
Co-Ir interface alloying induced by thermal annealing
I. Carlomagno, J. Drnec, A. M. Scaparro, S. Cicia, S. Vlaic, R. Felici, and C. Meneghini 
 
Citation: Journal of Applied Physics 120, 195302 (2016); doi: 10.1063/1.4967845 
View online: http://dx.doi.org/10.1063/1.4967845 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/120/19?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Effect of annealing on exchange stiffness of ultrathin CoFeB film with perpendicular magnetic anisotropy 
Appl. Phys. Lett. 108, 152405 (2016); 10.1063/1.4945039 
 
Magnetic anisotropy and thermal stability study of perpendicular Co/Ni multilayers 
J. Appl. Phys. 113, 17C111 (2013); 10.1063/1.4799524 
 
Growth and magnetism of low-temperature deposited Fe/Si(111) films as an intermediate layer for suppression of
silicide formation 
J. Appl. Phys. 109, 023908 (2011); 10.1063/1.3537832 
 
Study of annealed Co thin films deposited by ion beam sputtering 
J. Vac. Sci. Technol. A 24, 74 (2006); 10.1116/1.2135292 
 
Spin reorientation transition in ultrathin Co film on In P ( 2 × 4 ) reconstructed surface 
J. Appl. Phys. 97, 10J114 (2005); 10.1063/1.1853873 
 
 

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  78.122.68.214 On: Thu, 17 Nov 2016

19:47:51

http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/913733028/x01/AIP-PT/JAP_ArticleDL_111616/APR_1640x440BannerAd11-15.jpg/434f71374e315a556e61414141774c75?x
http://scitation.aip.org/search?value1=I.+Carlomagno&option1=author
http://scitation.aip.org/search?value1=J.+Drnec&option1=author
http://scitation.aip.org/search?value1=A.+M.+Scaparro&option1=author
http://scitation.aip.org/search?value1=S.+Cicia&option1=author
http://scitation.aip.org/search?value1=S.+Vlaic&option1=author
http://scitation.aip.org/search?value1=R.+Felici&option1=author
http://scitation.aip.org/search?value1=C.+Meneghini&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.4967845
http://scitation.aip.org/content/aip/journal/jap/120/19?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/108/15/10.1063/1.4945039?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/113/17/10.1063/1.4799524?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/109/2/10.1063/1.3537832?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/109/2/10.1063/1.3537832?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvsta/24/1/10.1116/1.2135292?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/97/10/10.1063/1.1853873?ver=pdfcov


Co-Ir interface alloying induced by thermal annealing

I. Carlomagno,1,2,a) J. Drnec,1 A. M. Scaparro,2 S. Cicia,2 S. Vlaic,3 R. Felici,4

and C. Meneghini2
1ESRF, The European Synchrotron - 71, Avenue des Martyrs, Grenoble, France
2Dipartimento di Scienze, Universit�a Roma Tre, Via della Vasca Navale 84, Rome, Italy
3ESPCI Paris, PSL Research University, CNRS, LPEM, 10 rue Vauquelin, Paris, France
4CNR-SPIN, Area della Ricerca di Tor Vergata, Via del Fosso del Cavaliere, 100, Rome, Italy

(Received 17 August 2016; accepted 3 November 2016; published online 17 November 2016)

Using angular resolved X-ray Photoelectron Spectroscopy (XPS), Magneto Optic Kerr Effect

(MOKE) and X-ray Absorption Spectroscopy (XAS), we characterize the structural and magnetic

evolution upon annealing of two thin Co films (8 and 9 Monolayers) deposited on Ir(111). The

XAS data collected in the near Co K edge region (XANES), interpreted with ab-initio simulations,

show that intermixing takes place at the Co-Ir interface. Using a linear combination analysis, we

follow the intermixing during the thermally driven diffusion process. At 500 �C, the interface

between Co and Ir(111) roughens slightly, but no alloy formation is detected. At 600 �C, the Co

film loses integrity and MOKE data show a rearrangement of the magnetic domains. Annealing to

higher temperatures results in CoxIr1� x alloy formation and Ir segregation on the surface.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4967845]

