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Strong damping enhancement in nm-thick yttrium iron garnet (YIG) films due to Pt capping layers was
observed. This damping is substantially larger than the expected damping due to conventional spin
pumping, is accompanied by a shift in the ferromagnetic resonance field, and can be suppressed by the use
of a Cu spacer in between the YIG and Pt films. The data indicate that such damping may originate from
the ferromagnetic ordering in Pt atomic layers near the YIG/Pt interface and the dynamic exchange
coupling between the ordered Pt spins and the spins in the YIG film.
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Damping in a magnetic material can be realized through
(i) energy redistribution within the magnetic subsystem
through magnon-magnon scattering and (ii) energy transfer
from the magnetic subsystem to nonmagnetic subsystems
such as phonons [1-3]. In a ferromagnetic (FM) film with an
adjacent normal metal (NM) film, there exists another
damping route—spin pumping, in which magnetization
precession in the FM film produces a spin current that
flows into the NM film. The process represents a damping
fundamentally different from (i) and (ii); it engages energy
transfer to an external system, and it is an interface effect
and plays an important role only for thin films. Considerable
work has been carried out on spin pumping in metallic
FM/NM structures since the early 2000s [2,4-7] and
recently also in insulating FM/NM systems [8—15].

This Letter reports on experimental evidence for a
new damping. The samples consist of nm-thick ferrimag-
netic yttrium iron garnet (Y3;FesO;,, YIG) films capped
by Pt films. When it is 3 nm or thicker, the Pt layer
produces an extra damping that is not only significantly
larger than the expected damping from spin pumping
(agp), but is also accompanied by a shift in the ferro-
magnetic resonance (FMR) field. This damping can be
switched off by the addition of a Cu spacer in between
the YIG and Pt films. The damping may originate from
the FM ordering in the Pt atomic layers near the YIG/Pt
interface and the dynamic exchange coupling between
the ordered Pt spins and the YIG spins. The FM ordering
of the Pt layers is due to the magnetic proximity effect
(MPE) [16-22] and has been confirmed by recent x-ray
magnetic circular dichroism measurements [23]. The
dynamic YIG-Pt coupling allows for the transfer of a
part of the damping of the FM Pt to the YIG film.
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Because of the presence of the FM Pt, conventional
spin pumping from the YIG film to the Pt film does not
occur. However, there exists spin pumping from the FM Pt
into the paramagnetic (PM) Pt, which contributes to the
damping of the FM Pt. The use of a Cu spacer switches off
the MPE and thereby turns off the new damping. The damp-
ing is denoted as a;pg below, as its origin is associated with
the MPE.

Three points should be emphasized. (i) Although the
results below were obtained with YIG/Pt, one can expect
similar results in any systems where the MPE exists,
including Ni/Pt [17], NiFe/Pt [21], Fe/Pd [16], NiFe/Pd
[20], Fe/W [18], and Fe/Ir [18]. (ii) The new damping
cannot be described by existing models [5,8,24] and there-
fore begs for new theoretical studies on damping in FM/NM
systems. (iii) Recently, there appears a research field that
uses YIG/Pt structures for spintronics [8-15,22,25-30].
Understanding of damping in YIG/Pt reported below
provides significant implications for the future development
of this field.

The YIG, YIG/Pt, YIG/Cu, and YIG/Cu/Pt samples
were fabricated by pulsed laser deposition (PLD) [31]. The
substrates were (111) Gd;Gas;0;, wafers with a surface
roughness of (0.1-0.2) nm. The YIG/Cu and YIG/Cu/Pt
samples where the Cu surfaces are naturally oxidized
are denoted as YIG/Cu* and YIG/Cu®/Pt, respectively.
For these samples, the YIG and Pt layers were grown by
PLD, while the Cu layers were deposited by sputtering.
Ferromagnetic resonances were measured in microwave
shorted waveguides and cavities with in-plane magnetic
fields unless otherwise specified, and the FMR linewidths
(AH) below all refer to the peak-to-peak linewidths of the
FMR absorption derivative profiles.
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FIG. 1 (color online). (a) FMR profile for a bare YIG (25 nm)
sample. (b) FMR profile for a YIG(25 nm)/Pt(20 nm) sample.
(c) Pt layer-caused Hgryr change as a function of the Pt thick-
ness. The data in (a)—(c) were obtained at 9.5 GHz. (d) AH vs
w /27 responses for four samples. (e) Damping a.g as a function
of the Pt thickness.

