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Abstract

We investigated spin injection by spin pumping from a spin-injector(NiFe) into a spin-sink to
detect spin fluctuations in the spin-sink. By scanning the ordering-temperature of several
magnetic transitions, we found that enhanced spin pumping due to spin fluctuations applies
with several ordering states: ferromagnetic(Tb) and antiferromagnetic(NiO, NiFeOx, BiFeOs,
exchange-biased and unbiased IrMn). Results also represent systematic experimental
investigation supporting that the effect is independent of the metallic and insulating nature of
the spin-sink, and is observed whether the spin current probe involves electronic or magnonic
transport, facilitating advances in material characterization and engineering for spintronic

applications.



Spintronics relies on the spin-dependent transport properties of matter. In this field, spin
currents [1] are key to facilitating characterization and engineering of new materials. The spin
pumping effect [2] has attracted considerable attention due to its versatile capacity to unravel a
variety of spin-dependent transport phenomena, such as interface spin-filtering [3], spin
diffusion length [4], spin-charge interconversion [5-7], and spin fluctuations [8-10].

The spin pumping mechanism involves the injection of a spin current from an out-of-
equilibrium ferromagnetic spin-injector into an adjacent layer known as the spin-sink, resulting
in the loss of spin angular momentum. This loss enhances the rate at which the ferromagnet
relaxes toward equilibrium [2]. In practice, the out-of-equilibrium magnetization dynamics of
the spin-injector is most often driven by ferromagnetic resonance. Measurement of Gilbert
damping (o) [11,12] is used to characterize the loss of spin angular momentum in the spin-sink.
Gilbert damping can be described as the sum of local damping (o) due to intraband and
interband scattering [13] and non-local damping (o) associated with the loss of angular

momentum due to spin pumping. Since spin injection is related to a quality called spin mixing

conductance (g™ ), as framed in a theory involving adiabatic charge pumping [2], the non-local

damping is also connected to this quality (a” o« g”). This relation makes spin pumping an
efficient method to probe spin fluctuations as they open new conduction channels across the
interface, resulting in an enhanced g”. In other words, as initially presented theoretically in a

linear-response formalism by Ohnuma et al. [8] describing spin pumping near thermal

equilibrium, spin mixing conductance is linked to the dynamical transverse spin susceptibility

1
of the spin-sink, x;, through gN(T) oc ZQ_ Im;(kR (Qrf ,T), where K is the wave vector, T is
k rf

the temperature, and Q, is the angular frequency of the ferromagnetic spin-injector at

resonance. Consequently, the non-local damping is connected to the dynamical transverse spin



susceptibility of the spin-sink. Since this spin susceptibility is enhanced around most ordering

transitions, spin pumping should generically result in the temperature-dependence of «”
reaching a maximum for all magnetic and electric spin-sinks.

Although the initial description of spin pumping near thermal equilibrium was
formulated for a ferromagnetic spin-sink [8], there is currently no clear experimental
demonstration in this particular case. The reason for this is because experimental application of
the method proved to be more useful for antiferromagnetic spin-sinks [9,10,14] due to the
absence until then of a benchtop technique to access paramagnetic-to-antiferromagnetic
transitions in thin films, as for example pointed out early in Ref. [15]. While a paramagnetic to
ferromagnetic phase transition can be recorded from simple magnetometry experiments, by
measuring the temperature-dependence of magnetization, the magnetic phase transition of an
antiferromagnet lacks net magnetization and is therefore not accessible in this way. Alternative
techniques using local probes such as neutrons [16] are also unsuitable for films of
antiferromagnetic material a few nanometers thick, since their signal-to-noise ratio is limited
by the small volume. The first experimental demonstrations of spin pumping as a spin
fluctuation and susceptibility probe were presented simultaneously by Qiu et al. [10] for the
case of coupled and uncoupled (through a Cu spacer) CoO and NiO antiferromagnetic insulators
and by Frangou et al. [9] for the case of an uncoupled (through a Cu spacer) IrMn
antiferromagnetic metal in a fully metallic stack. Published studies can be split into three
different cases [14]: first, in ferromagnet/non-magnet/antiferromagnet metallic trilayers, spin
transport is purely electronic through the non-magnetic metal, i.e., spins are carried by
conduction electrons; second, in exchange-biased ferromagnet/antiferromagnetic-insulator
bilayers, transport is purely magnonic, i.e., due to excitation of localized-magnetic-moments;
and third, in exchange-biased ferromagnet/antiferromagnet metallic bilayers, both electronic

