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Abstract

Spin injection across the ferrimagnetic insulator (YIG)/normal metal (Au) interface was studied
using ferromagnetic resonance (FMR). The spin mixing conductance was determined by compar-
ing the Gilbert damping constant in bare YIG films with those covered by a Au/Fe/Au struc-
ture. The Gilbert damping was measured from the slope of the FMR linewidth as a function
of microwave frequency. The Fe layer in Au/Fe/Au acted as a spin sink as displayed by an in-
creased Gilbert damping parameter o compared to that in the bare YIG. In particular, for the
9.0nmYIG/2.0nmAu/4.3nmFe/6.lnmAu structure, the YIG and Fe films were coupled by an inter-
layer exchange coupling, and more importantly, the exchange coupled YIG exhibited an increased
Gilbert damping compared to the bare YIG. This relationship between static and dynamic coupling
provides direct evidence for spin pumping at the YIG/Au interface. The transfer of spin momen-
tum across the YIG interface is surprisingly efficient with the spin mixing conductance gy ~
1.2x10"em™2. This result makes recently discussed magnetic insulator/metal heterostructures

attractive for spintronics applications using pure spin currents.



Giant magnetoresistance (GMR) and spin transfer torque (STT) devices [1] are based
on spin polarized electron currents. In these devices, the spin and electron transport are
not separated and therefore are affected by typical limitations of electronic circuits: circuit
capacitance, heat generation, and electron migration. Recently attention has turned to
developing ideas and systems where STT can be achieved by pure spin currents. A newly
emerging field called spin caloritronics 2] addresses the generation of a spin current by a
thermal gradient. In his pioneering work, Slonczewski has shown that a higher efficiency
in STT devices can be achieved by using spin transport driven by thermal gradients in
magnetic insulator/normal metal structures [3]. Magnetic insulators, yttrium iron garnets
(YIG) in particular, have very low magnetic losses and by heat gradient one can create a
large number of low loss magnons, allowing one to generate an appreciable pure spin current.

In order to pursue this approach one has to establish the effectiveness of spin momentum
transfer across a magnetic insulator (MI) / normal metal (NM) layer interface. Jiang Xiao et
al. faced a similar situation in the theoretical treatment of the spin Seebeck effect |2]. They
have shown that the transfer of spin momentum is governed by the real part of interface
spin mixing conductance, g4, which at the ferromagnetic (FM)/ NM interface [4] is given
by:

gr = %Z(m,m = Tml” + [trm = timl®) (1)
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where 74()m and ty()m are the spin majority (minority) reflectivity and transmission pa-
rameters of a NM electron in the channel m impinging on the FM/NM interface. The spin
mixing conductance is experimentally well established in metallic systems and is found to be
in agreement with theoretical predictions [, 6]. However, there is an important difference
between the metallic FM/NM and MI/NM interface. In the metallic interface, g4, is gov-
erned by the sum 3=, (|7+().m|* + [t4(),m|?). Since this expression adds 1 to each channel m,
for the metallic interface one has gy ~ 0.75n3 where 7 is the density of electrons per spin in
the NM [5]. The situation at the MI/NM interface is different. The transmission parameters
are zero and the absolute value of the reflectivity parameters is one. Gerrit Bauer pointed
out that gy even in this case is not zero [7]. The reason is that the reflectivity parameter
includes the phase, ry) = 1 x e1wm that is dependent on the channel number m resulting
in a non-zero value for g4,

g1 =D (1= cos(@rm — @rm)) - (2)
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For a small difference ¢4 ,, — ¢ m, the spin mixing conductance is proportional to the sum of
(©1.m—@1.m)?. This is very different from metallic interfaces where g4, is given by the number
of impinging electrons. In metallic interfaces, these phase differences enter the imaginary
part of gy, determining the interface gyromagnetic ratio (g-factor). The imaginary part is
known to be small compared to the real part of g4 [ that enters the interface Gilbert
damping. It is therefore of utmost importance to determine the contribution of these phase
differences to the real part of g4, at the MI/NM interface.

Recently C. W. Sandweg et al. [14] carried out studies of spin pumping efficiency across
the YIG/Pt interface using the inverse spin-Hall effect (ISHE). In these studies, the dc
voltage was measured across the Pt layer for different rf excitation modes. No quantita-
tive interpretation of the data was presented. The main goal of this paper was to identify
quantitatively the spin mizing conductance at the YIG/Au interface.

