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Abstract

We report measurement of a spin pumping effecttddkictuations of the magnetic order of
IrMn thin films. A precessing NiFe ferromagnet icfied spins into IrMn spin sinks, and
enhanced damping was observed around the IrMn rtiagnease transition. Our data was
compared to a recently developed theory and coedemhto interfacial spin mixing
conductance enhancements. By spotting the spin ipgnpeak, the thickness dependence of
the IrMn critical temperature could be determined ¢he characteristic length for the spin-

spin interactions was deduced.
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In spintronic materials, spin currents are key moawvelling spin dependent transport
phenomena [1]. Researchers have sought to gergyatecurrents, and the spin pumping
effect has attracted considerable attention duts teersatility [2,3]. In these studies, a variety
of properties were investigated, such as spin pat@ lengths [4] and the inverse spin Hall
effect [5]. Spin pumping is applicable with all EHm of materials and magnetic orders:
ferromagnets [6], paramagnets [7], antiferromagf&tsand spin-glasses [9]. In addition, this
technique disregards the electrical state whethke tmaterial is metallic [10],
semiconducting [11], or insulating [12]. Spin pumgpiresults from the non-equilibrium
magnetization dynamics of a spin injector, whichmps a spin currentd)l into an adjacent
layer, called the spin sink. This spin sink absahascurrent to an extent which depends on its
spin-dependent properties [13]. In practice, magatbn dynamics is most often driven by
ferromagnetic resonance. The properties of the sipik can be recorded either through the
changes induced in ferromagnetic damping (ins&igf1) or through direct electrical means,
such as by measuring the inverse spin Hall volfage-inally, to eliminate direct exchange
interactions and focus only on the effects duen®itteraction between the spin current and
the spin sink, the injector and the sink can basapd by an efficient spin conductor, such as
copper.

The initial theoretical framework of spin pumping/olves adiabatic charge pumping
and a quality called spin mixing conductance [18{erfacial spin mixing conductances can
be considered to act as filters for the spin currand predictions based on these assumptions
produce very good agreement with experimental jdatal4]. More recently, a linear-
response formalism was developed to complete thstimx theories and describe spin
pumping near thermal equilibrium [15]. This fornsah predicts a large enhancement of spin
pumping near the magnetic phase transition dupitossnk fluctuations. These predictions, if

validated experimentally, would help us to progréswards the development of more



efficient spin sources, while also providing areaititive method to probe magnetic phase
transitions. This type of alternative method istipafarly needed to deal with the case of
materials with no net magnetic moments, such ateaimagnets.

The recent emergence of a field of research caltgderromagnetic spintronics has
renewed interest for antiferromagnetic materialse Bntiferromagnetic order is resistant to
perturbation by magnetic fields, produces no stielgs, displays ultrafast dynamics and may
generate large magneto-transport effects. Sevéiedte have already been investigated in
antiferromagnetic materials, such as tunnel aropatr magnetoresistance [16], anisotropic
magnetoresistance [17], spin Seebeck [18], invepse Hall [10] and inverse spin galvanic
effects [19]. In addition, the impact of ultratHibms on spin-orbit torques, like IrMn below 1
nm, is the subject of intense research, althoughsition temperatures have not been
established for these systems[21]. Extrapolatiog the case of all-antiferromagnets
devices [20], the order-disorder Néel temperatuoailld/ set the thermal threshold for data
retention. This temperature relates to the exchastgness between antiferromagnetic
moments [22,23]. Sometimes, it is mistakenly coafuwith the blocking temperature which
is specific to ferromagnetic/antiferromagnetic exufpe bias interaction, but the Néel
temperature is intrinsic to the antiferromagnet232 The blocking temperature is easily
determined experimentally, for example by measutinggloss of the hysteresis loop shift as
the external temperature rises, or by using speftdid-cooling protocols [24,25]. In contrast,
it is much more challenging to determine the Neéemperature of an isolated
antiferromagnetic thin film. Despite the importancé such a basic parameter for
antiferromagnetic spintronics, very few quantitatiata have been published so far because
of a lack of routinely available rapid measuremeéathniques compatible with most

antiferromagnetic thin films. To our knowledge, tren diffraction [26], magnetic



susceptibility [27], nanocalorimetry [28], and d8iity measurements [29] are only

appropriate for sufficiently thick single layersfor multiply repeated thinner layers.

