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Scaling behavior of the spin pumping effect in ferromagnet/platinum bilayers
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We systematically measured the DC voltage Visg induced by spin pumping together with the in-
verse spin Hall effect in ferromagnet/platinum bilayer films. In all our samples, comprising ferromag-
netic 3d transition metals, Heusler compounds, ferrite spinel oxides, and magnetic semiconductors,
Visu invariably has the same polarity, and scales with the magnetization precession cone angle.
These findings, together with the spin mixing conductance derived from the experimental data,
quantitatively corroborate the present theoretical understanding of spin pumping in combination

with the inverse spin Hall effect.

Spin current related phenomena are an important as-
pect of modern magnetism [IH4]. For example, pure spin
currents — a directed flow of angular momentum without
an accompanying net charge current — can propagate in
magnetic insulators [5]. A spin current Js can be de-
tected via the inverse spin Hall (ISH) effect, where J
with polarization orientation § is converted into a charge
current J. o« aspg (8 X Jg) perpendicular to both § and
Js [2,16]. Recently, Mosendz et al. [7] showed that the spin
Hall angle agy can be quantitatively determined from so-
called spin pumping experiments in ferromagnet/normal
metal (F/N) bilayers. Here, the magnetization of the F
layer is driven into ferromagnetic resonance (FMR) and
can relax by emitting a spin current into the adjacent
N layer [8, [9]. Spin pumping can thus be understood
as the inverse of spin torque [Il [10], and gives access
to the physics of spin currents, magnetization dynamics,
and damping. The present theoretical models [8] [TT] sug-
gest that spin pumping in conductive ferromagnets is a
generic phenomenon, where the magnitude of Jg is gov-
erned by the magnetization precession cone angle and the
spin mixing conductance g4 at the F/N interface. How-
ever, most spin pumping experiments to date have been
performed in transition metals [9, [12] [13], so that generic
properties could not be addressed. In this letter, we pro-
vide experimental evidence that the present theories for
spin pumping are not limited to transition metal-based
bilayers, but also apply to the ferromagnetic Heusler
compounds CosFeAl and CosFeSi, the ferrimagnetic ox-
ide spinel Fe3O,, and the dilute magnetic semiconductor
(Ga,Mn)As (DMS). We demonstrate this by simultane-
ous DC voltage and FMR measurements that yield the
correlation of the inverse spin Hall voltage Visy o« J.
along J. and the magnetization precession cone angle ©
in FMR. Our experimental findings clearly confirm the
scaling behavior of Vigy suggested by theory.

We fabricated F/Pt bilayers, using Ni, Co, Fe,
CogFeAl, CogFeSi, FezO4, and (Ga,Mn)As, for the F
layer. The Ni, Co and Fe films were deposited on oxi-

dized silicon substrates via electron beam evaporation at
a base pressure of 1 x 1078 mbar. The Heusler compounds
were sputtered on (001)-oriented MgO single crystal sub-
strates at an Ar pressure of 1.5 x 1073 mbar, followed
by annealing at 500 °C [I4]. Epitaxial (100)- and (111)-
oriented Fe3Oy films were grown via pulsed laser depo-
sition in argon atmosphere on (100)-oriented MgO and
(0001)-oriented AlyOg3 substrates, respectively, at a sub-
strate temperature of 320°C [I5]. The Ga;_,Mn,As
(x = 0.04) films were grown via low temperature molecu-
lar beam epitaxy on (001)-oriented GaAs substrates [16].
All F layers have a thickness tg = 10nm, except for
the (111)-oriented Fe3Oy4 film, which has ¢tp = 35nm,
and the (Ga,Mn)As films with tg = 200nm, 175 nm and
65nm. As a high-quality, transparent interface is cru-
cial for spin pumping [I7], all F layers were covered in
situ with ¢y = 7nm of Pt, except for the (Ga,Mn)As
films, which were covered after exposure to ambient at-
mosphere. All samples were cut into rectangular bars
(length L = 3mm, width w = 1mm or 2mm) and con-
tacted on the short sides for electrical measurements as
shown in Fig. [[a).

