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a b s t r a c t

We report additional results on the spin-torque ferromagnetic resonance (ST-FMR) of a bilayer system
made from a magnetic insulator such as Y Fe O3 5 12 (YIG) and a heavy normal metal such as Pt in terms of
the interface spin-mixing conductance and including spin pumping. We analyze experimental ST-FMR
spectra for out-of-plane and in-plane magnetization configurations in terms of an anisotropic imaginary
part Gi of the mixing conductance (or interface effective field). The estimated ratio between imaginary
and real parts G G/ 0.3i r ≲ is sensitive to an (unknown) phase shift between microwave current bias and
associated Oersted field.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

The ferrimagnetic insulator (FI) Y Fe O3 5 12 (YIG) can be elec-
trically [1] and thermally [2] activated by attached heavy normal
metals (NM) such as Pt with large spin Hall angle. We proposed to
employ spin-torque ferromagnetic resonance (ST-FMR) [3,4] to
study magnetic insulators [5,6] by making use of the spin Hall
magnetoresistance (SMR) [7,8] (see Fig. 1). Iguchi et al. [9] re-
ported negligibly small effects due to SMR when subjecting a
YIG Pt|| bilayer to FMR conditions in a microwave cavity. On the
other hand, Schreier et al. [10] and Sklenar et al. [11] do find SMR
rectification voltages when driving a microwave current through
the Pt. The first collaboration interprets the differences of the
observed spectra in samples with different thicknesses of both Pt
and YIG in terms of the competition between Oersted fields, spin–
orbit torques, and spin pumping [10], in good agreement with
theoretical predictions [5]. The second group focuses on the ST-
FMR measurement in out-of-plane (oop) magnetization config-
urations and reports a SMR rectification that is affected by an
additional effective field [11].

The spin transport through the interface between ferromagnets
and normal-metals is governed by the complex spin-mixing con-
ductance G G iGr i= +↑↓ (per unit area of the interface) [12]. The
predicted large Gr for the interfaces between YIG and simple
metals [13] has been confirmed by experiments [14,15]. Gi can be

interpreted as an effective exchange field between magnetization
and a spin accumulation in an attached NM, which in the absence
of spin–orbit interaction is usually much smaller than the real
part. However, field-like spin–orbit torques have been found in
metallic structures [16,17]. In the YIG Pt| system the SMR for out-
of-plane magnetizations has been interpreted in terms of a G Gi r⪡
[18,19].

Here we compute ST-FMR signals of ferro- or ferrimagnetic
insulators attached to a heavy normal metal by modeling a field-
like torque (including ac spin pumping contributions) allowing for
a large Gi [6]. In Ref. [10] the phase between Oersted field and
applied microwave current was assumed to suffer a phase shift
due to unknown origins. We show that the experiments with an
adjustable phase can be also explained by introducing an aniso-
tropic interface field-like torque. We fit the observed frequency-
dependent voltages [10] for nearly perpendicular and in-plane
magnetization configurations in terms of an adjustable Gi for an
ultra thin film of YIG. We find an anisotropic Gi that is larger for
the out-of-plane than the in-plane magnetization configuration,
which is still smaller than the real part Gr, however. The sizable Gi

(of the order of Gr ) reported for mostly out-of-plane magnetization
configurations [11] is qualitatively consistent with our results.

2. Spin-torque ferromagnetic resonance

The ST-FMR technique should be distinguished from the elec-
trical (inverse spin Hall effect) detection of conventional FMR in
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which the magnetization dynamics is excited by microwaves in
coplanar wave guides or cavities. The ST-FMR magnetization is
excited by spin Hall spin currents generated by an ac electric
current bias (although Oersted magnetic fields may not be dis-
regarded). An external magnetic field Bex is described by a polar
angle θ and azimuth φ in the x–y plane. The magnetization dy-
namics can be expressed by the Landau–Lifshitz–Gilbert (LLG)

equation with interface torques [5],

t tM M B b M M , 1t t STeff Oe( ) τγ α∂ ^ = − ^ × + ( ) + ^ × ∂ ^ + ( ) ( )

where tB B B Beff ex dm sm= + + ( ) consists of the external magnetic
field, the static demagnetizing field, and the dynamic demagne-
tization field, respectively. The Oersted field from the microwave
current t eb b i t

Oe Oe a( ) = ω δ( + ) with frequency f2a aω π= and magni-
tude is determined by Ampère's Law (in the limit of an extended
film) b J d /2c NOe 0

0μ= , where Jc
0 is an applied charge current density

and δ the phase shift between Oersted field and current that is
governed by the details of the sample design and therefore treated
as an adjustable parameter [20]. The current-induced effective
field generates the torque
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whereMs and dF are the saturation magnetization and thickness of
the FI film, SHθ and ŝ the spin Hall angle and the direction (a unit
vector) of the injected spin moment, and η the complex spin dif-
fusion efficiency g d g dtanh / 2 / 1 coth /S N S N( )η λ λ= [ ( )] + ( ) with

Fig. 1. Schematic of the device to observe the SMR rectified voltage in which an
external magnetic field Bex is applied to the direction characterized by a polar angle
θ and a azimuth φ while Mθ shows the magnetization angles. The

d dYIG nm N nmF N( ) | ( ) bilayer film is patterned into a strip with a length L.

Fig. 2. (a)(b) The ratios of symmetric and antisymmetric contributions to the dc voltage for out-of-plane and in-plane magnetizations as a function of the Gi for (a) 78δ = − °
and (b) 0°δ = . (c) The magnetization damping parameter α as a function of Gi. Dashed horizontal lines represent the experimental values for YIG 4 nm Pt 3 nm( ) | ( ) [10].
G 4.0 10 mr 14 1 2= × Ω− − , M 128 kA/ms = , 1.76 10 T s0

11 1 1γ = × − − , 8.58 100 5α = × − [21], 0.11SHθ = , λ¼1.5 nm, and 48.1 cmρ = μΩ at f 7 GHza = are used for plotting.
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