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Abstract

Damping and spin transport in spintronic multilayered systems continues to be a topic of active

research. The enhancement of damping in ferromagnet(FM)/spacer layer (SL)/heavy metal (HM)

thin-film systems was studied for Co25Fe75/SL/Pt with a non-magnetic (NM) SL of either Au or Cu

with variable thickness, in order to understand the correlation with proximity induced magnetism

(PIM) in the HM. Structural, PIM and magnetic damping measurements were undertaken on

the same samples. Specifically, secondary ion mass spectroscopy (SIMS), element specific X-ray

magnetic reflectivity and X-ray magnetic circular dichroism (XRMR, XMCD) at the Pt and Au

L3 edges, and ferromagnetic resonance (FMR) methods were used. With increasing thickness of a

Cu or Au SL directly between the FM and the Pt layer, the Pt PIM and the damping both fall

rapidly, with a relationship between damping and PIM that depends on the SL material. The PIM

observed in the Au layer showed a complex dependence on the layer thickness, suggesting some

hybridisation with the Pt. The role of the number and location of interfaces on the damping was

demonstrated with the addition of a SL within the Pt layer, which showed that the specific details

of the NM/HM interface also affects the damping. The insertion of a Cu SL within the Pt showed

a measurable increase in the overall enhancement of the damping while the insertion of a Au SL

into Pt had almost no effect on the damping. Together these results demonstrate the role of both

PIM and of additional interfaces in the enhancement of damping in FM/HM systems, which is not

fully accounted for by existing theory.

PACS numbers:

PACS numbers: Valid PACS appear here
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I. INTRODUCTION

The interface between ferromagnetic (FM) and non-magnetic (NM) materials hosts a

wide range of useful physical phenomena that underpin current and future spintronic tech-

nologies. A key theme in spintronics is the propagation of spin-current between different

layers. This may be from a FM into a NM layer, leading to an enhancement of the ferromag-

netic damping, or a spin current generated via the spin Hall effect in a heavy metal flowing

into a ferromagnetic layer and resulting in a spin-orbit torque (SOT). Such interfacial spin

transport depends critically upon the details of the interface [1–6], but there are questions

about its dependence on the location and number of interfaces. Furthermore, the role of

the proximity induced moment (PIM) of the HM on damping and spin transport has been

a subject of debate [7–10].

This work details a systematic study of the effects of proximity induced magnetic po-

larization and the role of different non-magnetic spacer layers on ferromagnetic damping in

FM/NM systems. The results are discussed in the context of spin pumping and diffusive

spin current in FM/NM systems.

For heavy metals (HM) close to the Stoner criterion, such as Pt and Pd, it is known that

hybridisation at the interface with a transition metal FM leads to a proximity induced mo-

ment [11–14]. This moment has been observed experimentally, using element specific x-ray

magnetic circular dichroism (XMCD), in non-magnetic materials either alloyed with [15–17]

or at the interface with [18–20] ferromagnetic transition metals (TM), where a decrease ob-

served in the TM moment was accompanied by an increase in the Pt moment [13]. Though

some debate remains regarding the presence [21, 22], or absence [21, 23, 24] of PIM in Pt

layered with different transition-metal-oxide ferrimagnets, more recently, PIM in Pt lay-

ered with rare earth-TM ferrimagnets was demonstrated and shown to be aligned with the

orientation of the transition metal, regardless of the net ferrimagnetic moment direction [25].

The interfacial nature of the induced moment in Pt layered with ferromagnetic thin films

implies a limited spatial extent which was established using XMCD in studies with step-

wise Pt thickness variations [13, 26], while more recent detailed studies using X-ray resonant

magnetic reflectivity (XRMR) have shown the spatial distribution of the PIM can be mapped

through a single Pt layer [27, 28]. It has also been shown that the magnitude of the PIM is

constant above a threshold thickness [29] and is dependent upon the interface quality [30].

In the latter case, a larger total Pt PIM was commonly observed at the FM/Pt interface

compared to a Pt/FM interface [25, 28, 31, 32]. In all these studies the spatial variation of

the induced moment has been shown, or assumed, to be closely confined to the interface as

it is intimately associated with local FM/HM electronic hybridisation.

