on top of CogoFe1o. The flow of current in the nonmagnetic layer can be

estimated to be 38 % larger on the basis of a simple parallel resistor model. This leads



to a substantial asymmetry in current density in the nominally structurally asymmetric
Ru/CogoFe o/Ru trilayer. Frequency non-reciprocity can be also affected by any
difference in surface anisotropies [48, 58]. By substituting H — (HA,top + HA,bottom) to
the second H in the right hand side of Eq. 2, the anisotropy difference can be
estimated as AH, = 81.2 + 8.7 mT between the top and bottom Ru structures. There
may also be effects arising from interfacial DMI. However, our Ru/CoFe/Ru structure is
symmetric, and Ru is a 4d metal and so does not possess a strong spin-orbit coupling.
We can therefore expect any DMI to be rather weak and should not lead to a major
reduction of polarization due to such an artefact. No meaningful difference of the sort
reported in Ref. 48 has been observed in our experiments. Furthermore, our analysis of
frequency shifts associated with current inversions should cancel out any DMI-induced
changes in the dispersion relations. We have to emphasize that these shunting effects
and surface anisotropies cannot quantitatively explain the whole of the reduction of the
value of P in the trilayer. A quantitative understanding of this contribution is beyond
the scope of this paper because it would require a detailed knowledge of the distribution
of spin wave profile and current density over the film thickness.

In summary, we have investigated current-induced spin wave Doppler effects so as to
evaluate the spin polarization of CogoFejo and Ru / CogoFe1o multilayer structures. Clear
frequency shifts were observed, corresponding to the current injection direction and
polarities of spin wave propagation. Values of spin polarizations for Py and CogoFeio
show good agreement with the general value of each materials. Careful estimation of
additional Oersted fields enabled us to deduce polarizations in some cases even in
asymmetric structures with non-magnetic Ru under- and overlayers. We believe that this
spin-wave spectroscopic technique could be further used to determine spin-polarization

values for ordinary diffusive currents in a range of other soft ferromagnetic films.
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FIG. 1. (Color online). (a) Fourier transform of the microwave current density for
antennas by assuming a uniform current density [33, 44]. The antenna geometry
defines the main exchange coupled spin wave wavelength to be 0.8um. A SEM
image of the corresponding sample is inserted, with a Ru/CogoFe1o/Ru wire (8 um
wide) overlaid by electrically isolated antennas that are connected to the vector

network analyzer. (b) Typical resonant spectra of mutual inductance change AS;,

parameter as a function of frequency.
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FIG. 2. (Color online). External field dependence of the main ( fres(ky)) and
secondary peak frequencies (f;es(ks)). Solid lines are the results of fitting Eq. 2, the

DE mode dispersion relation.
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FIG. 3. (Color online). Mutual inductance spectra in the presence of a positive dc current
of (a) Py and (b) CogoFe1¢ single layer wires. Top sections show results with positive dc
current and bottom sections shows that with negative dc current respectively: | = +1.5 X
101 A/m? forPyand J = +2.0 x 10'* A/m? for CogoFejo. Black curves show ReAS;,
and red curves show ImAS;,, which are measured under the positive field +61.5 mT,
and blue curves show ReAS,; and green curves shows ImAS,;, which were measured
under the negative field —61.5 mT. The dc electron current passes along —x direction in
the upper panel while +x direction in the lower panel. Enlarged views of dashed boxed
regions are shown next to each whole spectrum of (b), to illustrate the small CISDSs of
CogoFeio. The results of fitting results Lorentzian curves are superimposed as black and
blue solid lines. The vertical dashed lines denote the positions of the fitted peak centers, to
specify frequency shift Af in each spectrum. (c) Enlarged spectra of CogoFei1o with zero
current with Lorentzian fitting (solid lines) and resonant positions (dashed vertical lines),

showing no shift.
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FIG. 4. k-normalized frequency shifts Af/k versus current density J for Py (20),
and CogoFeio (20) wires plotted with open square and circle data point symbols
respectively. Superimposed dashed and solid lines show linear fittings with zero

intercepts to derive the value of spin polarization P for each films.
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FIG. 5. (Color online). k-normalized frequency shifts Af versus current density J
for CogoFe1o0 (20), Ru (5) / CogoFero (10), Ru (5) / CogoFeio (10) / Ru (5), CogoFero (10)
/ Ru (5) wires plotted with circle, square, triangle, and inverted triangle data point
symbols respectively. Superimposed solid lines show lines of best fit with zero

intercepts for the first three cases.
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