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Optical detection of spin transport in non-magnetic metals
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We determine the dynamic magnetization induced in non-magnetic metal wedges composed of
silver, copper and platinum by means of Brillouin light scattering (BLS) microscopy. The magneti-
zation is transferred from a ferromagnetic NigoFezo layer to the metal wedge via the spin pumping
effect. The spin pumping efficiency can be controlled by adding an insulating but transparent in-
terlayer between the magnetic and non-magnetic layer. By comparing the experimental results to
a dynamical macroscopic spin-transport model we determine the transverse relaxation time of the
pumped spin current which is much smaller than the longitudinal relaxation time.

Spin current injection from a magnetic to a non-
magnetic material is an important and central issue of
magneto-electronics ﬂ, E] There are several ways to re-
alize such an injection. Spin currents can be generated
by spin polarized charge currents B], the spin Hall effect
ﬂj], or spin pumping ﬂa, ] The spin accumulation in the
non-magnet can be detected indirectly by an increased
damping in the injection layer ﬂa, B] or it can be probed
by the conversion of spin current into voltage in a lateral
spin valve [§,19] or via the inverse spin Hall effect [10-12)].

A direct imaging of the spin polarization in a non-
magnetic metal is only possible using non-contact tech-
niques. For instance, the spin polarization was mapped
in a ferromagnet /semiconductor system by exploiting the
connection of the spin polarization with the polarization
of the probe laser light HE] In metals, spin accumula-
tion occurs only in the vicinity of the Fermi level (in the
order of tens of ueV), making the observation of the spin
accumulation difficult using techniques such as XMCD
microscopy [14).

In the case of the spin pumping effect, the injected spin
current is proportional to the cross product of the magne-
tization and its first time derivative and can be separated
into a static (or longitudinal) component parallel and a
dynamic (or transverse) component perpendicular to the
external field. In this paper we demonstrate that the
dynamic component can be observed directly by means
of Brillouin light scattering (BLS) microscopy in a non-
magnetic material.

We detect the spin polarization in a metal wedge grown
on top of a ferromagnetic layer (see Fig. ). Light from
a laser is focussed on the surface of the wedge and the
inelastically scattered light is collected as a function of
the local wedge thickness. This light originates from the
non-magnetic layer due to inelastic scattering from the
spin polarization as well as from the magnetic layer be-
low the wedge as long as the accumulated optical path
length is smaller, or at least comparable to the optical

absorption length. The magnetic layer is excited exter-
nally by the RF field of a coplanar waveguide (CPW)
near the ferromagnetic resonance frequency, and gener-
ates the spin polarization in the wedge layer via the spin
pumping effect.

The CPW is prepared by means of maskless laser pho-
tolithography on an oxidized silicon substrate. It consists
of a 300 nm gold layer with a signal line (S) of 20 um
width separated from the ground planes (G) by a 10 um
wide gap. A microwave current is applied to the CPW
and generates an oscillating magnetic field in y-direction
using a coordinate system as defined in Fig.[Il To reach
high microwave power in a wide frequency band and to
prevent reflections, the microwave current is terminated
by aload at the end of the CPW with impedance match-
ing. On the CPW signal line a multilayer structure is
deposited by electron beam evaporation.

The multilayer has a width of 2 um, a length of 5mm
and consists of: (7) a 7nm thick MgO layer that prevents
the microwave current from flowing into the metal wedge,
because this would create a complicated current distribu-
tion and an unpredictable magnetic field disturbing the
CPW magnetic field; (i4) a 30nm thick NiggFeoq layer
that is excited externally by the CPW magnetic field
and serves as a pumping layer for the attached metal
wedge; (i7i) an optional second 7nm thick MgO inter-
layer to block spin pumping from the NiggFey layer into
the metal wedge; (iv) a metal wedge composed of either
silver, copper or platinum.

The optional MgO interlayer (i) is used in a refer-
ence sample to separate the different contributions to the
BLS intensity originating from the magnetic and the non-
magnetic layer respectively. In the main sample with-
out the MgO interlayer, spin pumping into the metal is
expected to occur, whereas in the reference sample the
pumping mechanism is blocked by the MgO layer. The
latter is insulating but optically transparent, and there-
fore does not affect the detection by the probing laser
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FIG. 1. (Color online) (a) Scheme of the sample layout and
(b) SEM picture of the waveguide. A multilayer structure is
prepared on top of a coplanar waveguide. A static magnetic
field poHstatic of 20mT is applied parallel to the signal line
and perpendicular to the dynamic magnetic field hgr, which
is caused by an alternating microwave current flowing through
the coplanar waveguide. The magnetization in the NigoFego
is excited by hrr and spins are pumped into the metal wedge.
(¢) MOKE hysteresis loop to determine the saturation field
in z-direction, (d) BLS spectrum taken on pure NigoFezo at a
static magnetic field of 20 mT. (e) BLS scans across the struc-
ture for the first two maxima of (d) at microwave frequencies
of 5.5 GHz and 7.8 GHz. The profiles correspond to the first
and the third laterally standing spin wave mode. The second
mode is not excited.

light.

