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Introduction

The field of high entropy alloys (HEAs) or compositionally complex alloys (CCAs) has received great interest since the first report by Cantor et al. [START_REF] Cantor | Microstructural development in equiatomic multicomponent alloys[END_REF]. Although a variety of elemental combinations are investigated in literature [START_REF] Miracle | A critical review of high entropy alloys and related concepts[END_REF][START_REF] George | High-entropy alloys[END_REF], many studies are based on varying compositions and processing conditions around the quinary equiatomic alloy of CoCrFeMnNi.

The quinary equiatomic CoCrFeMnNi 'Cantor' alloy (referred to as 'quinary alloy' hereafter), was found to form a single-phase fcc solid solution in the original work [START_REF] Cantor | Microstructural development in equiatomic multicomponent alloys[END_REF]. In a few follow up studies a quaternary equiatomic CoCrFeNi alloy (referred to as 'quaternary alloy' hereafter) was also found to be a single-phase fcc solid solution, with most physical and mechanical properties similar to those of the quinary alloy [START_REF] Gali | Tensile properties of high-and medium-entropy alloys[END_REF][START_REF] Laplanche | Elastic moduli and thermal expansion coefficients of medium-entropy subsystems of the CrMnFeCoNi highentropy alloy[END_REF][START_REF] Zaddach | Mechanical Properties and Stacking Fault Energies of NiFeCrCoMn High-Entropy Alloy[END_REF][START_REF] Zaddach | Tensile properties of low-stacking fault energy highentropy alloys[END_REF].

Many studies in literature are focused on the formation of bulk nanocrystalline HEA/ CCAs with an accompanied enhancement of mechanical properties. In a number of investigations nanocrystalline and often nanotwinned HEA/CCAs are formed through high pressure torsion [START_REF] Schuh | Mechanical properties, microstructure and thermal stability of a nanocrystalline CoCrFeMnNi highentropy alloy after severe plastic deformation[END_REF][START_REF] Wu | Dual mechanisms of grain refinement in a FeCoCrNi high-entropy alloy processed by high-pressure torsion[END_REF][START_REF] Moon | Deformation-induced phase transformation of Co20Cr26Fe20Mn20Ni14 highentropy alloy during high-pressure torsion at 77 K[END_REF][START_REF] Shahmir | Effect of annealing on mechanical properties of a nanocrystalline CoCrFeNiMn high-entropy alloy processed by high-pressure torsion[END_REF]. Nanocrystalline HEA/CCAs formed by severe plastic deformation do not remain single phase on annealing. Formation of additional phases was reported on annealing at 723 K for 5 minutes [START_REF] Schuh | Mechanical properties, microstructure and thermal stability of a nanocrystalline CoCrFeMnNi highentropy alloy after severe plastic deformation[END_REF] in contrast to 500 days of annealing of the same alloy with several μm grain size at 773 K and 973 K [START_REF] Otto | Decomposition of the single-phase high-entropy alloy CrMnFeCoNi after prolonged anneals at intermediate temperatures[END_REF][START_REF] Pickering | Precipitation in the equiatomic highentropy alloy CrMnFeCoNi[END_REF]. Faster formation of secondary phases is attributed to an increase in defect density such as grain boundary and dislocation density due to severe plastic deformation [START_REF] Schuh | Mechanical properties, microstructure and thermal stability of a nanocrystalline CoCrFeMnNi highentropy alloy after severe plastic deformation[END_REF], that lead to increase in the number of nucleation sites and provide faster diffusion paths leading to a faster kinetics [START_REF] Laplanche | Phase stability and kinetics of a sigma-phase precipitation in CrMnFeCoNi high-entropy alloys[END_REF].

Thin film deposition route could be a suitable alternative to severe plastic deformation to study second phase formation due to the reasons listed below. Firstly, nanocrystalline thin films contain a larger area of interfaces that are potential nucleation sites for second phases.

Secondly, faster diffusion through interfaces could lead to faster kinetics of phase formation.

Thirdly, metastable phases could form due to non-equilibrium process of thin film deposition.