In this work, we investigated the absorption opansurrent by IrMn thin films during
their magnetic phase transition. Spin pumping arpants were performed at various
temperatures on //NiFe8/Cu3/IrMpt)/AI2 (nm) multilayers. The stacks were depositéd a
room temperature on thermally oxidised silicon $wies by dc-magnetron sputtering. A
variable thicknesses of IrMnut,, was deposited from anpdMngg target (at. %). The NiFe8
layer was deposited from a dMtreg target. To prevent oxidization in air, an Al2 caps
added which forms an AIOx protective film. This éayis known to have low spin current
absorption properties. Because the spin diffustmigth of copper is much longer than 3 nm, a
Cu3 layer can eliminate exchange bias couplingautlaltering the spin propagation between
the NiFe and IrMn layers. Series of ferromagne@sonance spectra were recorded for
temperatures (T) ranging between 10 and 300K, usingontinuous wave electron
paramagnetic resonance spectrometer operating GatGHz fitted with a dual-mode
rectangular cavity. No significant heating or rethspin Seebeck effect was expected across
the sample [18,30,31]. A typical resonance spectignshown in Fig. 1(a). For each
temperature the peak-to-peak linewidttHf,) was determined by fitting the spectrum to a

Lorenzian derivative. The total Gilbert damping Was extractedfom [4]:

V3

o [aH (1) - 8H, @OOK)), 1)

a(T) =

where y is the gyromagnetic ratio and is the angular frequencyAHp is the
inhomogeneous broadening, which relates to spa#ightions in the magnetic properties.
This parameter can be determined from standdtg, vs. w/2m plots by using a separate,

room temperature, broadband coplanar waveguide frngtiuencies ranging between 10 and



22 GHz [4]. For our polycrystalline filmgyHo was small (e.g. forhiin = 0 and 1.5 nmyHp,

= 3.3 and 4 mT andHp, = 0.1 and 0.4 mT, respectively). For similar bai€eNfilms [32]
[32], 4Hpowas found to be a temperature-invariant param8®r [t is therefore reasonable to
estimate thatlHy(T) = 4Ho(300K). Figure 1(b) showa plotted against temperature. The data
for tymn = O correspond to the temperature dependenceeofottal intrinsic NiFe Gilbert
damping: «®(T). The signal shows superimposed decreasing morkdsing components,
gualitatively agreeing with the behaviour expectedtypical 3 transition metals [33,34].
This can be readily understood based on predominaaband scattering at low temperatures
compared to the interband scattering prevailinigigtier temperatures [34]. In the presence of
the IrMn layer, the NiFe damping is the sum of ldo&rinsic damping and additional non-
local damping ¢°) associated with the IrMn layer acting as a spik.sFrom Fig. 1(b), we
estimatedx(295K) ~ (8.5, 8.7, 9.9, 9.25, 9.75, and 9.75) & 1@ tw, = 0, 0.6, 0.8, 1, 1.2,
and 1.5 nm, respectively. The overall increase @fith spin sink thickness up to a plateau
from twmn = Arwn / 2, was extensively discussed in an earlier wddscribing room
temperature measurements and larger thicknesssfgerhis profile relates to the finite
spin penetration length\u,, for the spin sink. For IrMn, the penetration ldngtt room
temperature was approximately 0.7 nm [8]. The higldue we observed fopm, = 0.8 nm
may be due to oscillations when nearing saturd88686], but this is beyond the scope of the
present manuscript.