Returning to damping, a widely used physical description for the enhancement of mag-

netic damping in FM/NM systems involves the flow of spin current into a NM layer from
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spin accumulation generated by precession in the FM, termed spin-pumping, that was de-

veloped by Tserkovnyak et al. on the basis of scattering theory [33–38]. In this theoretical

framework, precessing magnetization within a FM layer creates an unbalanced electrochem-

ical potential at the interface between the FM and NM layers that leads to the accumulation

of one spin state at the interface. This non-equilibrium spin accumulation is the source of

spin current that propagates into the NM layer [38]. The magnitude of the spin current

depends on the NM material parameters and the details of the interface itself, specifically

the matching of the conductance channels. Heavy metals, such as Pt, are referred to as

good spin-sinks, as their large spin-orbit coupling (SOC) gives rise to a short spin-diffusion

length, λsd, resulting in the spin currents dissipating quickly inside the NM layer. In spin-

pumping theory any static PIM of the NM metal is not explicit in the description of the

transmission of spin current across an interface, as the computed Sharvin conductance is

mostly unchanged, even for ultrathin films [36]. Furthermore, Tserkovnyak et al. also state

the non-equilibrium spin accumulation, which drives the spin current, is unaffected by the

Stoner enhancement through equilibrium polarisation, although the proximity spin density

is enhanced.

An alternative description for the enhancement of Gilbert damping with interfaces be-

tween FM and NM layers is based on a tight-binding model developed by Barati et al. [39]

that builds upon the damping mechanism defined by Kamberskỳ [40], which considers

magnon relaxation with inter- and intra-band transitions arising from SOC [41]. For ma-

terials such as Pd and Pt the damping contribution is large due to the large SOC and the

opportunity for orbital hybridisation from the d-band crossing the Fermi level with a large

spin-split density of states [39]. This hybridisation is also responsible for the proximity in-

duced moment in HMs [13] and hence the Barati et al. approach provides a theoretical basis

for linking damping and PIM.

The influence of proximity induced magnetization on damping has thus far produced

contrasting conclusions in experimental studies: with reports claiming proximity induced

magnetisation has a profound effect [8] or no effect at all [9, 42] on interfacial spin-transport

phenomena. Debate also remains as to how to treat the parameters of interest, such as the

HM spin diffusion length, with some approaches dividing the HM into two regions [43], and

others stating that although PIM is not explicitly included in the mathematical description

of spin pumping, it ultimately affects the resultant spin transport, by effectively shortening

the spin diffusion length of the HM, via dephasing of the spin current [44].

The role of PIM in spin pumping experiments has typically been studied by inserting a

thin spacer layer, SL, at the interface between the FM and HM. Such studies have shown

a reduction in damping with a SL, for example with Al [45], which was attributed to a

loss of PIM in the HM. More commonly in spintronics, Cu and Au have been used as

the SL as both have a large spin diffusion length, which, in principle, presents a quasi-
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transparent layer to the spin current (λsd for Cu being ∼ 100 nm [46–49] and ∼ 60 nm for

Au [50]). Indeed Cu spacer layers were shown to have little effect on the measured spin

Hall angle in Co/Cu/Pt [2], which was attributed to the long spin diffusion length and the

low SOC of Cu. Surprisingly, a XMCD study showed a large decrease in the additional

damping linked to spin pumping when a thin Cu spacer layer was inserted between the

FM and HM layers that was attributed to a decrease in the HM PIM [8]. The situation is

further complicated by reports of an induced moment in ultra-thin (<0.4 nm) Cu between

perpendicularly magnetised Co/Pt layers [51].

It must also be recognised that the location of a SL layer within a multilayered system

and the structure and electronic interactions of the resulting interfaces are also critical.

Interfacial regions are finite due to a combination of roughness and intermixing [52, 53] and

these details influence the electronic behavior at the interface. It is thus helpful to compare

interface width and compositional intermixing, with the magnitude and spatial extent of

any proximity induced moment both within the main HM layer, but also in the spacer layer

material and to relate this to the resulting damping and analysis of spin transport.

This paper presents a systematic experimental investigation that aims to inform on damp-

ing in relation to PIM of Pt in the system, the effect of different non-magnetic spacer layer

materials and the location and number of SL interfaces within the FM/HM system. Cu and

Au were chosen as SL materials on the basis of their large spin diffusion length. Damping was

investigated using ferromagnetic resonance (FMR) and discussed in terms of spin-pumping.

Pt PIM in FM/SL/Pt system was studied using element specific synchrotron XRMR and

XMCD measurements as a function of Cu or Au SL thickness. PIM in the Au SL was also

studied by the same methods. Structural information was obtained from both the analysis

of x-ray reflectivity (XRR) and element specific secondary ion mass spectroscopy (SIMS).