and magnonic transport regimes may coexist since transport by conduction electrons is



permitted while magnons produced simultaneously by the oscillating ferromagnet feed directly
into the antiferromagnet due to exchange bias interactions. Whether the nature of the probe, i.e.,
the magnonic vs. electronic nature of the spin current injected and absorbed in the spin-sink,
influences the efficiency of damping enhancement near the magnetic phase transition is still a
subject of debate. Beyond spin fluctuations in ferromagnets and antiferromagnets, the initial
formalism of spin pumping near a phase transition was recently theoretically extended to the
case of normal to superconducting transitions by assessing the dynamic spin susceptibility of a
superconductor [17], reinforcing interest in investigating various types of magnetic ordering.
Here, we examined temperature-dependent ferromagnetic relaxation in thin NiFe films
and how it was affected by spin fluctuations in adjacent spin-sinks with a range of ordered and
electrical states: ferromagnets (Th); antiferromagnets (NiO, NiFeOx, BiFeOs, exchange-biased
IrMn, and unbiased IrMn); metals (Tb, IrMn); and insulators (NiO, NiFeOx, BiFeQOz). Our
results represent systematic experimental support that the technique is generic and functions

regardless of whether the probe involves spin-wave-like or electronic-like transport.

The full stacks used in this study were (from substrate to surface):
NiFe(8)/Cu(3)/Th(3)/Al(5), NiFe(8)/Cu(3)/IrMn(0.6)/Al(2), NiFe(8)/1rMn(0.6)/Al(2),
Ta(3)/NiO(1.5)/NiFe(7)/Cu(3), NiFe(8)/NiFeOx(1.5), and Ta(15)/BiFeOs(3)/NiFe(8)/Ta(3)
multilayers. All thicknesses are given in nanometers. Stacks were deposited on thermally
oxidized silicon substrates [Si/SiO2(500)] at room temperature. The Th-based sample was
deposited by molecular beam epitaxy, all others were produced by dc-magnetron sputtering.
The NiFe layer was deposited from a NisgiFe1o (at. %) permalloy target. The IrMn layers were
deposited from an Ir,oMngo (at. %) target. An Al cap was added when necessary to block
oxidization by air, it formed a protective passivating AlOx film. Uncapped NiFe formed a

passivating 1.6-nm thick NiFeOx layer [18]. A 3-nm thick Cu layer was used in some samples



to break the direct magnetic interaction between the spin-injector and the spin-sink. Six stacks
consisting of similar multilayers without Tb, IrMn, NiO, NiFeOx, and BiFeOs spin-sinks,
respectively, were also systematically deposited. They were used as references to further isolate
the spin-sink contribution to Gilbert damping, as detailed below. The spin-sink thicknesses were
chosen to give a magnetic phase transition within the temperature range accessible in our
experimental setup [19].

Spin pumping experiments (Fig. 1(a)) and the corresponding ferromagnetic resonance
spectra (Fig. 1(b)) were recorded at temperatures (T) ranging between 5 and 300 K, using a
continuous-wave electron paramagnetic resonance spectrometer operating at 9.6 GHz and fitted
with a cavity. For each temperature tested, the total Gilbert damping (o) was determined by

fitting the NiFe differential resonance spectrum to a Lorenzian derivative (Fig. 1(b)). The value

of a is given by a(T)=[AH,, (T)—AH,(T) |\/3|y|/(2), where AHyp, is the peak-to-peak

linewidth for the spectrum, AHo is the inhomogeneous broadening due to spatial variations in
the magnetic properties, v is the gyromagnetic ratio, and o is the angular frequency [12]. For
every system, the temperature-dependence of the NiFe Gilbert damping in the absence of

ref

influence of the spin-sink, ™ (T), was deduced from measurements performed with the

reference sample (Fig. 1(c)). The temperature-dependence of «” was calculated using
interpolation functions, by subtracting a"™ (T) from the value of a(T)=a™ (T)+a"(T) (Fig.
1(c)). Note that AHo was found negligible at room temperature from measurements of standard
AHpp vs. o/(27) plots (Fig. 1(d)) using a separate broadband coplanar waveguide. It was also
found to be a temperature-invariant parameter with a mean value of about 2 Oe, i.e., tenfold

smaller than 4Hpp [9]. Also note that the small value of AHo that we measure is likely an upper

bond since it also contains the contribution of the spatial distribution of the microwave magnetic

fields. We considered that it can be eliminated from the calculation of «”.