I. INTRODUCTION

Ferromagnetic films and multilayers with perpendicular

magnetic anisotropy (PMA) are of technological interest for

the development of high density recording devices and mag-

netic random access memory (MRAM) based on magnetic

tunnel junctions.1–5 PMA, compared to longitudinal magneti-

zation, allows smaller magnetic bit size while preserving the

magnetic state from thermal fluctuations. Since the first Co-

Cr recording film with PMA has been reported in the early

1978,6 a number of systems have been explored. Hcp Co is

known to have high intrinsic magnetic anisotropy, whereas

pure Co films thinner than a critical thickness tc around 7

monolayers (ML) present a strong PMA.7,8 For the easily

oxidisable Co films to be suitable for applications, they need

to be protected against degradation. This challenge has led to

the fabrication of Graphene (Gr) capped Co films which pos-

sess an enhanced chemical stability. The in-situ Gr growth

on thin Co film requires high temperatures (T ’ 1000 �C)

which represents an issue for the structural integrity of the

layer. However the use of intercalation procedures, requiring

much lower temperatures (T ’ 300 �C), allows one to avoid

this problem in the production of Gr/Co/Ir(111) heterostruc-

tures.9 Moreover, Gr capping has been proven to affect the

magnetic properties of thin Co films: intercalated Gr/Co/Ir

systems present smaller magnetic domains while PMA is

retained even by Co film exceeding tc.
8 These findings

spurred renewed interest in applications of such heterostruc-

tures and stimulated the fundamental research about the role

of Gr in the magnetic properties of intercalated Co layers.

Recent work provides different explanations for the observed

behavior invoking the intercalation topology,10 the hybridi-

zation of Gr and Co electron orbitals,8,11 the magnetic order-

ing of Co upon intercalation,12 and the induced magnetic

moment on Gr.13 Although large attention has been paid to

the Co-Gr interaction, less has been reported to disentangle

the contribution of Gr-Co interaction from that of the Co-Ir

interface during the preparation of the Gr/Co/Ir(111) hetero-

structures. It has been shown that chemical and structural

effects occurring at the Co-Ir interface can result in a large

modification of the overall magnetic response of these sys-

tems and cannot be neglected.14 The rotation of the easy

magnetization axis and the enhancement of the PMA have

been found also in ultra-thin (tCo< 1 nm) films upon anneal-

ing15 and in the thicker Co1–xIrx alloy films upon increasing

the Ir concentration above x � 0:06.16 The PMA enhance-

ment was explained by the intermixing of Co and Ir taking

place at the interface, thus highlighting the crucial role

played by the border region.17

With the aim of isolating the Gr role in this complex

scenario, our previous study compared Co/Ir and Gr/Co/Ir

systems, thus raising even more interest on a fine structural

characterization of the Co-Ir interface.17

In this work we focus on the phenomena taking place at

the Co-Ir interface without the presence of Gr. The surface

sensitivity of X-ray Photoelectron Spectroscopy (XPS) and

the local structure sensitivity and chemical selectivity of

X-ray absorption fine structure (XAFS) spectroscopy were

combined with ab-initio calculations to achieve detailed

information about the average atomic structure in Co thin

films deposited on Ir(111) upon repeated annealing treat-

ments. Moreover complementary Magneto-Optic Kerr Effect

(MOKE) measurements provide detailed information about

the relationship between the structural evolution and the

magnetic response of the system.

II. Co/Ir THIN FILMS DEPOSITION AND PRELIMINARY
CHARACTERIZATION

The thin Co films deposited on Ir(111) were prepared

under UHV conditions (base pressure 5� 10�10 mbar) at the

ID03 preparation laboratory at the ESRF (Grenoble, France).a)Electronic mail: ilaria.carlomagno@esrf.fr
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The Ir(111) surface (diameter 10 mm) was cleaned by sev-

eral Arþ sputtering and annealing cycles. The substrate tem-

perature was measured using a type-K thermocouple spot

welded on the sample-holder close to the sample surface.

The quality of the Ir(111) surface order was checked by Low

Energy Electron Diffraction (LEED), whereas XPS was

employed to verify the presence of impurities.