The relationships between the structural profiles at the interface, the PIM in Pt and Au,

and the damping were investigated. For clarity the results are presented separately for the

Cu and Au SL systems, then the results are brought together in the discussion.

II. METHODS AND CHARACTERISATION

Samples were grown using magnetron sputtering with an Ar+ ion process gas on thermally

oxidized Si substrates. Multilayers consisted of a Co25Fe75 FM layer, Pt as the heavy metal

’spin sink’ and either Cu or Au as the SL. The CoFe layer was deposited onto a Cu buffer, as

this was previously shown to give low initial damping for the CoFe [54]. To investigate the

thickness dependencies, a thickness gradient of either the SL or the Pt layer was deposited in

one lateral dimension along the sample over a length scale of 16 mm, giving a wedge thickness

variation of 0-3 nm for Au and 0-6 nm for Cu. For the PIM study a SL thickness wedge was

deposited directly onto the CoFe layer with the Pt deposited on top. For the exploration of
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interface and SL location effects the Cu or Au was deposited within the successive Pt layers.

The specific details of each sample are presented schematically in later sections.

Damping was investigated using FMR measurements carried out at various locations

along a thickness wedge using a Vector Network Analyser (VNA) over both a wide frequency

and magnetic field range (up to 40 GHz and 11 kOe, respectively), measurements were made

at room temperature. The FMR signals were fitted to extract the magnetic field linewidths,

∆H , which are plotted as a function of resonant frequency and modelled with a linear best

fit that was interpreted using,

∆H =
4πα

γ
f + ∆H0, (1)

where ∆H0 is the extrinsic damping term, γ the gyromagnetic ratio and α is the Gilbert

damping parameter that represents the intrinsic damping of the system, which can be en-

hanced through interfacial effects.

PIM in the Pt and Au layers was investigated using XMCD and XRMR on the 4-ID-D

beamline of the Advanced Photon Source at Argonne National Laboratory. These experi-

ments probed the element specific 2p to 5d electron transitions at the Pt (11.564 keV) and

Au (11.919 keV) L3 edges. The measured XMCD electronic signal was taken as I
+
−I

−

I++I−
, where

I+ and I− denote the spectra recorded with opposite helicity of circularly polarized X-rays.

The field dependence of the XMCD signal was measured in fluorescence mode using an

energy dispersive detector with the field applied in-plane. To track the proximity induced

moment as a function of the thickness of the SL, the field dependent measurements were un-

dertaken as a function of position at 2 mm steps along the SL wedge, the X-ray beam width

was 25 µm. The magnetic reflectivity, XRMR, data were taken with an avalanche photo

diode detector and an in-plane field of 500 Oe at the Pt and Au L3 edges. The resonant

reflectivity measurements allow simultaneous fitting of the structural and element specific

magnetic scattering length densities using the GenX code [55].

SIMS measurements were undertaken to provide compositional depth profiles. Measure-

ments were obtained using a CAMECA SC Ultra system at 4×10−10 mbar conditions, with

sub-nanometer depth resolution using a Cs+ source in primary beam mode and an ultra-low

impact energy of 100 eV. Measurements were performed in positive secondary ion detection

mode and all ions were registered as CsX+ complex ions. The primary beam was rastered

over 250×250 µm2 while the analysis area was limited to a rectangular region 10×200 µm2.

Note, that while the SIMS signals are proportional to the elemental abundance, Fe has much

higher ionization probability, making it appear more abundant than other elements.
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(a)

(b) (c)

(d)

FIG. 1: (a) Schematic showing the sample structure with the Cu spacer layer thickness

wedge. (b,c) Examples of the fitted FMR signals as a function of applied magnetic field at

6 GHz and 26 GHz for a 1 nm Cu SL thickness and (d) representative frequency

dependence of FMR field linewidth with linear fits for three Cu spacer layer thicknesses.

III. COPPER SPACER LAYERS

A. Damping and PIM with a Cu spacer layer

The relationship between damping and PIM was explored with a Cu spacer layer thick-

ness wedge between layers of CoFe and Pt of fixed thickness. The multilayer structure

Cu/CoFe(7nm)/Cu(t)/Pt(10nm) is shown schematically in figure 1(a). Damping was mea-

sured as a function of Cu SL thickness. Figures 1(b) and 1(c) show examples of the real

and imaginary components of the FMR signal at two excitation frequencies with the best fit

lines used to obtain the resonant linewidths. Figure 1d shows the linewidths as a function of

resonant frequency and the linear best fits analysed with equation (1). The damping of the

system is shown as a function of Cu SL thickness in figure 2. With increasing Cu thickness

the damping falls rapidly to a plateau that is significantly above the native CoFe value. To

aid analysis, a simple exponential function was fitted to the data, giving a length scale for

a drop of 1/e of 0.66±0.07 nm. To properly correlate any reduction in the Pt PIM with

a reduction of the damping with increasing Cu thickness, it is important to determine the

layer thicknesses and interface widths, and both the magnitude and spatial extent of any Pt

PIM with the increasing Cu SL thickness. These were probed with XRMR.