For absolut height calibration of the metal wedge, the
scan position in x-direction is calculated into a total
thickness. The topography was scanned in y-direction
with a mechanical profilometer for different points along
the wedge, and for each of these profiles the thickness
of the multilayer was extracted with the CPW level as
reference level.

Figure [[l(d) shows the BLS spectrum taken on pure
NiggFeoq at an applied field of 20mT in z-direction. The
first and most pronounced maximum is visible at a fre-
quency of 5.5GHz but several other maxima develop
at higher frequencies corresponding to higher laterally
standing spin wave modes across the stripe ﬂﬁ, [E]

A spatially uniform precession cannot be excited in a
2 um wide stripe due to pinning effects at the bound-
aries. Standing spin waves build up across the width
of the stripe in y-direction and the spin pumping effi-
ciency becomes dependent on this direction (Fig. (e)).
The dynamic magnetization in the non-magnetic layer
experiences additional dephasing due to the mixing of
components pumped with opposite initial phases from
neighbouring antinodes of higher order standing waves.
To minimize this contribution to the dephasing, only the
first standing spin wave mode, excited at a microwave
frequency of 5.5 GHz and an external field of 20 mT was
used in our BLS measurements. The maximum of the
first mode is located in the middle of the stripe and the
BLS detection efficiency decreases with increasing metal
wedge thickness on top of the NiggFesq layer.

In Fig.lthe measured BLS intensities of the maximum
of the first mode are shown for different scan positions
in z-direction. With increasing wedge thickness the BLS
signal decays exponentially over a range of almost four
decades in intensity. In the silver (Fig.[2(a)) and the cop-
per wedge (Fig.[2(b)) the slopes of the exponential decay
are different for the main (black dots) and the reference
sample (red dots) whereas in the platinum sample both
slopes are the same within the error bars (Fig. 2l(c)).

The origin of the difference in silver and copper is the
additional contribution to the BLS intensity due to the
spin polarization pumped from the underlying NigyFeoq
layer. While the BLS signal of the main sample is deter-
mined by the optical decay from the signal originating in
NiggFeqg as well as by the decaying induced magnetiza-
tion in copper, the signal from the sample with the MgO
interlayer, which prevents spin pumping, contains only
the signal originating from the NiggFesy layer. In plat-
inum this effect is not observable because the injected
spin angular momentum is immediately transferred from
the spin system to the lattice due to the high spin orbit
interaction.

The total BLS intensity depends on the thickness of
the metal wedge and consists of two contributions: One is
due to the precessing magnetization in the ferromagnet,
the other originates from the pumped spin polarization
in the metal. The total BLS intensity is proportional to:

|Er + Ex|? = |Er|* + 2Re (B EY) + |Ex]*> (1)

where Er and Fx are the electric fields of the probe laser
light scattered inelastically in the magnetic and the non-
magnetic layer, respectively. Inside the metal wedge of
thickness d, i.e. for 0 < z < d, the profile of the electric
field originating from the incident light can be expressed
as a damped wave (see inset of Fig. [2]).

EF = EF70 exp (27/7L]€d) (2)

Here n = n + ik is the complex refractive index and
k = w/c is the vacuum wavevector of light. The factor



2 in the exponent takes into account that the BLS setup
is prepared in backscattering geometry, and the light has
to pass through the structure twice.

The amplitude of the backscattered light from the non-
magnetic layer is a sum of contributions originating from
different depths of the wedge, weighted by the decaying
probe laser amplitude as well as by the decaying contri-
bution of the spin polarization to the scattered light.

z

: )dz (3)

En = /EN_roexp [2ink (d — z)] exp <
2

Here I is the characteristic dephasing length of the dy-

namic spin polarization that gives rise to the BLS signal.

In Fig.2lthe fit curves (black and red lines) and the cal-
culated BLS intensity for the pure spin part (blue line),
obtained by a numerical simulation using Eqs. ()-(3l),
are shown in addition to the measurement data. The fit-
ting parameters in the simulation are the ratio of the field
strengths En o and Ep o at the NiggFegg/Cu interface, the
complex refractive index n in the metal and the dephas-
ing length [5. The results of this simulation as well as the
parameters of the fits in Fig.[2 are summarized in Tab.[Il
The contribution of the induced magnetization |Ex|? to
the BLS signal is at maximum for wedge thicknesses be-
low 10nm, even if the BLS signal originated from the
NiggFeqo layer, |Er|? is dominant. Above wedge thick-
nesses of 20 nm in silver (45nm in copper) |Ex|? becomes
dominating over |Ep|?.