Co films were deposited on Ir(111) substrate at room

temperature using an electron-bombardment evaporator.

After the deposition, the thin samples were annealed for

5 min at Ta ¼ 300 �C, to relax the surface strains and to

smoothen the Co films while preserving its integrity.17 At

this temperature the alloy does not form for films thicker

than 4 ML.15 The final Co film thickness and the vertical dis-

tribution of the Co atoms in the sample were determined

from the ratio of the Co2p and the Ir4f XPS peaks18 measured

at 40� of incidence with respect to the surface plane in order

to minimize the morphology artefacts.19

The magnetic response of a first Co/Ir sample (film thick-

ness 16 6 2 Å, i.e., ’861 ML) was characterized with a

MOKE (magneto optical Kerr effect) magnetometer upon

annealing under UHV conditions. The film thickness was

above the critical value tc at which the volume contribution

(responsible for the in-plane anisotropy) overcomes the surface

anisotropy originating the PMA. Therefore no magnetization

was detected in the out-of-plane direction. The normalized

hysteresis loops M=Ms were observed only in the longitudinal

configuration and are shown in Fig. 1(a) for the film after

annealing at Ta¼ 300, 500, and 600 �C for 5 min each. Data

demonstrate that the in-plane magnetic response of the film

changes weakly until Ta¼ 500 �C. However, the treatment at

Ta¼ 600 �C induces the broadening of the hysteresis loop pro-

viding the evidence of a magnetic domains rearrangement.20

In order to probe the film integrity upon annealing, we

evaluated the vertical distribution of Co atoms by Angular

Resolved XPS (AR-XPS) analysis (Fig. 1(b)). XPS spectra

were measured in the Co2p and Ir4f regions for different val-

ues of h, the angle between the sample surface and the ana-

lyzer (see Fig. 1(b) inset) and after each annealing treatment

(Ta¼ 300, 500, and 600 �C). The Co2p=Ir4f ratios calculated

after Ta ¼ 300 �C decrease when the exit angle is increased.

This behavior is typical of uniform thin films, where the XPS

signal from the film is enhanced at lower angles (higher Co/

Ir ratio) and suppressed at higher angles (lower Co/Ir ratio)

The annealing to 500 �C leads to the overall reduction of

the Co2p/Ir4f intensity peak ratios. As this temperature is far

below the Co melting point (around 1500 �C21), this suggests

some reduction of the effective Co thickness, which is compati-

ble with the increase of the Co-Ir interface roughness.

The decrease of Co2p=Ir4f intensity peak ratios is much

more pronounced after the 600 �C annealing. Furthermore,

the angular dependence is weaker suggesting a more homo-

geneous distribution of Ir across the probed depth, which is

due to the more severe intermixing of Co and Ir.

III. EVOLUTION OF THE Co ATOMIC ENVIRONMENT

The XPS characterization of the Co/Ir film demonstrates

that the annealing induces macroscopic changes in the film

structure, affecting its magnetic response. In order to further

assess how the average local atomic structure of Cobalt atoms

changes as a function of annealing, we carried out Co-K edge

X-ray Absorption Spectroscopy (XAS) measurements. A new

Co thin film sample was deposited on an Ir(111) crystal sur-

face following the same procedure described earlier: the

thickness evaluated from XPS was 1862Å or ’ 961 ML.

The sharp LEED pattern in Fig. 2(a) demonstrates the good

crystalline quality of the Co thin film surface. The XPS spec-

tra collected at 40� in the Co2p and Ir4f energy regions are

shown by the solid lines in Fig. 2(b): the absence of any sig-

nificant peak doubling, broadening or shifts ensure that no

oxidation takes place.

