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We report additional results on the spin-torque ferromagnetic resonance (ST-FMR) of a bilayer system
made from a magnetic insulator such as YsFes01; (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 G; of the mixing conductance (or interface effective field). The estimated ratio between imaginary
and real parts G;/Gr 5 0.3 is sensitive to an (unknown) phase shift between microwave current bias and

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The ferrimagnetic insulator (FI) YsFesO;; (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
YIGIIPt 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; + iG; (per unit area of the interface) [12]. The
predicted large G, for the interfaces between YIG and simple
metals [13] has been confirmed by experiments [14,15]. G; can be
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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 YIGIPt system the SMR for out-
of-plane magnetizations has been interpreted in terms of a G;<G;,
[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 |G;| [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 G; for an
ultra thin film of YIG. We find an anisotropic G; that is larger for
the out-of-plane than the in-plane magnetization configuration,
which is still smaller than the real part G,, however. The sizable G;
(of the order of G,) 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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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
0 and a azimuth ¢ while ¢m shows the magnetization angles. The
YIG(dr nm)IN(dy nm) bilayer film is patterned into a strip with a length L.

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 0 and azimuth ¢ in the x-y plane. The magnetization dy-
namics can be expressed by the Landau-Lifshitz-Gilbert (LLG)

equation with interface torques [5],

oM = — /M x (Beff + bOe(t)) + oM x oM + z57.(0), @
where Beff = Bex + Bam + Bsm(t) consists of the external magnetic
field, the static demagnetizing field, and the dynamic demagne-
tization field, respectively. The Oersted field from the microwave
current boe(t) = boeei@at+d with frequency w, = 2af, and magni-
tude is determined by Ampeére's Law (in the limit of an extended
film) boe = pgJ° dn/2, where J0 is an applied charge current density
and & 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

O NA A
Tst(t) = }'(bsrTM x M x § + bitM x s)elwﬂf, 2

; h
br = — " Re|l Osu]®,
e ) o o

where M, and d are the saturation magnetization and thickness of

the FI film, 6sy and § the spin Hall angle and the direction (a unit
vector) of the injected spin moment, and # the complex spin dif-

fusion efficiency 4 = gs tanh[dN/(Zi)]/(l + & coth(dN//l)) with
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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 G; for (a) 6 = — 78°

and (b) & = 0°. (c) The magnetization damping parameter « as a function of G;. Dashed horizontal lines represent the experimental values for YIG(4 nm)IPt(3 nm) [10].
Gr=4.0x 104 Q1m2, Ms = 128 KA/m, y9 = 1.76 x 1011 T-1s-1, 4o = 8.58 x 105 [21], 6sy = 0.11, 2=1.5nm, and p = 48.1 yQ cm at f, = 7 GHz are used for plotting.
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gs = 22pG", 1 the spin-diffusion length, and p the resisti-
vity of bulk NM. y and « are the modulated gyromagn-
etic ratio and magnetization damping by the spin pumping in
terms of the intrinsic values y, and o, expressing
v =1l(1 - a1 coth[dn/22)] Im ») and

dy
th| — | R
ag + a1 CO (2/1) en

a =

dn
1- th| —| I
ai CO (2/1) m n 3)

with ay = yr2[(4Ape2ugMsdr).

In the ST-FMR experiment, the dc voltage arises from not only
the mixing of applied microwave currents and the oscillating SMR
in NM (spin rectification or spin torque diode effect) but also the
ISHE mediated via spin pumping (see Appendix A). Let us discuss
about the out-of-plane magnetization configuration which has a
possibility to detect the as yet unknown spin-orbit induced tor-
ques or a finite imaginary part of the spin-mixing conductance to
magnetic insulators [11]. In the out-of-plane configuration the
voltage Vi — VI, = SUF(B) + AUF4(B) in Egs. (A.2b) and (A.3b) is
the only observable (setting ¢ = z/2). The ratio between sym-
metric and antisymmetric components is defined by

S sin 5+ CR;/C_

%P = Al T " cos 5 + R;
_ Vsp rhoe \1+ 2R cos 5+ R? + C.R?/C_ + 2CR; sin §/C_
VsMR awq cos 5 + R A

where Ry, = b [boe = @ Re[q]HSH/(nyOMSdFdN) with flux quan-
tum @, and vacuum permeability po. The calculated ratio is
plotted in Fig. 2 as a function of G; and & for the YIGIPt material
parameters |[10]. For reference, we plot the same ratio for an in-
plane magnetization as defined by Rj,=S'/A' and a voltage
Viur = V& = SIFs(B) + AlF4(B) in Egs. (A.2a) and (A.3a). These ratios
(and dc voltages itself) sensitively depend on the YIG thickness
since the spin transfer torque b4 is proportional to 1/dr and spin
pumping dominates the FMR linewidth due to the low magnetic
damping of YIG. The torques become clearly observable only for
very thin YIG films [10]. In Fig. 2(a) and (b), the calculated ratios
are compared with the experimental ones [10], which show that G;
is negative. The crossing points determine our estimate for the
imaginary part of the spin-mixing conductance as displayed in
Table 1. The imaginary parts are larger for out-of-plane than in-
plane magnetizations, which is possible only in the presence of
significant spin-orbit interactions. The results are qualitatively
consistent with Ref. [11] although our |G;| <03G; as not as
dominant. The magnetization damping equation (3) in Fig. 2
(c) also narrows down G; to roughly 24% of the real parts
irrespective of the phase, but this value is obtained assuming
isotropic damping.

Table 1

Estimates for IG;l in units of 104 Q-'m=2 for two values of the phase between ac
current and Oersted field. The value in the lower row is obtained from fitting IG;l to
an isotropic Gilbert damping.