Spin pumping and interface damping: The pumped magnetic current across the

FM1/NM interface is given (see [4] [5]) in a system with electron diffuse interface scattering
by:

Ty = 22 Retzgny) [ux 52 ®)
where w is the unit vector in the instantaneous direction of the magnetic moment, g is the
spectroscopic g-factor in FM1, and pp is the Bohr magneton. For small precessional angles
of the magnetic moment in FM1, the pumped magnetic moment is almost entirely transverse
to the static magnetic moment and the FM2 layer in FM1/NM/FM2 will act as a perfect
sink [9]. In YIG/Au/Fe/Au magnetic double layer structures, the FMR fields corresponding
to the YIG and Fe films are separated by several kOe, therefore the YIG and Fe films are
not involved at the same time in interchanging spin currents. When the Au films covering
YIG are much thinner than the spin diffusion length in Au (35 nm [6]), one can in a very
good approximation neglect the loss of accumulated spin momentum in the Au layer. The
spin current generated at the YIG/Au interface leads to an increased Gilbert damping in

YIG, and in this approximation is given by:

gup 1
sp — FE 4
a 4 47TMngid ( )

where 47 M is the saturation induction, and d is the thickness of the YIG film.
Sample preperation and FMR measurements: YIG (Y3Fey(FeO,)s) films with
thicknesses of 5 and 9 nm grown on (111) GdsGasOq2 substrates were prepared by pulsed
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laser deposition (PLD). The deposition was performed in high purity oxygen for 9 minutes
with the substrate at 790° C and the oxygen presure held at 0.1 torr. Right after the
deposition, the YIG films were annealed at the same temperature and oxygen pressure for
10 minutes. The thickness of the YIG films was determined by low angle X-ray diffraction.
The YIG films were characterized by X-ray photoelectron spectroscopy (XPS). The Au and
Fe films were deposited by molecular beam epitaxy (MBE) at pressures in the low 107
torr at room temperature.

In the presented studies the sample S1 is 9YIG/2Au/4.3Fe/6.1Au and S2 is
9YIG/6.1Au/4.3Fe/6.1Au, with the numbers indicating film thickness in nm. The XPS
spectra indicated Fe was deficient at the YIG surface. The atomic ratio Fe/Y for both
samples was 0.55 while according to the chemical formula, it is expected to be 1.7. The
atomic ratio O/Y was found 4 and 6 for for S1 and S2 respectively. The expected ratio by
the chemical formula is 4. This indicates that the oxygen concentration in S2 was higher
than that in S1. The difference in chemical composition at the YIG surface compared to
its bulk is caused by the surface chemistry during PLD and it is similar to thick YIG films.
Cleaning of the YIG surface by hydrogen atom gun led to splitting and broadening of the
FMR lines and therefore was not used. The Au and Fe films were polycrystalline.

FMR measurements were carried out at 10, 14, 24, and 36 GHz using an Anritsu mi-
crowave generator with a static magnetic field along the film surface. Samples inserted in
microwave cavity were 3x4 mm?. The microwave power was adjusted for a small precessional
angle. Bare YIG films, by eye inspection, exhibited only one resonance peak corresponding
to a homogeneous distribution of the rf magnetization across the YIG film, the £ =0 magnon
mode. However, in order to fit these apparently single FMR peaks one needs to take the
superposition of up to three closely separated Lorenzian lines, see Fig[Il This indicates that
the films consisted up to three regions having slightly different saturation magnetizations.
The intrinsic FMR linewidth AH (half width at half maximum ) in the YIG films was lin-
early dependent on the microwave angular frequency w(= 27 f) but exhibited an appreciable
zero frequency offset, see Fig. 2l This is consistant with Gilbert damping,

w
AH =a—, 5t
- )

where v is the absolute value of the gyro-magnetic ratio and « is the Gilbert damping

parameter. The zero frequency offset is caused by long range magnetic inhomogeneities.
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In the bare YIG films the Gilbert damping parameter was small, @ ~0.0006. The zero
frequency offset did not disappear in the perpendicular FMR (the field perpendicular to the
film surface) and therefore was not caused by two magnon scattering indicating that the
films were accompanied by long range magnetic inhomogeneities[10], see Figl2l The FMR

line position and AH(f) did not change by depositing a thin Au film over YIG.