We will first discuss the results obtained for a ferromagnetic spin-sink: a 3-nm-thick Tb
layer [20] in a NiFe(8)/Cu(3)/Th(3)/Al(5) multilayer. Figure 2(a) shows an enhanced spin
angular momentum relaxation rate (o) near 40 K (Left axis). The link between enhancement
of o and spin fluctuations in Th due to the paramagnetic to ferromagnetic phase transition
undoubtedly correlates with the onset of saturation of the Tb layer’s magnetization, as measured
by magnetometry (Right axis and inset). The additional smooth temperature-dependence of the

saturation magnetization is related to the NiFe(8) spin-injector. Data-fitting using the Bloch
equation: My e (T) = MS’NiFe(O)(l—ﬂTm) returned Mg . (0) =785 emu.cm™ and S = 1.7

x 10 K¥2 (see line in Fig. 2(a)). These results are in satisfactory agreement with expectations.
Although the initial description of spin pumping near thermal equilibrium was formulated for
a ferromagnetic spin-sink, it should be remembered that clear experimental demonstration was
missing until now [8,21,22]. We also note that the reduction of the Curie temperature from 200
K for bulk Tb [23] down to 40 K for a 3-nm thick layer can be ascribed to known finite-size

effects [19,24]; finite-size scaling of ordering temperatures will be discussed below. The values
of «” at room temperature (., ) and at the ordering transition temperature (", ) are listed
in table 1. Paramagnetic Th(3) is known to be a poor spin-sink, which explains why the value
of ak,. is practically equal to zero [25]. VValues listed in table 1 for a number of stacks will be
compared and discussed below. However, first we feel it is important to briefly comment on

the temperature-dependence of the resonance field, H_ (T) (Fig. 2(b)). The high-temperature

res

behavior can be satisfactorily described wusing the wusual Kittel formula [26]:

w :|7|\/(Hres(T)+HK)<Hres(T)+HK+47TMseﬁ)a where
M (T) = Mg e (T) = 2K i / (47M g e (Tt ) s the effective magnetization, tye, is the

thickness of the NiFe layer, K is the surface anisotropy, and H, is the effective field resulting



from volume anisotropy. This final parameter is known to be of the order of a few Oe, and can

be neglected. Data-fitting (line in Fig. 2(b)) returned My . (0) =800 emu.cm?®, g =1.3x 10

5 K32 and K, =0.5 erg.cm, which are in satisfactory agreement with the values obtained from

the Bloch fit in Fig. 2(a). Interestingly, the shape of the low-temperature region is not
satisfactorily described by the bare formula. Dipolar coupling between the NiFe and Tb layers

through the Cu spacer could explain why the NiFe resonance field deviates from the usual Kittel

equation. In fact, since the ferromagnetic Tb layer is not saturated around H . ~1 kOe (see inset

in Fig. 2(a)), it contains domains and consequently results in a stray field ( H;, ) with a non-zero

in-plane projection which is sensed by the NiFe layer. This field is related to the magnetization

of the Th layer (H,, oc 47M,,, 1, ) and it contributes as an effective field to the Kittel equation.

Its influence becomes more marked when M, ;, increases as the temperature decreases,

resulting in the gradual reduction of Hpes observed. The inset in Fig. 2(b) demonstrates that

M e 1o » deduced from hysteresis loop measurements (inset in Fig. 2(a)), and the deviation

from H,,, are proportional.

Figure 3 shows o plotted against temperature for antiferromagnetic spin-sinks. We first
compared two cases for the same metallic antiferromagnet without and with a Cu spacer. In the
NiFe(8)/IrMn(0.6)/Al(2) multilayer, the IrMn spin-sink is directly fed by spin-waves through
direct magnetic coupling with the NiFe spin-injector, and by conduction electrons as well. In
contrast, in the NiFe(8)/Cu(3)/IrMn(0.6)/Al(2) multilayer [9], the spin current flows via
conduction electrons through Cu and the Cu breaks the direct magnetic interaction between the
IrMn and NiFe layers. The potential magnonic contribution to the spin current in the IrMn layer
is therefore the result of electron-magnon conversion mechanisms and is probably less efficient
than direct feeding. The dynamical transverse spin susceptibility of antiferromagnets is known

to be enhanced when spins fluctuate [9], similar to ferromagnets. As a consequence, o reaches



a maximum near the paramagnetic-to-antiferromagnetic phase transition of the IrMn layer,