Examples of magnetic reflectivity data and best fitting simulations for both the specular
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FIG. 2: Gilbert damping parameter as a function of Cu SL thickness for the

Cu/CoFe(7nm)/Cu(t)/Pt(10nm) system. The horizontal dashed line represents the

damping in native CoFe. The solid line is a best fitting exponential function.

reflectivity and the magnetic asymmetry are shown in figure 3(a). The resulting structural

(sSLD) and magnetic (mSLD) scattering length densities, which represent the physical struc-

ture and the element specific Pt magnetization are shown as a function of depth through

the sample thickness in figure 3(b). The magnitude of the magnetic asymmetry ratio and

the mSLD decrease significantly with the addition of a small nominal Cu thickness between

the CoFe and the Pt. The mSLD peak for Pt is reduced by an order of magnitude with a

1 nm SL of Cu between the FM and Pt, while in all cases the induced Pt moment is closely

associated with the FM interface within a 2 nm region.

XMCD measurements at the Pt edge were used to determine the Cu SL thickness de-

pendence of the integrated Pt PIM in more detail. Figure 4(a) shows the measured peak

Pt XMCD signal, taken at a fixed energy and 500 Oe magnetic field, as a function of Cu SL

thickness, which confirms the decrease in the PIM at the onset of the Cu SL. Additionally,

element specific hysteresis loops for the Pt were measured as a function of Cu SL thickness

across the sample, providing further evidence of the rapid reduction of the Pt PIM with

increasing Cu thickness, see (figure 4(b-d)), the Pt signal with just discernible above the

measurement noise for a 1 nm Cu SL thickness.

An exponential fit to the XMCD data in figure 4(a) enables a comparison of the Pt PIM

with the measured damping in figure 2 at equivalent positions on the Cu wedge. Figure

5 shows the damping as a function of Pt PIM in the Cu/CoFe/Cu(t)/Pt system, with Cu

thicknesses corresponding to the region measured both for damping and XMCD (the circle

points in figure 4(a)). The damping is highest when the PIM is largest, but the relationship

between the damping and induced moment is not simple. However, taking into account the

dependence of the damping on the Cu spacer thickness introduced previously, it is evident

that the change in the damping with the Cu SL does not come solely from a reduction of
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(a)

(b)

FIG. 3: (a) Magnetic reflectivity profiles at the Pt L3 edge with corresponding X-ray

helicity asymmetry ratio for three nominal thicknesses of Cu spacer layer in a CoFe/Cu/Pt

structure. The asymmetry ratio is as defined in the text. The solid lines represent best

fitting models to both the structural and magnetic data. (b) Structural (blue) and Pt

magnetic (red) scattering length densities from the best fitting simulations to the x-ray

reflectivity data for three Cu thicknesses. Note the large change of mSLD-axis scale for the

thickest Cu SL.

the interfacial FM/HM d − d hybridisation, upon which the PIM is dependent, but is a

combination of this orbital hybridisation and a reduction in interface transparency, i.e. the

spin mixing conductance in the spin pumping formalism. Significant losses within the Cu

due to dephasing of spins are unlikely, because of the weak SOC and the large spin diffusion
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length of Cu. This is in agreement with the work of Omelchenko et al. [44], in that the two

contributions are interrelated and not irrelevant.

B. Separating the effects of Pt PIM and the Cu SL interface effects on damping

In an attempt to separate the effects of the Cu layer, additional interfaces and the Pt PIM

on the enhancement of the damping and the spin transport, a comparison was made between

a simple FM/Pt(wedge) system and one with a 2 nm thick Cu SL located halfway through

the thickness of a Pt layer wedge, as shown schematically in figure 6(a). In both cases a

Pt PIM is expected at the FM/Pt interface, while the Cu layer contributes an additional

layer and interfaces to the structure. Figure 6(b) shows that for both systems the damping

increases and tends to a plateau with increasing Pt thickness up to 10 nm. Notably, the

enhancement of the damping is larger in the system with the Cu layer located within the Pt.