Results and discussion: The saturation induction was determined by SQUID magne-
tometry and it was found to be 1.31 kG. The lower value compared to the bulk was perhaps
caused by a deficiency of the Fe atomic concentration at the interfaces. The effective per-
pendicular demagnetizing field 4w M, ¢y =47 My — H, ; ( H, 1 is the uniaxial perpendicular
anisotropy field) and the g-factor in the YIG films were determined from the FMR data at
different microwave frequencies, see Table I. For the 4.3Fe film, 47 M sy =10.6 kOe. Spin
pumping was measured in samples S1 and S2. The Gilbert damping contribution to the
FMR linewidth in YIG had two contributions: (a) The bulk contribution, «; as measured
in bare YIG films; (b) The interface spin pumping contribution given by Eq.(]).

Important results, shown in Figs [0 and 2] were obtained on S1. Deposition of
2.0Au/4.3Fe/6.1Au on YIG resulted in a well defined splitting the original three closely
spaced FMR peaks, see Fig. [Il This means that the 2.0nm Au spacer resulted in an in-
terlayer exchange coupling J., between the YIG and Fe layers. In fact, the three peaks
represent three different samples. The peak at the highest field remained very near the
FMR field for the bare YIG, but the other two peaks became visibly down shifted by 70
and 138 Oe due to magnetic coupling. The surface roughness of the YIG films measured
by AFM is 0.5 nm which results in negligible magnetostatic coupling between the YIG and
Fe film of 1x107* erg/cm?. Therefore the layers are coupled by ferromagnetic interlayer ex-
change coupling J., = +(0.08 and 0.15) erg/cm? for the area (1) and (2), respectively. Even
more importantly, the slope of the FMR linewidth as a function of microwave frequency,
AH(f), increased for the coupled samples while the uncoupled sample showed no increase
in this slope. The absence of exchange coupling in the highest FMR peak indicates that
the electrons in Au layer did not experience the spin potential at the YIG/Au interface.
This also means that one can’t expect any contribution to spin pumping as the spin mixing
conductance requires a spin dependent interface potential, see eq. Bl However, the regions

exhibiting exchange coupling experienced the spin dependent potential and resulted in spin

pumping.
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FIG. 1. The field derivative of the FMR signal as a function of external field. (a) f=23.988
GHz, bare YIG 9.0 nm: The FMR line required 3 Lorenzian absorption lines with the following
parameters: Hyes1 =7.556 kOe, AH; =9.7 Oe, and RA; =60% ; Hyes2 =7.551 kOe, AHy =T7.7
Oe, and RAy =31%; and Hyes2 =7.563 kOe, AHy =7.2 Oe, and RA3 =9%. (b) {=23.9751
GHz, YIG/2.0Au/4.3Fe/6.1Au: The three peaks in the bare sample became well split due to
ferromagnetic coupling between the YIG and Fe layers. H,.s1 =7.380 kOe, AH; =31.3 Oe, and
RA;| =49% ; Hyes 2 =7.468 kOe, AHy =50.6 Oe, and RA; =40%; and H,¢s 3 =7.552 kOe, AH3 =6.3
Oe, and RA3 =11%. RA represents the relative area of the sample with the corresponding FMR
parameters. Notice that the FMR lines for the areas (1) and (2) are shifted towards lower magnetic
fields and the line (3) is unshifted from the FMR field of the bare YIG film. The areas (1) and (2)

are coupled by ferromagnetic interlayer exchange coupling to the Fe layer.

In fact, Figs[Il and 2l represent the first clear experimental demonstration of this relation-
ship between the static interlayer exchange coupling and the spin pumping mechanism.

The RKKY induced spin density in the NM oscillates with the Fermi spanning k wave
vectors [12] and decreases with the thickness of the NM spacer layer. This picture remains
valid for polycrystalline layers, where the overall coupling strength and oscillatory period is
averaged over the orientation of crystalline grains. Due to interface roughness this coupling
quickly approaches zero and is usually zero for the Au spacer thickness above 3 nm, |13]. The
spin pumping contribution creates an accumulated spin density at the YIG/Au interface and
its transport across the Au spacer is governed by spin diffusion equations. The accumulated
spin density decreases with an increasing distance from the YIG/Au interface due to the loss
of spin momentum by a spin flip relaxation mechanism. The length scale of penetration of
the accumulated spin density from the YIG/Au interface is given by the spin diffusion length
which in Au spacers was found to be of 35 nm. see [9]. For a Au thickness significantly less