With knowledge of l2, a characteristic relaxation time
T can be calculated using wave-diffusion equations for
the macroscopic spin density gs(z,t) = py(z,t) — pi(z,t)
and the spin-current density J;(z,t) = J;(z,t) — J, (2, t):

ps(z:t) _ g 00ent)_ Opile

—g = Pz ) xB-—m— - = mV(Q

and

Jo(z,t) = —DM—THL(ZJ)XE_ij )
A

Here, 7. denotes the momentum relaxation time, ~ is the
absolute value of the electron (g &~ 2) gyromagnetic ratio,
B is the magnetic field and D is the diffusion constant.

As a generalization of Ref. ﬂﬁ], we include differ-
ent longitudinal (or spin-lattice) relaxation times 77 and
transverse (or spin-spin) relaxation times 75 in the in-
teraction contribution in Eq. @): (9ps(x) /0t)|,,x =
ps (x) /Ty and (Ops (y, 2) /Ot) |1 = ps (y, 2) /T

The dynamical components of gy(z,t) in Eq. @) decay
with T5 and the static component decays with T7. The
latter is not accessible to Brillouin light scattering and is
therefore neglected in the following.

It can be shown ﬂﬂ] that the relaxation times 75 de-
pend on the corresponding decay lengths [ via:

12 = %\/ TeTg (6)
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FIG. 2. (Color online) BLS scan data of the silver (a), the
copper (b) and the platinum (c) wedged sample. Each graph
shows the measurement of the main sample with active spin
pumping (black dots) and the respective reference sample
with blocked spin pumping (red dots). A difference between
main and reference sample is only visible for silver and cop-
per but not for platinum (see text). The error bars reflects
the uncertainty in thickness determination by the mechanical
profilometer. The black and red lines are fits of the scan data
according to Eq. (). The theoretical evolution of the pure
spin part of the BLS signal (blue line) can be derived from
the fitting parameters. The inset in (a) shows that the opti-
cal absorption length z.pt as well as the decay length of the
transverse component l2 contribute to the total BLS intensity
probed by the laser over the entire thickness.



TABLE I. Fitting parameters of the BLS data in Fig. 2] and
the resulting transverse relaxation time 7> according to the
macroscopic spin wave-equation.

Normal

metal n Nt 1N [1_8] lo (nm) EF,O/ENyo Ty (fS)
Ag 0.134+i3.4 0.134i3.2 9 £1 16 3 +1
Cu 1.074i3.3 1.074+i2.6 10 £1 26 5 +1
Pt 2.08+i5.2 2.08+i3.6 0 +£2 > 20 inst.

where vp is the Fermi velocity.

To obtain the transverse relaxation time, we solve Eqs.
@) and @) numerically by using T as a fit parameter
to match the experimentally determined value for I3 (see
Tab.[l)). According to Ref. [19] we use 7, (Cu) = 25 fs and
7o (Ag) = 40fs for the momentum relaxation time and
vp (Cu) = 1.57nm/fs and vr (Ag) = 1.39nm/fs for the
Fermi velocity at room temperature. The influence of the
small external magnetic field of 20 mT and the injection
frequency of 5.5 GHz on the decay lengths is negligible
in the calculations. This result is also confirmed by our
BLS measurements of the copper sample: The decay is
unchanged within the error bars at an injection frequency
of 9.3 GHz and an applied field of 70 mT.

Note that the accepted value of the longitudinal re-
laxation time T7, of a few picoseconds m,%ﬂ, exceeds
the value of T determined by our BLS measurements by
three orders of magnitude. This is remarkable because
Ty is usually considered equivalent to T7i, if the mean
electron scattering time 7, is much smaller than the re-
ciprocal Larmor frequency HE]

We do not rule out an intrinsic difference between T3
and T,, but the magnitude of the discrepancy suggests
an extrinsic effect acting differently on the transverse and
the longitudinal component of the induced magnetiza-
tion. We assume a non-homogeneous NiggFeqgo/metal in-
terface due to residual mass diffusion of nickel and iron
atoms from the NiggFeyy layer into defects of the normal
metal. The induced magnetization will give rise to a spin
torque, i.e. the transverse component of the pumped spin
current is effectively absorbed on a short length scale as
shown theoretically in ﬂﬁ] for the case of a spin current
transmitted from a nonmagnet into a ferromagnet. In
our case this ferromagnet is replaced by the paramag-
netic impurities and the transverse spin current is lim-
ited to a few nanometers. The longitudinal component
of the induced magnetization will not be affected by the
impurities.

In conclusion we have determined for the first time
the existence of magnetization in non-magnetic metals by
optical means. We have also shown that the transverse
magnetization component is directly accessible to Bril-

louin light scattering microscopy and may decay faster
in the non-magnetic material than usually assumed. The
result confirms that a high purity of the interface is es-
sential for an efficient transmission of the transverse spin
current from the ferromagnet to the non-magnetic metal.
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