The Co/Ir sample was then transferred into an UHV

mobile chamber specially designed for XAFS measurements

at the ESRF-BM23 beamline. The chamber, whose base

pressure was better than 10�8 mbar, was equipped with a

heather stage for sample annealing and two perpendicular Be

windows (500 lm thickness) for incoming X-ray beam and

outgoing fluorescence intensity collection (Fig. 2(c)). The

sample was oriented in such a way that the linear polariza-

tion of the incoming beam was nearly perpendicular (80�) to

the sample surface. In this geometry, the XAFS is mainly

sensitive to structural features perpendicular to the film

plane.22 Co K edge XAS data were acquired in fluorescence

geometry. The incident X-ray flux I0, was measured using

gas filled ionization chambers and the fluorescence yield was

measured using a single-element energy resolution detector

FIG. 1. (a) In-plane hysteresis loops measured by MOKE as a function of

annealing temperature on 8 ML Co thin film. (b) AR-XPS Co2p/Ir4f intensity

peak ratio as a function of annealing temperature on 8 ML Co thin film.

Inset: experimental geometry: the probed depth d is shown together with the

inelastic mean free path k and the exit angle h.
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(Ketek) placed about 10 cm away from the sample. The Co

Ka fluorescence signal If, was selected using the multi-

channel analyzer (MCA) electronics. The live time of the

detector was kept higher than 90% to suppress the non line-

arity effects. The absorption signal was calculated as the

ratio lðEÞ ¼ If=I0.

In order to reveal the structural modification around Co

atoms, the sample was annealed at Ta¼ 500, 600, 700, 800,

and 900 �C, for 5 min at each temperature. Ten Co K-edge

spectra were collected in the near edge region on the relaxed

film (Ta¼ 300 �C) and after each annealing cycle. In order to

remove the Bragg peaks from the Ir substrate, the sample

was slightly tilted (within ’2�) after each spectrum. This

resulted in a shift of the Bragg peaks along the spectra so

they could be easily identified and removed.23

After the XAS measurements, the sample was moved

back into the preparation chamber under UHV conditions,

and XPS measurements were carried out to probe the thin

film status (Fig. 2(b), dashed lines): the Ir4f signal shows a

higher intensity while the Co2p XPS signal cannot be distin-

guished from the background noise. This finding cannot be

explained by the Co evaporation because the overall Co K

edge jump discontinuity is only slightly reduced (’10–15%)

after annealing. Instead, XAS and XPS data can be coher-

ently interpreted as a complete Co film dissolution and

formation of Ir rich surface layer after Ta¼ 900 �C. Co pho-

toelectrons cannot escape the sample but their fluorescence

signal is detected. Therefore Co atoms must be buried under

an Ir layer thicker than the inelastic mean free path of Co

photoelectrons (’10 Å) but thin enough to not suppress the

Co Ka fluorescence detection (the transmission coefficient

for a 0.1 lm-thick Ir layer is higher than 90%).

The Co K edge XAS spectra were averaged and normal-

ized using standard procedures for X-ray absorption fine

structure data treatment22,24 and are shown in Fig. 3(a). The

spectra show gradual modifications as a function of the

annealing temperature, characterized by a progressive shift

of the main spectral features. Noticeably, these changes are

relatively weak until Ta¼ 600 �C, but interestingly at this

temperature XPS data demonstrate a consistent increase in

the Co/Ir interface roughness related to modifications of the

magnetic response observed by the MOKE measurements

(see Fig. 1).

Raising the annealing temperature above Ta¼ 600 �C
causes the XANES spectra of the Co film progressively

evolve signaling changes of the average local atomic struc-

ture around the absorbing atoms. In order to understand the

structural evolution taking place around the Co atoms, we

first compare the experimental spectra of the film to that of

the bulk Co phase.

Co K edge XANES spectrum of a Co metal foil (black

solid line in Fig. 3(c)) is characterized by a typical double

peak at the edge (a and a0) and a shoulder at the edge onset

(b). To achieve a reliable interpretation of the origin of these

features, we calculated theoretical XANES using the full

multiple scattering approach implemented in the FEFF8 soft-

ware package.25 As a first step, we simulated the Co-bulk

XANES spectrum starting from literature data,26 and we

optimized the parameters of the simulation. Self consistent

FIG. 2. (a) LEED pattern of the 9 ML Co film after 300 �C annealing. (b)

XPS of Co2p and Ir4f peaks collected on the 300 �C annealed film (solid

lines) and after repeated annealing cycles up to 900 �C (dashed lines): the

Co2p intensity is completely suppressed while Ir4f raises (arrows). (c)