The FMR and spin pumping experiments were per-
formed in a magnetic resonance spectrometer at a fixed
microwave frequency vyw = 9.3 GHz as a function of an
externally applied static magnetic field H, in the temper-
ature range from 2 K to 290 K. We took care to position
the respective sample on the axis of the TE;gs microwave
cavity, in order to locate it in an antinode of the mi-
crowave magnetic field and in a node of the microwave
electric field. The FMR was recorded using magnetic field
modulation and lock-in detection, so that the resonance
field H,es corresponds to the inflection point in the FMR
spectra. The DC voltage Vpc between the contacts in-
dicated in Fig. a) was measured with a nanovoltmeter.

Figure 1| shows a selection of FMR and Vpc spectra,
recorded for two magnetic field orientations in the film
plane: ¢ = 0° corresponds to H parallel to % (black



125 250 375
uoH (MT)

\ . 11-0.8
150 300
oH (MmT)

oH (mT)

FIG. 1. (a) Sketch of the the coordinate system and the F/Pt
bilayer sample. (b),(d),(f),(h),(j),(1) show the FMR signal
of F/Pt bilayers, with F as quoted in the individual panels,
recorded with H parallel (black full squares) and antiparallel
(red open circles) to x. DMS stands for 200nm (Ga,Mn)As.
(c),(e),(g),(i),(k),(m) show the DC voltage measured simulta-
neously with the respective FMR traces.

full squares), while for ¢ = 180°, H is antiparallel to
%X (red open circles). All measurements in Fig. [1| were
taken at 290 K, except for the (Ga,Mn)As data recorded
at T'= 10K (Fig.[[[1) and (m)). Since the FMR is in-
variant with respect to magnetic field inversion, the FMR
traces for ¢ = 0° and ¢ = 180° should superimpose, as
indeed observed in experiment. The FMR signal of all
samples in Fig.[T] consists of a single resonance line, with
the exception of (Ga,Mn)As, in which several standing
spin wave modes contribute to the FMR spectrum [I8§].
The Vpc traces show one clear extremum in Vpg at Hyes;
only in (Ga,Mn)As, several Vpc extrema corresponding
to the spin wave modes can be discerned. The magnitude
of Vpc ranges from a few 100nV in FesO4 to a few 10
1V in CooFeSi and Fe (Fig. . In contrast to the FMR,
the Vpc extremum changes sign when the magnetic field
is reversed. It also is important to note that Vpc al-
ways has a maximum (Vpc > 0) for ¢ = 0°, whereas a
minimum (Vpe < 0) is observed for ¢ = 180°.
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FIG. 2. Temperature-dependent evolution of (a) the FMR,
and (b) the Vpc spectra of a Fe/Pt bilayer.

We furthermore studied the evolution of the FMR, and
Vb signals as a function of temperature in several bilayer
samples. As an example, the FMR and Vpc spectra of
an Fe/Pt sample, recorded for a series of temperatures
2K < T < 290K are shown in Fig. With decreasing
T, the FMR broadens and shifts to lower H,es, as does
the peak in VDC-

We now turn to the interpretation of the experimental
data of Figs.[I] and We attribute the peaks in Vpc
to spin pumping in combination with the inverse spin
Hall effect in the F/Pt bilayers [7HI]. This naturally ex-
plains that Vpc changes sign when the H orientation is
inverted from ¢=0° to 180°, as H determines the orien-
tation of the spin polarization vector § in J. o (8§ X Js).
Hence, J. and thus also Vpc is reversed if the magnetic
field is inverted. We note that the H,.s are well above
the coercive and the anisotropy fields of the respective
ferromagnets, such that the magnetization M | H in
good approximation. Furthermore, the experimental ob-
servation that Vpc invariably has the same polarity for a
given field orientation ¢, irrespective of the ferromagnetic
material used in the F/Pt bilayer and of the measure-
ment temperature, is fully consistent with spin pump-
ing theory [7), [8, 1T, T9H2T]. We note that other mecha-
nisms for the generation of a DC voltage in conjunction
with FMR have been suggested and were observed in ex-
periment [22H24]. Microwave rectification effects linked
to the anisotropic magnetoresistance or the anomalous
Hall effect often are superimposed onto the spin pump-
ing signal, in particular if the sample is not located in
a node of the microwave electric field [7, 25]. However,
we rule out such mechanisms as the origin of the Vp¢ ob-
served in our experiments (Figs. and |2)) for two reasons.
First, we have positioned the sample in a node of the
microwave electric field, which minimizes rectification-
type processes. Second, and more importantly, both the
spontaneous resistivity anisotropy Ap determining the
anisotropic magnetoresistance and the anomalous Hall
coefficient Ry are substantially different in magnitude
and in sign for the different ferromagnetic materials in
our F/Pt bilayers [26]. Nevertheless, for a given ¢, we
invariably observe the same Vp¢ polarity, which is diffi-