which we measured at T =55 K (Fig. 3(a)). A similar maximum is reached in both the no Cu
spacer and Cu spacer cases. Since the relative amplitude of the maxima, o, / &gy, , IS the

same for both cases (showing a 15-fold increase, table 1) we conclude that the phenomenon of
spin pumping enhancement near a phase transition is independent of the Cu spacer, in
agreement with Ref. [10]. It will be further confirmed later in the text that it is also independent

of the type of transport - spin-waves-like or conduction-electron-like. The relative enhancement

of spin mixing conductance due to spin fluctuations at the phase transition (gTTiTC / g;i)K) is

listed in table 1 for several cases. This ratio can be approximated from

ol b = 015 | 9o [2]- We note that o2 is 10 times larger for the sample without Cu

spacer (2 vs. 0.2, see table 1). This effect is probably the result of direct exchange bias coupling,
meaning that although the transport regime does not influence the relative enhancement due to

spin fluctuations, it does influence the initial value at room temperature [14]. The data in table
1 also show that larger a,, are recorded with magnonic transport in several kinds of materials.

This effect may be the consequence of deeper penetration of the spin current carried by magnons
compared to that flowing via conduction electrons [27,28]. In Fig. 3(b) it should be noted that
the resonance field is temperature-dependent for the exchange-biased sample but not for the
non-exchange-biased one. This behavior is known to result from rotatable anisotropy [28,29],
i.e., from the presence of uncompensated spins in the antiferromagnet which have a longer
relaxation time than the characteristic time for ferromagnetic resonance (~10 ns). These spins

are dragged by the ferromagnet in a quasistatic experiment (~10 min) but stay still in a dynamic

experiment, resulting in additional anisotropy for the ferromagnet. H,,(T) (inset in Fig. 3(b))

was calculated using the Kittel equation, replacing H, by H, +H¢  (T)+H_(T), where

rot



H. . (T) is the temperature-dependence of the hysteresis loop shift, recorded separately using

a quasistatic magnetometer.

We note that several experiments now demonstrate that that two-magnon scattering can
be ruled out: the position of the bump is frequency-independent [10], it superposes for the in-
plane and out-of-plane configurations [28], and it corroborates with the ordering transition
temperature determined separately by X-ray magnetic linear dichroism [10] and
calorimetry [9]. For the NiFe/Cu/lrMn sample, despite the occurrence of a damping maximum,
the temperature-independent behavior of Hres is another good indication that the process does
not involve paramagnetic relaxation.

We next investigated insulating antiferromagnets, a 1.5-nm thick NiO, a 1.6-nm thick
NiFeOx and a 3-nm thick BiFeOz layer (Fig. 4(a)), in which spin current is carried by spin-
waves. We found enhanced spin pumping near the paramagnetic-to-antiferromagnetic
transition, at T = 85, 65, and 20 K, respectively. This result further underlines that spin current
carried by spin-waves or by conduction electrons both efficiently reveal enhanced spin pumping
due to spin fluctuations, in addition to experimentally supporting the universality of the
phenomenon. It is also noteworthy from the results presented in table 1 that, overall, the spin
mixing conductance ratio stays within the same order of magnitude, regardless of the nature of
the ordering transition. With regard to the position of the spin pumping maximum, it should be
remembered that we purposely tuned the transition temperature to the temperature range
accessible in our experimental setup by choosing appropriate spin-sink thicknesses. Indeed, the
thickness-dependence of the ordering temperature is well described by theoretical
models [19,24]. A typical example is plotted in Fig. 4(b) for the Néel temperature of NiO,

comparing data from the present study to data from the literature [10,30-35]. Taking all data
points into account, the fit using (Ty i — Ty (thio)) / Ty (tyio) = (tio / 50)_%” [19,24] gave an

extrapolated correlation length at T=0 K &, =1.7 +- 0.1 nm (about 4 monolayers). For this fit,



we took T, ., =520 K [14] and the effective shift exponent for a three-dimensional Heisenberg

antiferromagnet A, =3. This exponent corresponds to a critical exponent 1/v =1.4, as

(]

predicted by field theory from the three-dimensional O(n) vector model after finite-size

corrections [24]. It should be noted that data points were for non-identical stacks and recorded
using different techniques. These differences may explain the level of discrepancy observed.
Nevertheless, the overall thickness-dependent behavior was satisfactory. In addition, it is clear
from Fig. 4(b) that x-ray and calorimetry techniques are suitable for measuring Tn for thick
layers, whereas spin pumping and spin Hall magnetoresistance have made it possible to explore
more systematically the thin-layer regime (here sub-2 nm). Finally, if we return to Fig. 3(a), we
can see that the position of the peak is not altered by exchange bias coupling, agreeing with the

idea that the peak is an indicator of the ordering transition temperature.