Schematic view of the XAS data collection geometry at BM23, ESRF.
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exchange and correlation potentials were modelled using

complex Hedin-Lundqvist potentials27 in the muffin-tin

approximation using the default muffin-tin radius. Self con-

sistency was calculated in a 3 Å cluster radius around the

absorber, whereas full multiple scattering was extended to a

6 Å radius atomic cluster around the absorber. An imaginary

part (1 eV) was added to the exchange potential to take into

account the experimental resolution and core-hole broaden-

ing. The same parameters were applied to model the XANES

spectra of fcc and hcp Co, and the results are shown by the

dashed lines in Fig. 3(c).

Comparing the XANES features of the Co foil to these

calculations of fcc and hcp Co structures, there are evident

differences pointing to the hcp nature of the foil and,

therefore, we are able to distinguish between fcc and hcp

structures in our measurements. Noticeably, the data col-

lected from the relaxed Co/Ir film (Fig. 3(a)) depict struc-

tural features relatively smooth compared to those of the

bulk Co (Fig. 3(c)). This effect is likely due to the finite

size of the film which results in a large fraction of under-

coordinated sites and/or in a more distorted environment

with respect to the bulk.

On the basis of the above considerations, we used the

hcp structure of pure Co as the starting point for a quantita-

tive XANES interpretation of the results. Several atomic

cluster models were built replacing, one by one, the 12

nearest Co atoms around the absorber with Ir atoms and

considering all the not equivalent dispositions of Co sites.

For each composition, all the spectra resulting from non

equivalent Ir configurations were averaged up taking into

consideration their multiplicity. We used the Vegard’s

model28 to account for the lattice expansion due to the

increasing Ir concentration: assuming a linear behavior of

the lattice parameter between pure Co (aCo¼ 2.51 Å) and

pure Ir (aIr¼ 2.72 Å), for a CoxIr1� x model we stretched

the structure by x(aIr� aCo) with respect to the pure Cobalt.

Moreover, in order to model the diffusion of a single Co

atom into the Ir matrix, we considered also the case of an

isolated Co atom at the center of an Ir cluster. These models

are approximations which could be improved by taking into

account additional neighboring shells. However, bearing in

mind the intrinsic limitations of the XANES theory29 and

the difficulties to account for all the possible parameters to

shape the atomic cluster models, these models can be con-

sidered a satisfactory and reliable description of the Co

atomic environment in these films.

The calculated spectra for the model structures are pre-

sented in Fig. 3(b). Comparing the simulations to the experi-

mental spectra, the similar trends are evident: the theoretical

curves match the decrease of the edge shoulder (label b in

Fig. 3(c)) and the progressive shift of the a-a0 and c features

to lower energies in experimental data. Interestingly, both in

the experimental data and in the theoretical curves, the a and

a0 peaks merge and their relative intensities are reversed

upon increasing the annealing temperature. The trends

observed for theoretical and experimental curves allow us to

reliably explain the evolution of the experimental spectra as

resulting from a gradual modification of the Co local struc-

ture toward Ir-rich Co-Ir phases.

To understand more quantitatively the system evolution

as a function of annealing we simplified the problem and

reproduced the absorption spectra measured for intermediate

annealing temperature, as a linear combination of l(300 �C)

and l(900 �C). This approach, also known as the linear com-

bination analysis (LCA), relies on the hypothesis that the Co

structure is not homogeneous but consists of coexisting

phases. In particular, we considered a pure Co phase (repre-

sented by l(300 �C)) and an Ir-rich phase (l(900 �C)). Such

phases separation, also observed in our previous experi-

ments,17 is a reasonable assumption due to the short anneal-

ing times in which the system cannot reach thermodynamic

equilibrium. As an example, we show the fit of l(700 �C) in

Fig. 4(a) (similar agreement is obtained also for the other

spectra).