cult to rationalize for rectification effects.
In order to quantitatively compare our experimental
data with spin pumping theory, we start from
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Visy =
ISH = O'FtF+O'NtN

derived by Mosendz et al. [7, [21] for the inverse spin Hall
DC voltage Vigy arising due to spin pumping in permal-
loy/N bilayers, assuming that the N layer is an ideal spin
current sink. Here, e is the electron charge, Agp is the
spin diffusion length in N, g is the effective spin mix-
ing conductance [21I], © is the magnetization precession
cone angle (cf. inset in Fig. [3a)), and P is a correction
factor taking into account the ellipticity of the magneti-
zation precession [21], 27]. For our samples, we calculated
0.5 < P < 1.3. Note that Eq. has been adapted to
our experimental configuration, and accounts for both
the conductivity on and op of the N and F layer con-
tributing to the bilayer conductivity.

Since invariably ¢ty = 7nm and N=Pt for all our bi-
layer samples, C' = agpAsp tanh(éx/2Asp) is a constant
at a given temperature. In addition, the denominator in
Eq. can be expressed in terms of the sample geom-
etry w/L and resistance R, measured in four point ex-
periments: optp + onty = (Rw/L)~!. We thus rewrite

Eq. as

Visu .2
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VMWpR’LU € gﬂ/ st ( )

The theoretical models for the spin mixing conduc-
tance [I1], 28] suggest that g4 of conductive ferromag-
net/normal metal interfaces is determined mainly by the
N layer, i.e., the Pt layer in our case. In other words, gy
should be of comparable magnitude in all our samples.
Equation then represents a scaling relation for all
F /Pt bilayers made from a conductive ferromagnet and a
Pt layer of one and the same thickness ty, irrespective of
the particular ferromagnetic material, its magnetic prop-
erties, or the details of the charge transport mechanism
such as band conduction or charge carrier hopping.

We now test the scaling relation of Eq. (2) against
our experimental data. At ferromagnetic resonance,
the magnetization precession cone angle is O =
2hvw/(V3AH,,) [30], with the microwave magnetic
field hyrw = 0.12mT as determined in paramagnetic res-
onance calibration experiments. We extract the FMR
peak-to-peak line width AHp, from the experimental
data, and use the measured DC voltage Vpcres at
H..s to determine Vigg = VDC res- Figure I(a ) shows
Visu/ (vvw PRw) versus sin® ©,¢s thus obtained. Full
symbols indicate data measured at 290 K, while measure-
ments at lower temperatures are shown as open sym-
bols. Data for permalloy/Pt (Py/Pt) extracted from
Refs. [7, 2], 29] are also included in the figure. For the
sake of completeness, data for Y3Fe5O012/Pt (YIG/Pt),
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FIG. 3. (a) In all F/Pt bilayers made from conductive ferro-
magnets, the DC voltage Visy induced by a collective mode
FMR scales with sin? ©,.s to within a factor of 10, as indicated
by the grey bar. The inset depicts the magnetization preces-
sion around the effective magnetic field. (b) From the scaling
analysis, the spin mixing conductance gy can be quantified
as a function of temperature (see text). In panels (a) and
(b), full symbols represent data taken at 290 K, open symbols
correspond to data measured at lower 7. The Py and YIG
data are taken from the literature, Refs. |5} [7] 2T} 29].

taken from Ref. [B], are also shown. Since YIG is an in-
sulator, however, g4, is dominated by its imaginary part,
in contrast to the mostly real gy for conductive ferro-
magnets [11, [3T], B2]. Moreover, spin wave modes govern
the YIG FMR signal, impeding a straightforward anal-
ysis [33]. Thus, we here focus only on conductive ferro-
magnet /Pt bilayers. In these samples, Visn/ (vmw PR w)
indeed scales as suggested by Eq. to within a factor
of 10 (grey bar in Fig.a)) The deviations from per-
fect scaling are due to a slight material dependence of
g4, as detailed in the next paragraph. The scaling be-
havior is observed over more than four orders of mag-
nitude in Visnp/ (vmwPRw) and sin? O,es, for samples
made from conductive ferromagnetic films with qualita-
tively different exchange mechanisms, transport proper-
ties, crystalline quality, and crystalline structure. More-
over, F/N bilayer samples fabricated and investigated by



different groups are consistently described.