Fourthly, thin films on substrates are often under high tensile/ compressive residual stresses -that could influence second phase formation.

The phase diagram, microstructure and thermal stabilities of the bulk quinary (CoCrFeMnNi) and quaternary (CoCrFeNi) HEA/CCAs are studied extensively in literature [START_REF] Miracle | A critical review of high entropy alloys and related concepts[END_REF]. However, there are only a few articles on fcc CoCrFeNi and CoCrFeMnNi thin film counterparts [START_REF] Ma | Nanoindentation creep behavior in a CoCrFeCuNi highentropy alloy film with two different structure states[END_REF][START_REF] Braeckman | Impurity-controlled film growth and elastic properties of CoCrCuFeNi thin films[END_REF][START_REF] Feng | Effects of nanotwins on the mechanical properties of AlxCoCrFeNi high entropy alloy thin films[END_REF][START_REF] Chawake | Microstructural characterization of medium entropy alloy thin films[END_REF][START_REF] Li | Combinatorial metallurgical synthesis and processing of high-entropy alloys[END_REF][START_REF] Addab | Microstructure evolution and thermal stability of equiatomic CoCrFeNi films on[END_REF].

Limited data available in the literature suggests that the quaternary CoCrFeNi alloy forms nanocrystalline thin films [START_REF] Feng | Effects of nanotwins on the mechanical properties of AlxCoCrFeNi high entropy alloy thin films[END_REF][START_REF] Chawake | Microstructural characterization of medium entropy alloy thin films[END_REF]. Recently, atom probe tomography (APT) samples of quinary alloy with a nanocrystalline microstructure were deposited on a Si micro-tip array [START_REF] Li | Atomic-scale investigation of fast oxidation kinetics of nanocrystalline CrMnFeCoNi thin films[END_REF][START_REF] Li | Correlative chemical and structural investigations of accelerated phase evolution in a nanocrystalline high entropy alloy[END_REF][START_REF] Li | Accelerated atomic-scale exploration of phase evolution in compositionally complex materials[END_REF] by magnetron co-sputtering. The nanocrystalline APT tips showed formation of secondary phases at 573 K which is 150 K lower than the previously reported temperature.

Given the limited studies on HEA/CCA thin films, there is a huge scope to investigate phases and the microstructure of nanocrystalline thin films made of alloys that form single-phase solid solution in bulk form.

In the present study, CoCrFeNi thin films were deposited on Si/SiO 2 and c-sapphire substrates by magnetron co-sputtering. Phases present and microstructure in the as deposited and annealed films are analyzed by X-ray diffraction (XRD) and transmission electron microscopy (TEM). Results are discussed in comparison to the bulk microcrystalline and nanocrystalline HEA/CCA with a similar composition. In addition, agreement with equilibrium phase diagram calculated using different computational approaches is discussed.

Experimental Procedure

Films were deposited on 100 mm diameter wafers of Si 001 /SiO 2 (Siegert GmbH, Aachen, Germany) and on 50 -100 mm diameter c-sapphire wafers (basal plane 0001 α-Al 2 O 3 , one side epipolished, CrysTec GmbH, Berlin, Germany). The Si wafers had 140 nm SiO 2 thermal oxide on both sides. The c-sapphire substrates were used as-received without any further wet-chemical surface treatment. Thin films (thickness between 200 nm and 1 µm (Table S1))

were deposited by magnetron co-sputtering of confocally placed 100 mm diameter pure metal targets of Cr (99.95 wt%, MaTecK, Germany), Fe (99.99 wt%, Evochem, Germany), Co (99.99 wt%, MaTecK) and Ni (99.995 wt%, K.J. Lesker, USA). The base pressure of the ultrahigh vacuum (HV) system was 2.7 x10 -6 to 9.3 x 10 -7 Pa and the Ar pressure during sputtering was 0.67 Pa. Both types of substrates were cleaned in the deposition chamber prior to film synthesis with low power radio frequency (RF) Ar ion bombardment with closed shutters. The power to each magnetron sputter source was optimized to obtain an equal atomic concentration of each element in the deposited film. The overall deposition rate was 0.13 nm/s and the sample stage rotation was set to 20 rpm to obtain homogeneous films. Deposition temperatures of 298 K and 573 K were selected. Deposited films were characterized for phase analysis in a Seifert diffractometer equipped with an ID3003 generator, a poly-capillary beam optic, a 2-circle goniometer, using Co-Ka radiation and an energy dispersive point detector. The q-2q overview measurements were carried out with a step size D2q of 0.03° and a count time of 10s/step. To avoid signal from the substrate an offset of 10° was applied to the θ axis.