The temperature dependence of the IrMn contributaddiFe damping can be directly
isolated fromaP(T) = o(T) - «%(T), as illustrated in Fig. 2(a). The central pafbur article is
that the signal displays a bump dafl (8aP), highlighting a novel enhanced spin pumping
effect. The position of this spin pumping peak dejseon the temperature, which is related to
the thickness of the IrMn layer. The effect is @&ed in Fig. 2(b). In fact, a recent theory links

da to the interfacial spin conductance [15]. Thisnsponductance depends on the dynamic



transverse spin susceptibility of the spin sink,iclthis known to vary around critical
temperatures. Transposed to our case:

1

oa® = W I/ irvn
g

(2)

where$ is the norm of the spin operatdig is the number of lattice sites in the NiFe spin
injector (SI), andg.,,,u, IS the spin mixing conductance across the Cu/liMarface. As

indicated by Ohnuma et al. [15], this last paramisteefined by:

82N, 1
Giymn == 20 Ly MAE(R) ©)
where Jy is the s-d exchange interaction at the Cu/lrMn interfabl is the number of

localized spins at the interfadéss is the number of lattice sites in the IrMn spinks(SS),k

is the wavevectorQ, is the NiFe angular frequency at resonance, mﬁ(ﬁlﬂrf) is the

dynamic transverse spin susceptibility of the IrMyer. This model was initially developed
for SS/SI bilayers but it can also be applied far £S/Cu/SI trilayers described here since: i)
spin absorption by 3 nm of Cu is negligible, andhie contribution of the SS/Cu interface is

cancelled out when calculatiiod.

Alternatively, the variation corresponding ¢g,,,,,,/S can be calculated from:

;f; — 47M S,NiFetNiFe Jap, (4)

S Ih

where g is the effective spin mixing conductance across wole stack, Mire is the

saturation magnetization of the NiFe layer, aRge tis its thickness. We measured the
temperature dependence MEnire Separately using a vibrating sample magnetométee.
results confirmed that, in the 10-300 K range, ffam the NiFe Curie temperaturBsnire
remains virtually constant, at around 750 kA.nFor the specific case of NiFe/Cu/SS

Tl

cuss - More

trilayers, as shown by Ghosh et al. [4], becauseaatellation of termsg.; ~g



specifically, 10 =1/0} /e, -1/ 94, +1/gL ., With gl =15 nni*. We

T
NiFe/Cu Sharvin,Cu niFe/cu - Jsnarvin cu
therefore tookdyy, = A%, mn 1N EQ. (4). The resulting values are given onrtpbt y-axis of

Fig. 2(b). Note that the experimental framework ndé§er from the ideal theoretical one,

since the IrMn structure and the Cu/IrMn interface altered by species mixing and alloy
formation [37]. In addition, the influence agyy,,,,,,, Of the non-trivial orientation of the IrMn

moments with respect to the interface [38] alm@stainly complicates the real picture. As
illustrated in the inset of Fig. 2(J¢” reduces under the effect of thermal activatiorenehs

the overall width relating to distributions of atél temperatures appears to increase. Of the

parameters in Eqgs. (2) and (3), o@ilm X (Qrf) significantly depends on temperature,
k

rf

increasing when the spin-flip relaxation time iianed [15]. This would be expected to
result in an increase @" with temperature, therefore the question of trerttal evolution
of the peak shape remains open.

Figure 3(a) illustrates how the IrMn layer critidc@imperature t™") deduced from
Fig. 2(b) is linearly related to its thickness. JHiehavior is corroborated by theoretical
calculations taking magnetic phase transitions famte size scaling into account [39]. The
model considers the finite divergence of the spim-gorrelation lengthng) near the critical
temperature. Fokfin < no,

T ) = T k) 22~ ®)
0

where T,™"(bulk) is the Néel temperature of the IrMn bulk, equal@® K [26], andd is the
interatomic distance. X-ray diffraction measurerseat similar samples revealed a (111)
growth direction and a related interatomic distamteof about 0.22 nm, similar to that for

bulk IrMn [26]. Fitting our data to Eq. 5 [Fig. 3{aeturned a spin-spin correlation length of:

np = 2.7 +/- 0.1 nm (around 12 monolayers). Typicadrelation lengths for ferromagnets



range from a few monolayers up to ten monolayed% [Bhe data point for i, = 2 nm is
taken from Petti et al. [20], but was measuredddgrametry on a different stacking. The level

of agreement is nevertheless satisfactory. Weradsed thatt!M" = 300K for tan ~ 2.7 nm.