In conclusion, the main contribution of this paper is that it represents systematic
experimental investigation supporting the generic character of the phenomenon of enhanced
spin pumping resulting from spin fluctuations in a spin-sink layer. The phenomenon was found
to apply with all kinds of ordering and electrical states, regardless of the electronic or magnonic
nature of the spin current probe. These results will facilitate progress in characterization and

engineering of new materials.
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Figure captions

Fig. 1. (a) The spin pumping experiment. (b) Representative series of differential absorption
spectra (d ¥ /dH vs. H, where H is the external dc bias field applied in the sample plane)
measured at different temperatures (T). The lines were fit to the data using a Lorenzian

derivative. (c) Representative temperature-dependence of the peak-to-peak linewidth (AH )

for a BiFeOz/NiFe bilayer and its NiFe reference. (d) Corresponding frequency-dependence of

AH op measured at 300K.

Fig. 2. (a) Temperature-dependence of the extrinsic spin pumping contribution (o) to the NiFe
layer’s total Gilbert damping due to a Tbh(3) metallic ferromagnetic spin-sink (Left) and
temperature-dependence of the sample’s saturation magnetization (Ms) (Right), for a
NiFe/Cu/Thb trilayer. The line corresponds to a fit to the high-temperature data, considering only
the NiFe contribution and based on a Bloch equation. Inset: corresponding typical in-plane
hysteresis loops measured at several temperatures. (b) Temperature-dependence of the NiFe
layer resonance field (Hres). The line corresponds to a fit to the high-temperature data using the
Kittel equation. Inset: relationship between the deviation from Hees (ascribed to the stray field,
Hmb, created by the unsaturated Tb layer) and the Tb layer’s remanent magnetization (M b).

The line gives a linear fit and is constrained to pass through (0,0).

Fig. 3. (a) Temperature-dependence of o due to IrMn(0.6) metallic antiferromagnetic spin-
sinks for a NiFe/lrMn bilayer (electronic and magnonic transport throughout) compared to a
NiFe/Cu/lrMn trilayer (purely electronic transport through Cu). (b) Corresponding

temperature-dependence of Hres. Inset: temperature-dependence of the static hysteresis loop
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shift (He,st) and of the rotatable anisotropy contribution that contributes to the dynamic regime

(Hrot).

Fig. 4. (@) Temperature-dependence of o due to NiO(1.5), NiFeOx(1.6), and BiFeO3(3)
insulating antiferromagnetic spin-sinks. (b) Thickness-dependence of the Néel ordering
temperature for NiO. C, refers to calorimetry; XMCD and XMLD refer to x-ray magnetic
circular and linear dichroism, respectively; SP refers to spin pumping; and SMR refers to spin-

Hall magnetoresistance. Lines were fitted using the finite-size model described in the text.

ref

Table 1. NiFe Gilbert damping at room temperature for the reference sample, a,, (without

the spin-sink), spin-sink contribution to Gilbert damping, at room temperature, o, , and at

™
the phase transition, ¢_;., and corresponding spin mixing conductance ratio, g?fc . Data are

300K

listed for spin-sink layers of several magnetic and electronic kinds. Note: the samples and their

respective references were deposited using three different machines (see gray separations).
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Nature of the

ref D P N

Stack (om) i cumrontprobe | orderine ol

transition x 10 x 10 x 10 9300k
NiFe(8)/Cu(3)/Th(3) Electronic, through Cu Para. to ferro. 10.1 ~0 15 /
NiFe(8)/Cu(3)/IrMn(0.6)  Electronic, through Cu Para. to antiferro. 8.1 0.2 2.9 14.5
NiFe(8)/IrMn(0.6) Electronic & magnonic Para. to antiferro. 8.1 2 31 15.5
NiFe(8)/NiFeOx(1.6) Magnonic Para. to antiferro. 8.1 1 12.3 12.3
NiO(1.5)/NiFe(7) Magnonic Para. to antiferro. 7.2 2.5 16.8 6.7
BiFeO3(3)/NiFe(8) Magnonic Para. to antiferro. 8.1 3.6 20.4 5.7

O. Gladii et al Table 1
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