The film composition was characterized by energy dispersive X-ray spectroscopy (EDS) in a scanning electron microscope (SEM). Further, the microstructure was imaged in a highresolution field emission gun Scanning Electron Microscope (FEG-SEM) Zeiss Gemini 500. The TEM samples were prepared by the Ga focused ion beam (FIB) lift-out method (Scios2, Thermo Scientific). The coarse milling was done with an accelerating voltage of 30 kV followed by final polishing at 5 and 2 kV. An aberration corrected TEM (Titan Themis 60-300, Thermo Fisher Scientific) was used for imaging, diffraction and EDS analysis. The electron beam was accelerated to 300 kV. Surface roughness of a few as deposited films was measured using a JPK Bio atomic force microscope (AFM) (Bruker Nano GmbH, Berlin, Germany) in tapping mode.

Residual stress measurements were carried out using the sin 2 ψ method [START_REF] Noyan | Residual stress: measurement by diffraction and interpretation[END_REF]. These measurements were made with a Bruker D8 GADDS diffractometer equipped with a polycapillary beam optic, a 4-circle goniometer, using Co-Ka radiation and an area detector. The range of ψ values spanned from -70 to 70° with a total of 15 steps for the 111 #$$ reflex. Xray elastic constants for γ-Fe were taken from the internal material database of the Bruker Software LEPTOS.

Residual stresses were also calculated using the wafer curvature technique [START_REF] Nix | Mechanical-Properties of Thin-Films[END_REF][START_REF] Flinn | Measurement and Interpretation of Stress in Aluminum-Based Metallization as a Function of Thermal History[END_REF]. These measurements were carried out on 10 mm x 10 mm thin film samples and the mean value of more than 10 measurements was calculated. Average of curvatures of uncoated substrates with similar sizes were subtracted from these values to obtain the net curvature due to thin film stresses alone. The residual stress in the thin film was calculated using the standard Stoney equation [START_REF] Nix | Mechanical-Properties of Thin-Films[END_REF][START_REF] Stoney | The tension of metallic films deposited by electrolysis[END_REF].

Annealing treatments were carried out in a custom-built vacuum chamber with a pyrolytic BN heater under a vacuum of 10 -1 -10 -3 Pa at temperatures below 1273 K. The chromium oxide scale on the surface of the annealed samples was removed by Ar ion surface polishing in a Gatan Precision Etching and Coating System (PECS) in the following conditions: acceleration voltage of 5 kV, 210 μA milling current, 10° incidence angle of the ion beam for ~ 5 to 20 minutes before SEM and EBSD investigations.

Results

The fcc phase and an additional phase peaks in XRD patterns of as-deposited films