FIG. 3. (a) Co-K edge normalized XANES spectra of 9 ML Co/Ir(111) film after

subsequent annealing cycles. The differences DlðTaÞ ¼ lðTaÞ � lð300 �C)

between the data collected after annealing at Ta and relaxed (300 �C)

film are also presented (downshifted for clarity). The Dlð500�CÞ and

Dlð600 �CÞ data were multiplied by 3 to highlight the weak effects. (b)

Theoretical XANES curves calculated for a pure Co hcp structure (N¼ 0,

blue line), Co0:5Ir0:5 alloy (N¼ 6, black line) and an isolated Co atom

embedded in an Ir structure (red line). CoxIr1�x alloys representing interme-

diate concentration of Co-rich (cyan) and Ir-rich alloys (orange lines) are

also reported. (c) The experimental XANES spectrum measured on the Co

metal foil (black, top) and theoretical curves calculated for hcp (green, bot-

tom) and fcc (red, center) atomic models (shifted for clarity).
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Furthermore, assuming that the pure Co phase is absent

in l(900 �C) (see below), we can use the best-fit coefficient

of l(300 �C) in LCA to evaluate the relative amount of pure

Co as a function of Ta. The results, shown in Fig. 5, demon-

strate that the Co phase is largely unaffected by annealing

until Ta¼ 500 �C. After Ta¼ 600 �C, the pure Co phase frac-

tion starts decreasing while the Ir-rich phases increase: this

trend proceeds rapidly after Ta¼ 700 �C.

To better understand Co atoms environment upon

annealing, we applied the same LCA approach to the analy-

sis of the l(900 �C) spectrum, where the system is close to

the thermodynamic equilibrium, using the theoretical simula-

tions of Fig. 3(b) as contribution to the combination. This

allowed us to get more insight about the composition of Co

phases. In particular, after combining the theoretical XANES

having a different Ir content (N¼ 0, 1,... 12 and isolated Co

in Fig. 3(b), we found that the best agreement (minimum v2)

is for the pair involving an alloyed/intermixed nearly stoi-

chiometric CoIr phase (N¼ 5,6,7) and isolated Co in Ir. Due

to the above mentioned intrinsic limitations of XANES mod-

els, we are unable to distinguish the exact stoichiometry,

however we can safely assume a nearly 50% stoichiometry

in the following discussion.

In order to check for possible oxygen contamination we

also tried to include Co-oxide contributions to the LCA anal-

ysis but the agreement did not improve. Therefore we can

exclude this contribution.

Noticeably, both LCA analyses show a very low pure

Co content after annealing to 900 �C (less than 10%). This

confirms our hypothesis of nearly complete film disintegra-

tion and suggests a bimodal distribution of Co: alloyed with

Ir in a roughly stoichiometric phase or as isolated atoms in

the Ir matrix.

IV. DISCUSSION

Both XPS and XANES data confirm the intermixing of

Co and Ir but depict apparently different behaviors.

XPS data demonstrate that a 600 �C annealing roughens

the interface resulting in a homogeneous distribution of Co

and Ir in the whole probed depth. On the contrary, XAS

spectra show a progressive evolution of the Co local struc-

ture toward Ir richer phases whose trend is relatively weak

up to Ta¼ 600 �C. Moreover, the XPS Co2p signal is negligi-

ble on the Ta¼ 900 �C film while XAS demonstrate a negli-

gible Co evaporation (similar edge intensities) and the

formation of Ir rich phases.

In order to understand this apparent contrast we must

stress that XPS is probing the sample composition close (few

nanometer depth) to the surface averaged on a length scale

of several millimetres, being the size of X-ray beam on

the sample. In contrast, XAS selectively probes the average

local structure around Co atoms up to several micrometers

depth. Therefore XAS and XPS findings can be coherently

understood assuming that the annealing first causes the

roughening of the Co-Ir interface even at mild temperatures

Ta � 500 �C. Around Ta¼ 600 �C, the Ir starts to protrude to

the Co film compromising its integrity and making the Co2p/

Ir4f intensity ratio measured by AR-XPS nearly constant

throughout the probed angular range. Due to the low Co frac-

tion in the Ir phases, XAS is blind to this phenomenon.

Nevertheless, raising the annealing temperature causes the

interdiffusion of Co into the substrate together with the for-

mation of phases richer in Ir. This is clearly detected by

XAS measurements.