Imaginary part of the mixing conductance 6=5° 6=90°
5=—78° 0.52 0.15
5=0° 1.25 0.81
a 0.96 0.96

3. Effect of SMR rectified ac spin pumping

When the magnetization in the ferromagnetic — insulator
Inormal — metal junction is excited, the spin pumping leads to the
injection of pure spin currents into the normal metal. The pumped
spin current has a large polarization of time-dependent ac com-
ponents compared to a dc component [22-26]. Here we evaluate a
dc-signal due to the ac components of the pumped spin currents
via SMR driven spin rectification. The spin pumping-induced
charge current is [5]

A A A
Jop ) = — jr"ma-l(M x atM) — P oM,
y

=Jp +J57 O + ]G @, 5)

where J§ is an ordinary dc component, and J&® (t) and J&°0 (1)
are time-dependent ac components with frequencies @, and 2w,,

respectively, and ]rP(i) = hawq/(2leldnp)Osu Re(Im)[q]. The ISHE ac
current due to the ac spin pumping is rectified through mixing of
the oscillating SMR to give an additional dc-signal with a different
dependence of the ST-FMR signal on the field angles. This effect
(ac-SP rectification) can be also caused by the modulation of the
resistance (px [8,9,5]) times the spin pumping induced ac current
component, that is,

2
Vg = L<pxx (N, ()1 (t) >

t

= — Vajk cos ¢ sin 2[p[l —sin? ¢ sin? HM] sin Oy
— V&G sin3 w(l —sin? ¢ sin? HM]cos Om Sin 20y

- V&3 sin ¢ sin 2(/)[1 —sin? ¢ sin? HM] sin 26y
(6)

where V&N = (vsalsm/vsp)vg) (N=I, II, Ill) and

hawq A
V&R = =L O —
SMR 8 p2|€|dN/) SHdN

dn )
tanh(i](Re 7).

While the SMR rectified ISHE of ac spin pumping has a different
field-angle dependence by the factor 1 — sin? ¢ sin? 6y, the con-
tribution to a dc voltage is week because of V&g « 6.

4. Summary

We find that assuming a finite imaginary part of the spin-
mixing conductance G; at the interface between YIG and Pt is
helpful in interpreting ST-FMR signals. The ST-FMR line-shape in
YIGIPt bilayers is found to depend sensitively on G; as well as a
phase shift 6 between currents and Oersted fields for sufficiently
thin YIG layers. Both parameters are strongly correlated and it is
difficult to determine them independently by a line-shape analy-
sis. When 6=0, G; is found to be negative and |Gi| 5 0.3G,, in-
dicating considerable effective fields that can only be ascribed to
the spin-orbit interaction. In order to draw harder conclusions,
direct measurement of the phase shift appears indispensible. A
promising technique is time-resolved anomalous Nernst effect
microscopy that has recently been employed to measure the
spatial variation of the relative phase of the Oersted vs. applied ac
current across a uniform channel [27]. The previously disregarded
rectified ac component of the spin pumping current has a different
field-angle dependence than other contributions, but is small
since ~64;.
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Appendix A. Field angles dependence of dc voltages

Here we focus on the current-induced magnetization dynamics
that generates down-converted dc (and second harmonic) voltages
in the NM layer. SMR rectification and spin pumping generate [6]

Ve = Vomr + Vep
= (VSIMR - Vslp)cos @ sin 2¢ sin Oy

+ (Vsl{vm - Vsl{a)sin3 @ €os Oy sin 20y

+ (v;{{m - Vs”rl)sin @ sin 2¢ sin 20y A1)
with
Cbir + Cyiboe sin 6
Vg = Vsr————2¢ > °Fg(B)
awgly
C+(bo€ cos & + bgT)F 5
+v i
SMR e A(B) A28
Cbér + C-bge sin &
Viik = vemr————2 > % Fg(B)
awqly
C_(b()e cos & + béT)F .
+v i
e awaly "® (A2b)
C, - C)br
v, (71: B
e 2awaly " (A.20)
and
Vip = vepc| S5 + 2Chochly sin 5
(awqf7)?
C+(b3e + 2boebir cos 5 + (b§T)2) -
’ s(B),
(awaly)? A3a)
VI = verC Cy(b§r)? + 2Choe bl sin &
(awa[y)?
C_(b(%e + 2hoehir cos & + (b§T)2) i
+ s(B),
(awq[y)? (A.3b)
C(Q - C)bsrT(bOe cos & + bgr)
Ve = vep 5 Fs(B),
(awalry (A30)
where

a
0.4 T T T T T T T T

0.3}

0.2}

LILII
VSMR(SP)

cosb,,sind,,

01p
o
cos“0,sind,,

0 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90

0,, (degree)

0.4 T T T

Siné(p

0.2

LILII

VSMR( SP)
o

V45 20 %0 0 60 120 180

¢ (degree)

Fig. Al. (a) Polar angle dependence of the dc voltages Viiklll, with =45,

(b) Azimuth dependence of the dc voltages Vijiillsp) with om = 45°.

1 A dN
vsmr = —LpJ° 03— tanh| = |Re 7,
sk = g ele Osig (2/1) 1 (Ada)
hawg
vsp = —L, sy Re 75,
=2 2edyy (A4b)

Fs(B) = AB?/[(B — Br)?> + AB2], and Fx(B) = Fs(B)(B — Br)/AB with
the resonance field Br = poMs (cos 260m + cos? HM)/2+

JoMs sin? /22 + (waf7)? [cos@u — 6) and the FMR linewidth

AB = (awq/7)[cos(@m — 0), C = @g/y/1 + @2, and C. =1 + 1/y1 + &2

with @q = 2w0a/(yuoMs sin? 6y).
The dependence of the dc voltage on applied field directions is
shown in Fig. A1 as a function of gy and @.
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