This is shown quantitatively by plotting the difference in damping between the two systems

as a function of the total Pt thickness, which is shown in figure 6(c).

The additional damping enhancement with the Cu SL is not constant with Pt thickness,

but rises to a peak with 3 nm of Pt and falls, but persists, for thicker Pt. Three factors

may contribute to this behavior. The first two factors are length scales, the first is the

spin diffusion length, λsd, of the Pt spin-sink. Spin current propagating into a spin-sink

is subjected to spin-flip scattering over a length scale defined by λsd. The spin current

(a)

(b) (c) (d)

FIG. 4: (a) Measured XMCD peak intensity at Pt L3 edge as a function of Cu SL

thickness (blue dots) in the Cu/CoFe(7nm)/Cu(t)/Pt(10nm) system. The solid line shows

the best fitting exponential function and red crosses show the peak mSLD data for

comparison. (b,c,d) Pt hysteresis loops taken at three Cu thicknesses.
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FIG. 5: Damping and XMCD signal as a function of Cu spacer thickness in the

CoFe/Cu(t)/Pt. The circles represent the measured damping values at best fitting XMCD

values (from 0 to 2 nm) and the square points represent the damping values for higher Cu

SL thicknesses. The dotted line represents the damping of the native CoFe.

decays rapidly, falling to 1/e within the spin diffusion length. For Pt, λsd is of the order of

several nanometers [6, 47, 56], so the first few nanometers of Pt are most important for spin

current decay. The second length scale is the extent of the interfacial PIM, which, as shown

(b)

(c)

FIG. 6: (a) Schematic of systems with and without a Cu SL within the Pt. (b)Measured

damping parameter from the FMR linewidth for Cu(2 nm)/CoFe (7 nm)/Pt (t (nm) and

Cu(2 nm)/CoFe (7 nm)/Pt (t/2 (nm)/Cu(5 nm)/Pt (t/2 (nm) systems. (c) Difference in

the damping parameter between the two systems.
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earlier, at around 2 nm is shorter than the spin diffusion length, but is positively related

with enhancement of the damping [10]. The third factor is the role of the Cu layer and the

associated interfaces with respect to spin current propagation. Since Cu has a long λsf it

is unlikely that significant spin dependent scattering will occur within the 2 nm Cu layer,

suggesting that the additional Pt/Cu interfaces play a key role in the enhanced damping

due to enhanced spin flip scattering at these interfaces, which has been termed spin-memory

loss [57]. It has also been suggested that the spin current may be reflected at an interface

due to a reduction in the conduction transparency [58]. The combination of these two length

scales and the additional interface scattering may account for the non-linear enhancement

of the damping in the Cu SL system compared to that for the simple CoFe/Pt system. For

the lowest Pt thicknesses, the Cu layer is very to close to the interface and will disrupt the

Pt PIM, which would explain why for the thinnest Pt the addition of Cu actually reduces

the damping. For thicker Pt the Cu layer is further away from the interface and will not

affect the interfacial PIM. The Pt/Cu interfaces also contributes additional scattering of

the pumped spin current that enhances the damping. This interfacial enhancement will

be present for all Pt thicknesses, but will be more significant when the additional Pt/Cu

interface is closer to the FM and will contribute less when the Cu SL is further from FM/Pt

interface because the spin current decays most rapidly closer to the FM/Pt interface. Hence

the difference in damping as a function of Pt thickness between the two systems is initially

negative as the Cu disrupts the Pt PIM reducing the effect on damping, rises to a peak

as the PIM is fully established and the interfacial scattering has significant role and falls

back to small positive level when the interfacial scattering contributes but much of the spin

current has already dissipated closer the FM/Pt interface.

These results show there is an additional role that the interface plays with regard to

damping enhancement, but it is difficult to disentangle interfacial effects and the role of

PIM on the damping and interfacial spin transport in this case. Replacing the Cu SL with

Au, which has a similar electronic structure to Pt with 5d electrons, but with a reduced

ability to hybridize with the FM and a lower SOC compared to Pt [59], enables further

investigations of these relationships, as detailed in the following section.

IV. GOLD SPACER LAYERS

A. Damping and PIM with a Au spacer layer

As for the Cu SL sample, a multilayered system was deposited with an increasing thickness

of Au deposited directly between the CoFe and Pt layers in a Cu/Co74Fe25 (7 nm)/Au(t)/Pt

(4 nm) structure. A reference multilayer consisting of Cu/CoFe(7 nm)/Au(t)/Cu was fabri-

cated for comparison. Figure 7(a) shows a schematic illustration of the multilayered struc-
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(a)

(b)

FIG. 7: (a) Schematic illustration of Cu/CoFe/Au(t)/Pt structure. (b) Intrinsic damping

contribution, α, as a function of Au thickness for the multilayers detailed in the legend.