This process could be driven by the mixing entropy like

it was proposed for Co/Pt systems.30 However, if this was

FIG. 5. Amount of pure Co in the sample estimated from the LCA coeffi-

cient of the l(300 �C) contribution. Inset: Coefficient of LCA analysis, the

experimental muðTaÞ spectrum is fitted to the theoretical curve: y lð300 �CÞ
þð1� yÞlð900 �CÞ refining y.

FIG. 4. (a) LCA best fit of l(700 �C) experimental spectrum (black line) fit-

ted (green line) to a linear combination of l(900 �C) (red dashed line) and

l(300 �C) (blue dotted line) experimental spectra. (b) LCA best fit for

l(900 �C) spectrum (black line) fitted (green line) as a linear combination of

Co0.5Ir0.5 alloy (orange dashed line) and isolated Co (red dotted line) spec-

tra. The contribution of a pure Co phase (not shown) was taken into account

by including either l(300 �C) experimental spectra or the hcp calculation

presented in the former section. In both cases, the combination coefficient

resulted to be 0. Residuals (experimental data minus best fit) are shown by

magenta lines, vertically shifted for the sake of clarity.
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the case, we would expect the formation of a homogeneous

alloy layer at the Co-Ir interface, as represented schemati-

cally in Fig. 6(a). This occurs only up to 600 �C, where the

formation of a nearly stoichiometric alloy minimizes the

strain at the interface due to its intermediate lattice parameter

between pure Ir and Co. Above 600 �C, the loss of angular

dependence of the XPS intensity ratios (Fig. 1(b)) proves the

homogeneous distribution of Co and Ir along the vertical

direction, supporting the Co diffusion towards deeper

regions of the substrate, probably due to the surface tension

minimization, and the Ir protrusion to the film surface. The

resulting lattice mismatch can break the film into smaller

clusters, maybe separated by Ir protrusions, and intermixed

regions (see Fig. 6(b)). Finally, the in-plane integrity loss,

inducing modifications to the magneto-crystalline anisotropy

of the film, is likely related to the modified magnetic

response detected by MOKE measurements.

In a previous work performed by Drnec et al.,17 by

means of grazing incidence X-ray diffraction on two Co

films (a bare Co film and a Co film intercalated under gra-

phene), we showed that an intermixed layer was found only

for the intercalated film upon annealing at 500 �C. The pre-

sent results, obtained combining XAS, XPS, and MOKE,

demonstrate that the intermixing is favored by the breaking

of the film continuity which is an effect provided by surface

strains or, in the intercalated films, by the presence of Gr.

Moreover we believe that the high thickness increases the

stability of the film disfavoring the interdiffusion process:

this interpretation is also supported by the observations made

on Pt/Cu(100) systems.31

V. CONCLUSIONS

We have characterized the structural and magnetic evolu-

tion of Co thin films above the critical thickness tc marking the

in-plane to out-of-plane magnetization transition. Combining

in-situ complementary techniques we were able to describe the

diffusion process causing the loss of Co film integrity which is

then linked to the magnetic behavior.

AR-XPS and MOKE observations show that the films

are homogeneous after annealing at 300 �C and present an

in-plane magnetization. As coherently demonstrated by XPS

and XANES, further annealing to 500 �C results in a higher

roughness at the Co/Ir interface which does not affect the

magnetic properties. The 600 �C treatment breaks the in-

plane integrity of the Co film affecting its magnetic response

through a rearrangement of the magnetic domains. XANES

modifications interpreted with LCA, show that a significant

amount of CoIr alloy is formed upon annealing to 700 �C.

The alloying progresses during the 800 and 900 �C thermal

treatments. Eventually, the absence of Co2p signal after

Ta ¼ 900 �C demonstrates the diffusion of Co further than

1 nm from the surface.

The present study demonstrates the structural breakdown

of the Co film upon thermal annealing, the lattice rearrange-

ment driven by the surface strains relaxation, and the conse-

quent modification of the Co magnetic response. The

interdiffusion of Co and Ir is found to be activated at high tem-

peratures, giving rise to Ir-rich phases. A thermally induced,

homogeneous Co-Ir intermixing occurring at the interface and

gradually swallowing the Co film can be excluded.
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