Figure 1 shows the data for YIG/Pt samples, for which
the YIG thickness (dyjg) is 25 nm while the Pt thickness
(dp,) varies in the 0-20 nm range. (a) and (b) The FMR
profiles for a bare YIG sample and a YIG/Pt(20 nm)
sample, respectively. The circles show the data, while the
dashed and solid curves show Lorentzian and Gaussian fits,
respectively. (c) The Pt-caused shift of the FMR field
(Hpmr) as a function of dp,. The data in (a)—(c) were
obtained with a 9.5 GHz cavity. The inset in (b) shows an
FMR profile measured with a shorted waveguide for the
sample cited for the data in (b). These data indicate the
consistency of the FMR measurements with a shorted
waveguide and a cavity. The difference in AH for two
approaches is usually less than 10%. In (c), each point shows
the averaged value over 5-10 measurements, and the error
bars show the corresponding standard errors. This is also
true for Figs. 2(a), 2(b), 3(a), and 3(b). The symbols in (d)
show AH as a function of microwave frequency (w/27r) for
four samples. The solid lines show fits with [32]

Zaeff w

— + AH,, (1)

V3AH =
lyl 27

where a. is the effective damping parameter, |y| =
2.8 MHz/Oe is the gyromagnetic ratio, and AH,, denotes

inhomogeneity line broadening. (e) a.; as a function
of dp. The «a.4 values were obtained from the fitting
of the AH-(w/2) responses with Eq. (1), as shown in
(d). The error bars give the standard errors in the fitting.
In (e), the components of a.; are also given. « was the
damping of the bare YIG and aypr was determined as
AMPE = Xeff~Up-

The following results are evident from Figs. 1(a)-1(d).
The growth of a Pt layer leads to a decrease in Hpyg, as
shown in (a)—(c). The Pt layer also results in an increase in
AH, as shown in (a), (b), and (d). AH contains a contri-
bution from inhomogeneity, as indicated by the following
facts: (i) for the fittings in (a) and (b) the Gaussian func-
tions fit slightly better than the Lorentzian functions; and
(ii) the linear fits in (d) all yield nonzero AH,. Note that
the linear fitting conducted to determine the a. values in
Figs. 1 and 2 indicates that AH generally decreases with
the sample size and is less than 3 Oe for samples not larger
than 2 mm X 2 mm.

Figure 1(e) shows three results. First, the Pt layer leads to
a substantial increase in damping. This increase is consistent
with the above-mentioned increase in AH. Second, the
ao-dp; Tesponse shows a saturation. When dp, < 3 nm,
aof¢ increases with dp; when dp; = 3 nm, a. is relatively
constant. This dp, dependence is similar to that in (c). Third,
aypg 1S substantially larger than spin-pumping damping
expected for YIG/NM, which is ag, = 6.9 X 10™*. This
damping was calculated by

Sp

SMp 1

ag, = Wgu@, (2
where g =2.02 is the Landau factor, pup = 9.274 X
102! erg/G is the Bohr magneton, 47M, = 1300 G
is the saturation induction measured by SQUID, and
gy = 1.2 X 10" cm™2 is the spin mixing conductance
[11]. Note that the Pt thickness at which the a. and
Hpyr shift saturate is close to the length scale for the
dependence of gy on dp, for NiFe/Pt [33].

The above results are believed to derive from the FM
ordering of spins in Pt atomic layers in the proximity of the
YIG film [16-23] and the interfacial coupling between the
FM Pt and the YIG film. There exist static and dynamic
exchange couplings. The static coupling results in a torque
on the YIG magnetization (M) that is proportional to M
and manifests itself as a shift in Hgyr. The dynamic
coupling also results in a torque, but it is proportional to
dM/ 9t and plays a role of an additional damping [34]. Via
this torque, the FM Pt shares its damping with the YIG
film, resulting in aypg. This interpretation is supported by
the fact that both the “Hpygr shift-dp,” and “a.g-dp”
responses show saturation behavior at dp, = 3 nm. In
more detail, as the Pt film evolves from clusters to a
continuous epitaxial film, the interfacial coupling becomes
stronger and both the Hgyr shift and a. increase. When
dp; > 3 nm, however, the growth of additional Pt leads to
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FIG. 2 (color online). Data obtained for YIG(35 nm)/Cu/
Pt(23 nm) (empty circles) and YIG(35 nm)/Cu (solid circles).
(a) NM layer-caused AH change as a function of d¢,. (b) NM
layer-caused Hgyr change as a function of dg,. (c) Effective
damping as a function of dc,.

no further enhancement in interfacial coupling, and the
Hpypr shift and the a g saturate. Since the Pt atomic layers
near the YIG/Pt interface are ferromagnetic, conventional
spin pumping directly from the interface is not applicable
and one has @, = 0 and @ = @y + aype.