The solid line is a best fitting exponential to Cu/CoFe/Au(t)/Pt data.

ture with the Au thickness wedge. The effect of increasing Au SL thickness on the damping

parameter, α, of both systems is shown in figure 7(b). The Cu/CoFe/Au(t)/Pt system is

similar to the Cu SL case with the damping decreasing rapidly with increasing Au SL thick-

ness before more gradually approaching a constant value beyond ∼1.5 nm Au SL thickness.

However, in contrast to the Cu case, the damping of the Au SL system approached the value

for the native CoFe. For the reference sample without a Pt spin-sink layer, a small increase

in damping was observed with increasing thickness of the Au SL, indicating a very small

direct enhancement of the damping with Au.

To understand the observed reduction of the damping with increasing Au thickness, it is

helpful to detail the multilayered structure and both the magnitude and spatial extent of the

Pt PIM with increasing Au SL thickness. Figure 8 shows the SIMS analysis for different Au

thicknesses in the Cu/CoFe/Au/Pt multilayered structure, which shows clearly the distinct

layers and the nanometer-scale extent of the interfaces between the layers. Figure 9 shows

the measured XRMR profiles and the magnetic asymmetry ratios for various Au spacer

thicknesses, at both the Pt and Au L3 edges respectively. The data are plotted along with

the best fitting simulations. The reduction in the magnitude of the asymmetry ratios at

the Pt L3 edge is, therefore, indicative of a reducing Pt moment as the thickness of the Au

spacer layer increases. The resulting sSLD and mSLD obtained from the best fits are shown

in figure 10 with increasing Au thickness. With no Au present, the induced Pt moment

is confined to the interface, as was also observed with the Cu SL samples. However, with

increasing Au SL thickness, the magnitude of the Pt PIM peak drops sharply and also

broadens away from the interface, while the peak of the Pt moment remains close to the

Au/Pt interface.
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(a)

(b)

(c)

FIG. 8: Secondary Ion Mass Spectroscopy measurements of the Cu/CoFe/Au(t)/Pt system

at three locations along the Au spacer layer wedge with (a) 0 nm (b) 1.5 nm and (c) 3 nm

Au.

The overall thickness dependence of the element specific PIM in Pt and in Au are sum-

marised in figure 11. These data show the averaged peak amplitudes from the XMCD energy

scans measured with a 500 Oe magnetic field, and the peak signal amplitude from element

specific hysteresis loops recorded at both the Au and Pt L3 edges as a function of the Au

spacer layer thickness. Hysteresis loops were concurrently fitted with two tanh functions

accounting for the positive and negative magnetic field sweeps, with the coercivity, shape

and peak value as variables. The error-bars on the hysteresis loops are taken from the raw

x-ray counts, and the error-bars on the peak XMCD signals as a function of Au thickness are

obtained from the fits to the hysteresis loops. The Pt XMCD signal falls exponentially over

a length scale (1.8±0.2 nm) with increasing Au spacer layer thickness, the Pt PIM effectively

falling to zero beyond 2 nm of Au spacer.

The Au XMCD signal and the hysteresis loops show the presence of an induced Au

magnetic moment. The XMCD signal rises rapidly with the initial increase in Au thickness,

reaching a peak around a nominal 0.5 nm Au thickness before falling back to a constant

value for thicker Au. The maximum in the Au PIM at lower thicknesses corresponds to the

region where the Au is ultrathin and significantly intermixed with both the CoFe and the Pt,

as shown by the XRMR and the SIMS. Considering that the 5d states of Au are normally

filled there should be little scope for an induced magnetic moment, however, hybridisation

with a FM produces 5d holes, which results in a spin polarisation enabling a small induced

magnetic moment [20, 60, 61]. In addition, hybridisation of the Pt and Au 5d states may

increase the holes in Au 5d and partially fills the Pt 5d orbitals. It is suggested that the

local disorder in the ultrathin regime changes the hybridisation between the Pt and Au 5d
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(a)

(b)

FIG. 9: (a) Measured reflectivity profiles (upper pane) at the Pt L3 edge with

corresponding X-ray helicity asymmetry ratio (lower panes) for four nominal thicknesses of

Au spacer layer in a Cu/CoFe/Au/Pt structure. (b) The same measurements at the Au L3

edge. The asymmetry ratio is as defined in the previous sections. The solid lines represent

best fitting models to both the structural and magnetic data.

states and the FM 3d which combines to increase holes in the Au 5d states and give rise to

the peak observed in the Au PIM. The role of PIM in Au has not previously been considered

in damping and spin-transport studies.