To quantify gy of a given bilayer, we write Eq. as
gy = —Visu/ [VMWPRweC sin? @res]. Using the room
temperature values agsg = 0.013 and Asp = 10nm for
Pt [21], 34], P calculated as detailed in Ref. [21] (and lit-
erature values for the conductivities of Py and Pt [7], B3]
for the data points extracted from Refs. [7, 21l 29]), we
obtain gy as shown in Fig.(b). Clearly, the conjec-
ture that g4 is independent of the F layer properties
is well fulfilled for highly conductive (“metallic”) ferro-
magnets, such as the 3d transition metals, permalloy,
or the Heusler compounds, which all are in the range
gt = (4£3) x 10 m™2. In the low-conductivity ferro-
magnet FesOy, gy is about a factor of 6 smaller, but the
linear scaling is still observed. In (Ga,Mn)As, g4 appears
to be in between these two regimes. However, several
spin wave modes contribute to the FMR in (Ga,Mn)As
(cf. Fig.[1[1)) and a fit with at least three Lorentzian lines
was required to reproduce the FMR and Vpc data. So
the assumption of a single, position-independent magne-
tization precession cone angle ©,4 is not warranted [18].
For standing spin waves, the magnetization precession
amplitude O,qs(z) changes as a function of z across the
film thickness, which in turn can qualitatively alter the
magnitude of Vpc [33]. Since Oyes(z) moreover depends
on the particular spin wave mode excited, a more thor-
ough study of spin pumping due to spin wave modes is
mandatory to evaluate gy in (Ga,Mn)As/Pt. In addi-
tion, in systems with large spin-orbit coupling such as
(Ga,Mn)As, the magnetization precession can even in-
duce a charge current via an inverse, spin-orbit driven
spin torque effect [36]. Taken together, the experimen-
tal results summarized in Fig.[3|b) represent an incentive
to theory to calculate gy for ferromagnets with different
conductivity magnitude, transport mechanisms, and in-
homogeneous spin texture.

Another interesting experimental observation from
Fig.[3(b) is that temperature has little influence on gy.
According to the present theoretical understanding, gy in
diffusive bilayers is governed by the conductivity on(7T)
of the normal metal [I1, 28]. The weak temperature
dependence of gy (Fig.b)) thus suggests that on(7T)
of our Pt films also should not substantially change
with temperature. This is corroborated by resistance
measurements, which show that on(7) increases by less
than a factor of 2 from 290K to 2K. Since agg
0061 [34, [37] is governed by ox (7)), and since Agp in
Pt increases by less than 50% from 290K to 2K [34],
C = asgAsp tanh(tn/2Asp) changes by at most a factor
of 3 in the whole temperature range investigated experi-
mentally. This warrants the use of C'gy as an essentially
temperature-independent scaling constant in Eq. .

In summary, we have measured the DC voltage caused
by spin pumping and the inverse spin Hall effect in
F/Pt samples, with F made from elemental 3d ferro-
magnets, the ferromagnetic Heusler compounds CosFeAl

and CosFeSi, the ferrimagnetic oxide spinel FezO4, and
the magnetic semiconductor (Ga,Mn)As. Although the
magnetic exchange mechanism, the saturation magneti-
zation, the spin polarization, the charge carrier transport
mechanism and the charge carrier polarity are qualita-
tively different in the different samples, the DC voltage
has identical polarity for all bilayers investigated, and
its magnitude is well described by a scaling relation of
the form of Eq. within the entire temperature range
2K < T < 290K studied. Our experimental findings
thus quantitatively corroborate the present spin pump-
ing/inverse spin Hall theories [, [8, [IT], T9H21], and are an
incentive for quantitative calculations of gy (') in various
types of F/N bilayers.
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