To test the above interpretation, the effects of adding a
Cu spacer were studied. Cu was chosen because it has
a very weak spin-orbit interaction and a very long spin
diffusion length (A,;) [35] in comparison with Pt. With an
increase in the Cu thickness (d(,), one can expect a weaker
MPE and corresponding decreases in both the Hpy shift
and appg. Also, one can expect spin pumping at the
YIG/Cu interface and the presence of ag,. If dcy, < Ay,
the spin current undergoes weak dissipation in the Cu
spacer but flows into and dissipates in the Pt film. Thus,
one can expect a very weak dependence of ay, on d, if
dcy < Ay For YIG/Cu*/Pt samples, however, one can
expect the Cu oxide not only eliminates aypg and Hgyr
shift, but also prohibits spin pumping.

Figure 2 gives data for YIG(35 nm)/Cu and
YIG(35 nm)/Cu/Pt(23 nm), for which d, varies in the
0-17 nm range. (a) and (b) give 9.5-GHz FMR data.
(a) gives the NM-caused change in AH as a function of
dc,, while (b) gives the Hpygr shift as a function of d,.
(c) presents a4 as a function of d¢, as well as the compo-
nents of a.g. The data for the YIG/Cu samples indicate
that the growth of a Cu layer yields an extra damping (ac,)
much smaller than «. This agrees with the expectation
that a NM capping layer should not change the relaxation
in the YIG film in the absence of the MPE and spin
pumping. The spin pumping is absent because dc, K Ay
[35]. This is supported by the fact that the YIG/Cu samples
show very similar ¢ values in spite of a relatively wide
dc, range (0-12.7 nm). If spin pumping at the YIG/Cu

interfaces makes significant contributions to ., one
would expect that a.g increases with dc, [5]. Although
@, 1s small, its presence might indicate that the process of
the Cu growth slightly enhances the imperfection on the
YIG surface, which yields a damping enhancement.

The data for YIG/Cu/Pt indicate that a Cu spacer can
reduce the Hpyg shift, AH, and a.¢ in YIG/Pt. Moreover,
the thicker the Cu spacer is, the larger the reductions are. One
also sees that for the samples with dc, = 10 nm, an addi-
tional increase in d, does not result in a further reduction in
agg. This indicates that the YIG/Cu(=10 nm)/Pt samples
have aypg = 0 and a. = @ + ag, + agp. Thus, one has
gy = egp-0tp-ac, =06.2X 1074 for YIG/Cu(= 10 nm)/Pt.
Assuming that the growth of a Pt capping layer also slightly
modifies the YIG surface and yields a small damping
enhancement as the growth of a Cu layer does, one can
then determine a;pg in YIG(35 nm)/Pt(23 nm)as aypp =
Qepe-Q-Qcy, Which is given in (c). One can see that aypg 1S
notably larger than « and «,, similar to the results indi-
cated by the data in Fig. 1(e).

Consider now YIG/Cu*/Pt for which the data are shown
in Fig. 3. The NM-caused changes in AH and Hpyg,
respectively, as a function of the Cu* thickness (dcy,)
are shown in (a) and (b). The data were measured at
9.5 GHz. (¢)—(f) give the AH-(w/27r) responses for four
samples. The open circles show the data from in-plane
FMR measurements, while the solid circles show those
obtained with out-of-plane fields. In (c)—(f), the lines
show the fits with Eq. (1). The a. values from the fitting
are given in Table L.
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FIG. 3 (color online). Data obtained for YIG(19 nm)/Cu®/
Pt(20 nm) samples as well as several control samples. (a) NM
layer-caused A H change as a function of the Cu thickness (dcy+).
(b) NM layer-caused Hpyg shift. (c)-(f) AH as a function of
frequency for four samples. The open and solid circles show the
data from in-plane and out-of-plane FMR measurements, re-
spectively.
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TABLE 1. Effective damping parameters.

e (X107%) e (X107%)
Sample (in plane) (out-of-plane)
YIG(19 nm) 3.58 = 0.76 4.72
YIG(19 nm)/Pt(20 nm) 35.36 £ 0.58 36.60
YIG(19 nm)/Cu*(5 nm)/ 4.33 £0.58 341

Pt(20 nm)