than the spin diffusion length, this decrease is only minor and Eq.(d)) is nearly correct.
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FIG. 2. FMR linewidth, AH(f), as a function of microwave frequency for the sample S1:
9.0YIG/2.0Au/4.3Fe/6.1Au and the bare corresponding YIG film . The solid square and circle
points correspond to the areas (2) and (1) in Fig. [l which are coupled by ferromagnetic exchange
coupling to the Fe layer. The solid lines correspond to S1. The dashed lines correspond to the bare
YIG sample. The sample area (3) was not exchange coupled to the Fe film and showed no change in
AH(f) compared to that in the bare YIG. The increase in zero frequency offset in AH; o(f = 0) for
the exchange coupled areas compared to the bare YIG is caused by an inhomogeneous distribution

of the interlayer exchange coupling.

The sample S2 does not show any appreciable shift in the FMR field compared to that
in the bare YIG, therefore the static interlayer exchange coupling for the thick 6.1Au spacer
is negligible due to interface roughness. However the slope of AH(f) clearly increased
compared to that in the bare YIG, see Figl3l This is expected because the thickness of the

Au layer is significantly smaller than the spin diffusion length.

In addition, spin pumping experiments were performed on a sample
5YIG/6.1Au/2.9Fe/4.1Au. In this case, FMR measurements were made on the bare
YIG as well as following the growth of 4.3Au. The 5YIG/4.3Au sample was then placed
back into the MBE system where a small oxidation of Au was removed by sputtering under
oblique incidence. The remaining structure was then deposited and followed by FMR

2 was found in agreement with the

measurements. The resulting g1 sy7¢ ~ 1 x 10 ecm™
results carried out using the 9YIG films proving that spin pumping is an interface effect.
Spin pumping at the YIG/Au interface is a robust effect as it was unchanged by sputtering

of the Au overlayer.

The increase in the Gilbert damping in samples S1 and S2 were interpreted by using a

full spin pumping theory which is based on magnetoelectronics equations, see Eq.(14) in
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FIG. 3. FMR linewidth as a function of microwave frequency for the sample S2:
9.0YIG/6.1Au/4.3Fe/6.1Au (squares) and the corresponding bare YIG film (circles) . The FMR
lines are described by two Lorentzian lines. Spin pumping contribution from both areas were

similar. For clarity the most intense line is shown.

[9]. The spin mixing conductances at the YIG/Au interfaces are large, see TABLE 1, and
they are an appreciable fraction of that found for the Fe/Au(001) interface, g3 g =1.1x10'
cm ™2,

TABLE I. Magnetic fitting parameters for the sample S1: 2.0Au/4.3Fe/6.1Au and S2:
6.1Au/4.3Fe/6.1Au.

magnetic gt 47 M, y5|g-factor| « Jex

properties 104em™2| kOe 1073 erg/cm2

S1 (upper solid
line in Fig.2) 1.2 1.885 | 2.027 |2.21| 0.15

S1 (lower solid
line in Fig.2) 1.1 1.885 | 2.027 |1.62]| 0.08

S2
(squares in Fig.3) 1.3 1.966 | 2.02 |2.40 0

Bare YIG for S2
(circles in Fig.3) N/A 1.966 | 2.02 |0.71| N/A

Conclusions: Using FMR measurement of Gilbert damping in thin YIG films and
YIG/Au/Fe/Au structures it was shown that the YIG/Au interface exhibits a strong spin

pumping conductance which is ~ 11 % of that observed in the metallic interface of Fe/Au.
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The strength of the spin mixing conductance was found somewhat inhomogeneous across
the YIG surface. This inhomogeneity is not surprising considering that the thin YIG film
surface chemistry deviates from that of the bulk. A large spin mixing conductance can pro-
vide an effective source of pure spin currents for spintronics circuits. YIG films over ym in
thickness exhibit very narrow FMR linewidths and can be then brought to a large angle of
precession with a moderate microwave power. This can provide large dc spin currents. For
an angle of precession in an extreme limit of /2 (achievable in lateral nanostructures where
magnon-magnon scattering can be surpressed by the selection rules), the dc spin current
can reach values of 1x10%** up/s at 10 GHz . This shows that a large number of magnons
can be generated by either microwave power or thermal gradients, allowing one to design

spintronics devices based on these novel magnetic insulator/ normal metal interfaces.
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