Returning to the damping and Pt PIM in this system as a function of the Au SL thickness,

the exponential fit to the XMCD data in figure 11(a) enables a comparison of the Pt PIM

with the measured damping in figure 7 at equivalent thicknesses of the Au SL. Figure 12

shows the damping as a function of Pt PIM in the Cu/CoFe/Au(t)/Pt system that results

from different Au SL thicknesses. This shows a signficant, non-linear correlation between

the damping and PIM. The damping is largest when the Pt PIM is largest and the damping
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FIG. 10: Structural (blue) and magnetic (red and yellow) scattering length densities from

the model fits to the magnetic reflectivity data for varying Au spacer layer thicknesses,

indicated on the figure. The red line indicates the extent of the induced Pt moment and the

yellow the extent of the induced Au moment. Note the mSLD axes have different scales.

(a)

(b) (c) (d)

u
CoFe
Au
Pt

FIG. 11: (a) Measured XMCD as a function of Au spacer thickness at both the Pt (blue)

and Au (orange) L3 edges, with element specific hysteresis loops at three positions across

the wedge, for (b-d) Cu(2 nm)/CoFe(7 nm)/Au/Pt(4 nm. Solid lines in (a) are best fitting

exponential functions.

16



0 5 10 15
Pt Moment (XMCD×10−3)

0.0055

0.0060

0.0065

0.0070

0.0075

0.0080

0.0085

α

FIG. 12: Damping as a function of XMCD signal for equivalent Au SL thicknesses in

Cu/CoFe/Au(t)/Pt. The data points represent the measured damping values at best fitting

XMCD values and the horizontal dotted line shows the damping value for the native CoFe.

falls as the PIM decreases, approaching the uncapped CoFe damping when the Pt PIM falls

to zero.

B. Separating the effects of Pt PIM and the location of the Au layer on damping

To separate the effects on damping of the Au SL itself from any changes related to the

Pt PIM, the results in the previous section are compared with those from a multilayered

structure in which the Au SL thickness wedge was located between two 2 nm thick Pt layers,

so the total the Pt thickness was constant and equal to the total Pt thickness of the sample

in the previous section, where the Au SL was in contact with the CoFe layer. The two

multilayered structures are shown schematically in figure 13(a). The effect of the Au SL

thickness on the damping is shown for both systems in figure 13(b). There is almost no

change to the damping measured when the Au SL is located entirely within the Pt, except

for a small initial offset in the damping linked to the introduction of the Au. The invariance

of the damping with Au thickness could indicate (i) the initial 2 nm Pt layer in contact

with the CoFe accounts for all the damping enhancement and hence additional Pt beyond

2 nm would play no role, or (ii) the Au intermediate SL is effectively transparent to the

spin current when located within the Pt. While case (i) is consistent with the smallest

values reported for the spin diffusion length, λsf , in Pt [62], it is not supported by other

studies, where λsf in Pt is of order ∼10 nm [6, 56], and furthermore it is inconsistent with

the increasing α values presented earlier for Pt thicknesses greater than 2 nm, see CoFe/Pt

data in figure 6, which also indicates that λsf is greater than 2 nm. So case (ii), based on

spin transparency of the Au interlayer, provides a better explanation for this observation.

17



(a)

(b)

FIG. 13: (a) Schematic illustration of Au SL structure. (b) Intrinsic damping contribution,

α, to the FMR linewidth as a function of Au thickness for multilayer detailed in the

legend. The solid blue line is a best fitting exponential.

V. DISCUSSION AND CONCLUSIONS

The results obtained represent a series of multilayered samples that were designed to

investigate and separate the effects of PIM and the addition of spacer layers and their

interfaces on the damping and the associated spin transport in FM/HM systems. Cu and

Au were selected as SL layers for their large spin diffusion length, but otherwise different size

and electronic structure that provides contrast with the Pt spin sink and CoFe ferromagnetic

layers respectively.