YIG(19 nm)/Cu*(5 nm) 4.82 + 0.62 6.71

Three results are evident from Fig. 3 and Table I. The
Pt-caused additional damping is substantially larger than
@, and ag,. In contrast to the situation for YIG/Cu/Pt,
a 5-nm-thick Cu* spacer is sufficient to suppress both
aype and the Hpyg shift. This is indicated by the fact
that the AH values for YIG/Cu*(5 nm)/Pt and
YIG/Cu*(10 nm)/Pt almost match that of the bare YIG
sample, as shown in (a), and the Hgyr shifts for
YIG/Cu*(5 nm)/Pt and YIG/Cu*(10 nm)/Pt are close to
zero, as shown in (b). There is no evidence of spin pumping
in YIG/Cu*/Pt, as indicated by the fact that the a.g values
of YIG/Cu*(5 nm) and YIG/Cu*(5 nm)/Pt are very close
to each other and are also close to « (see Table I). Note
that although the out-of-plane FMR measurements were
carried out at two frequencies only, the g values obtained
from the fitting are all close to those obtained from
in-plane FMR measurements. This closeness assures the
accuracy of the damping values presented. It also indicates
that two-magnon scattering makes small contributions to «,.

The results from Figs. 2 and 3 confirm the presence
of apypp in YIG/Pt. Moreover, they verify the above-
discussed expectations: a Cu spacer can decouple the
YIG and Pt films and thereby suppress both the Hgyr shift
and apg, and the Cu spacer facilitates the spin pumping of
the YIG film in the absence of Cu surface oxidation but
does not in the presence of Cu surface oxidation. The
results, therefore, support the interpretation on the origin
of QMPE-

The data in Figs. 2 and 3 also indicate incomplete
decoupling between the YIG and Pt films in
YIG/Cu(<10 nm)/Pt and YIG/Cu*(<5 nm)/Pt. The
decoupling is incomplete because the YIG films have
relatively large roughness. For a YIG film with a much
smoother surface, one can expect complete decoupling as
well as the complete suppression of a)pg With a thinner Cu
spacer (dc, < 10 nm, dc,» <5 nm). Figure 4 gives atomic
force microscopy images of three samples. One can see
that the YIG/Cu interface has a large roughness, while the
Cu/Pt interface is relatively smooth. Because of this, it is
conceivable that there are local regions in YIG/Cu/Pt
where the YIG-to-Pt distance is much smaller than the
nominal Cu thickness.

Mizukami et al. observed the decrease of damping in
NiFe/Cu/Pt with dc, and a saturation in the damping
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FIG. 4 (color online).
images of three samples.

Atomic force microscopy surface

reduction at dc, = 200-300 nm [5]. They explained the
results with a model based on the spin diffusion in Cu. This
model is not applicable to this work because dc, <K Ay.
Rezende et al. proposed a model to explain large dampings
in pum-thick YIG films with Pt capping layers [24].
The model yields a damping independent of dyjg and is
therefore inconsistent with the above-discussed interpreta-
tion. Furthermore, Kajiwara et al. developed a model for
spin pumping at YIG/Pt interfaces, which, however, did
not consider the MPE [8]. a)pg is expected to scale with
1/dyis. However, this scaling is not shown by the above-
presented data, although YIG(19 nm)/Pt shows much
larger appg than YIG(25 nm)/Pt and YIG(35 nm)/Pt.
This is because appg also depends on the properties of
the particular YIG/Pt interface. One can also expect a
larger Hpyg shift in YIG/Pt structures with much thinner
YIG films and insignificant shifts in structures with much
thicker YIG films. The latter was reported recently [15,24].

Consider finally spin pumping from the FM Pt to the PM
Pt. Recent calculations show that the MPE causes the
ordering of four Pt atomic layers near the YIG/Pt interface
[36]. The effective thickness of the ordered layers (dgy-pt)
is 0.96 nm. Since dgy;-p; is much smaller than dvyg, one can
assume that the contribution from the intrinsic damping
of the FM Pt to apg is very small, and a, due to pumping
from the FM Pt to the PM Pt dominates aypg. Thus, one
can estimate gy at the FM Pt/PM Pt interface by

8MBE1
dmMdyig + 4mMpy-pedpv-pe

3)

anppg =~

where 4mMpy-pr = 90 G [36]. Taking the data in Table I,
one obtains gy = 4.2 X 10" cm™2, which is larger than
that at YIG/Au [11] or YIG/Cu [37] interfaces.
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