Extrinsic damping due to IrMn spin sinks") [8] and the amplitude of the inverse spin Hall
effect (ISHE) in IrMn layers [10] were found to bevariant aroundfs, ~ 2.7 nm at 300K.
Thus,a” and ISHE are only mildly sensitive to the statiagnetic ordering, but more so to the
nature of the elements constituting the alloy. Dodluctuations in the magnetic order, a
bump is still expected at the threshold thicknd$€§.[ The ISHE was reported to be
independent of the magnetic order for Cr [41], theppendent for PtMn [42]. Finally, fog,

> np the model presented by Zhang et al. [39] gives:

Tad" (t.,Mn):TN”M”(bulk)ll—(% ”ﬂ. (6)
IrMn
with A = 1. Knowingng , and using Eg. (6), we can predigt Vs tymn for thick IrMn layers, as
illustrated in the inset of Fig. 3(a).

Since critical temperatures are strongly linked ttee extension of spin-spin
interactions, we investigated the effect of theiemment surrounding the IrMn layer. We
fabricated //NiFe8/Cu3/IrMn0.8/Cap2 (nm) multilageusing various materials for the

capping layer such as Pt and Pd, which are knowpolarize easily. This could have

enhancedy and consequently™"  but T'™" remains unaffected by its environment [Fig.

3(b)].

In conclusion, the main contribution of this pajpeithe experimental evidence that
enhanced spin pumping efficiency can truly be aadeby using a fluctuating spin sink
around the transition temperature for its magnetaer. This finding corroborates a recent

theory linking enhanced spin pumping into a fluttug spin sink to the interfacial spin



mixing conductance. This spin mixing conductancepetels on the transverse spin
susceptibility of the spin sink, which is known tary around critical temperatures. Spin
pumping efficiency could be ultimately enhancedibgluding other magnetic orders and
materials, preferably with large spin-orbit coa#iats since larger enhancements are expected
in such cases [15]. Finally, by showing that ip&ssible to detect magnetic phase transitions
by spin pumping, this work also opens a new pathfeaythe further investigation of non-
trivial magnetic orders, such as antiferromagnetisvith no net magnetic moment and
potentially large magneto-transport effects. Thgetof magnetic order is expected to have a
high potential in next-generation spintronic apgiicns, a field known as antiferromagnetic
spintronics. For example, by spotting the spin pmgpeak, we experimentally determined
how the IrMn critical temperature depended on thekhess of this layer. This information
provided access to a fundamental parameter (theadeaistic length for spin-spin
interactions) which can be used to predict the fudtical temperaturevs. thickness
dependence. Until now, for IrMn, this parameter badn experimentally inaccessible, and it
remains to be measured for numerous common awtif@gnets, including FeMn, PtMn, and

Mn,Au.

After the initial submission of this manuscript Wwecame aware of similar results for
insulating NiO and CoO antiferromagnets obtainedZbyQiu et al. [43]. These authors
showed that, for YIG/NiO,CoO/Pt trilayers, the sagme of the enhanced spin pumping
efficiency at the magnetic phase transition coutddetected through measurement of the
inverse spin Hall voltage. LikeP, this voltage is linked to the interfacial spinxmig

conductance.
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Figure captions

Fig. 1. (color online) (a) Typical differential alrption spectrum at resonance. Inset: diagram
representing the spin pumping experiment. (b) Ddperoe ofo on temperature. The dashed

lines are visual guides.

Fig. 2. (color online) (a) DependenceoBifon temperature. To facilitate reading, the dateewe

shifted vertically. Notea®(295K) ~ (0.2, 1.4, 0.75, 1.25, and 1.25) X%6r tyun = 0.6, 0.8, 1,
1.2, and 1.5 nm, which translatesdg; /S(295K) ~ 0.8, 5.6, 3, 5, and 5 ffnrespectively.
The baselines are visual guides. (b) Temperatyserdkence oba”. To obtainda® vs. T, the

baselines were removed fromfi vs. T. To facilitate reading, the data were multigliey a

factor of 3 for fun = 1.5 nm. Inset: dependence & on temperature for T 7™ An

exponential function was fitted to the data assaiai guide.

Fig. 3. (color online) (a) Dependence " on twun. The line is a fit based on Zhang et

al. [39], in the thin-layer regime. The data pdott, = 2 nm is taken from Petti et al. [20].

Inset: T vs tyun for a wider scale, along with the calculation he tthick-layer regime

(dashed line). (b)y™n for various capping layers.
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