For the study of correlation between damping and PIM the SL was placed directly between

the FM and HM layers. With increasing thickness of the Cu or Au SL, the damping of the

systems and the PIM in the Pt both fall rapidly. With Cu the damping drops to a plateau

level that is above the damping of the native CoFe layer, whereas with the Au SL the

damping falls to close to the damping of the CoFe film, compare figure 2 and figure 7. In

both cases the PIM in the Pt decays rapidly with increasing SL thickness and is very small

beyond 1-2 nm of the SL.

The XRMR analysis shows that the Pt PIM is closely associated with the interface to

the FM, which has a structural interface width (intermixing and topographical) that is

comparable with the extent of the PIM. The introduction of the SL reduces the magnitude

of the Pt PIM. For the Cu SL, the Pt PIM retains a similar spatial profile at the interface,

whereas for the Au SL the profile of the Pt PIM broadens, extending further into the Pt

layer and the Au also acquires a PIM. The thickness dependence of the Au moment is

interesting with the Au PIM initially increasing with Au thickness, before falling back to a

lower constant value for thicker Au. This suggests some hybridisation of 5d states between
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the Au and the Pt that gives rise to a higher Au PIM for intermixed Au/Pt compared to

the pure Au PIM established for thicker Au in contact with the FM.

Exponential fits to the damping and Pt PIM data for the Cu and Au systems enabled

the relations between damping and PIM to be obtained. For both spacer layer systems the

damping is highest when the Pt PIM is largest and the damping is lowest when the Pt PIM

is lost, compare figure 5 and figure 12. Between these extremes the behavior is non-linear

and has a different form for the Cu and Au systems. It is also noted that with a Cu SL

the lowest damping is higher than for the native CoFe film, while for the Au SL the lowest

damping is close to the CoFe value. These observations demonstrate a correlation between

the PIM and damping, but also indicate that the SL material influences the behavior.

As outlined earlier, PIM and the associated Stoner enhancement have no specified role

within the spin pumping formalism for the enhancement of damping, as both the Sharvin

conductance and non-equilibrium spin accumulation are unaffected [36]. However, this is not

the only contribution to the damping in this model; it is suggested that PIM in the Pt layer

increases the ratio of spin-flip to spin-conserving scattering events, and thus modifies the

damping. Furthermore, the orbital hybridisation that gives rise to PIM [13] may be linked to

the damping enhancement in FM/NM systems via the direct electronic interactions across

the interface, as shown in the tight-binding analysis of Barati et al. that showed the largest

contribution to damping originates from the first couple of monolayers of the NM [39]. The

experimental evidence for a link between PIM and damping is clear and suggests the need

for further theoretical developments to more fully represent the physical basis for enhanced

damping in FM/NM systems.

To further investigate the effects of different SLs and their interfaces, damping was mea-

sured with Cu or Au where the SL was moved away from the FM/Pt interface and effectively

embedded within the Pt layer. This also allowed different aspects of the SL contributions

to be explored (as discussed in the Cu and Au sections). In the case of the Cu system, a

fixed SL thickness was embedded into a Pt thickness wedge to enable the SL location with

respect to the FM interface and the intervening Pt thickness to be varied. In the case of the

Au system, the sample design embedded a Au thickness wedge at a fixed Pt thickness away

from the interface to study the SL thickness effect. Together these samples also allowed some

comparison of Au and Cu SLs located away from the FM/Pt interface. In both cases the

Pt PIM is maintained at the FM/Pt interface, but the damping depends upon the details

of the SL material within the Pt. For Cu located halfway through the thickness of the Pt

layer, the damping is enhanced compared to the simpler FM/Pt system, with the magnitude

depending on the location of Cu layer with respect to the FM interface. For the Au SL lo-

cated away from the FM/Pt interface the damping is independent of the Au thickness used.

These results suggests a greater transparency for spin current through the Au compared

to the Cu. Since the spin diffusion length for both Au and Cu is very large compared to
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their thicknesses it suggests that any difference in spin transparency is associated with the

interfaces between the Pt/Cu and Pt/Au. This transparency may be associated with the

local ordering and electronic hybridisation 3d−5d in the Cu/Pt case and 5d−5d for Au/Pt

at the interfaces, in agreement with Gupta et al. [42]. It is also noted that the Pt thickness

dependence observed here and elsewhere [6] shows the damping enhancement depends on

the Pt thickness, which is consistent with spin diffusion within the HM in the spin-pumping

model.

Together these results highlight the crucial role of both PIM and the nature of the in-

terfaces in the enhancement of damping in FM/NM systems. It is suggested that for spin

transport in multilayered systems, both PIM and spin-impedance matched interfaces need

to be considered in both fundamental studies and for future exploitation.
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