The as-deposited films displayed fcc peaks [START_REF] Hull | X-ray crystal analysis of thirteen common metals[END_REF] under q-2q measurements (Fig. 1a). Due to a strong {111} fiber texture, the {111} peak in XRD was intense, other peaks were weaker but still observed. Analysis of the XRD q-2q scans provides an fcc lattice parameter value of 0.355 nm (calculated without standards) which is consistent with that reported for the bulk quaternary alloy [START_REF] Laplanche | Elastic moduli and thermal expansion coefficients of medium-entropy subsystems of the CrMnFeCoNi highentropy alloy[END_REF]. In addition to the peaks of the fcc phase, another peak (2q value of ~48.5°) was observed corresponding to a d-spacing of ~ 0.215 nm in most of the as-deposited samples (Fig. 1a). The intensity ratio of this additional peak to the {111} #$$ peak was less than 10% (Table S1). This peak was also accompanied by a broad peak between {111} #$$ and {200} #$$ peaks (angles of ~ 51.5 -60.5°; d-spacing between 0.21 and 0.18 nm). Although maxima other than the one around ~ 48.5° could not be identified clearly as peaks, their presence was evident in most of the as-deposited films (Fig. 1b, a total of 14 films were investigated). To help identifying the possible phase leading to these broad reflections, we tried matching observed peaks with possible peaks in binary phase diagrams between each pair of elements in the HEA as well as the reported phases in the bulk equiatomic CoCrFeNi HEA. The peaks clearly did not match with the Cr 2 O 3 peaks [START_REF] Sawada | Residual Electron-Density Study of Chromium Sesquioxide by Crystal-Structure and Scattering Factor Refinement[END_REF], the superlattice reflection peaks from intermetallics in the system Ni-Fe [START_REF] Wakelin | A Study of the Order Disorder Transformation in Iron Nickel Alloys in the Region Feni3[END_REF], hcp Co [START_REF] Patterson | Crystal structure of titanium and chromium[END_REF] or the bcc phase [START_REF] Patterson | Crystal structure of titanium and chromium[END_REF] observed in CoCrFeNi alloy systems (Fig. 1d). We confirmed that the peak was not related to the substrate (Fig. 1c). Moreover, since no reaction with Si was observed in TEM (Fig. 2a and2e) we exclude that any additional peak is related to Si compounds. In addition, these additional peaks were also present in 1 μm thick films on c-sapphire substrates (Fig. 1a,b; For details on Film No. see Table S1) leading to the exclusion of peaks from reaction products of the alloy with the substrate.

Additional peaks in the TEM-SADP analysis of as deposited films

Additional peaks were also observed in selected area diffraction pattern (SADP) acquired in the TEM (Fig. 2c). To precisely measure the reciprocal spacing of the reflections, peaks from the Si substrate were used for the calibration (Fig. 2c). Radial integration of the intensity of SADPs from the film (without Si peaks) clearly confirms an additional peak at a d-spacing of 0.215 nm, consistent with XRD (marked by vertical line in Fig. 2d) within the expected precision. The peak in XRD at 0.19 nm is seen as the broad base of the {111} #$$ peak (also marked as a vertical line in Fig. 2d). Hence observations of XRD and TEM listed above are consistent with peaks from an additional phase present in small fraction along with the fcc phase in the thin film. In the literature of CrMnFeCoNi ('Cantor') alloy [START_REF] Laplanche | Phase stability and kinetics of a sigma-phase precipitation in CrMnFeCoNi high-entropy alloys[END_REF][START_REF] Tsai | Significant hardening due to the formation of a sigma phase matrix in a high entropy alloy[END_REF][START_REF] Uporov | Microstructure, phase formation and physical properties of AlCoCrFeNiMn high-entropy alloy[END_REF], a large number of peaks close to {111} #$$ and {200} #$$ correspond to the Cr-rich intermetallic σ phase [START_REF] Yakel | Atom Distributions in Sigma-Phases .2. Estimations of Average Site-Occupation Parameters in a Sigma-Phase Containing Fe, Cr, Ni, Mo and Mn[END_REF][START_REF] Yakel | Atom Distributions in Sigma-Phases .1. Fe and Cr Atom Distributions in a Binary Sigma-Phase Equilibrated at 1063-K,1013-K and 923-K[END_REF][START_REF] Yukawa | Structure of Chromium-Rich Cr-Ni, Cr-Fe, Cr-Co, and Cr-Ni-Fe Alloy Particles Made by Evaporation in Argon[END_REF]. XRD profiles (Figs 1a,b) match very well with σ phase peaks. The peak at 0.215 nm corresponds to the (321) , and the broad peak at 0.19 nm is a convolution of several σ peaks that occur between {111} #$$ and {002} #$$ .

Microstructure and composition homogeneity of as deposited films

The SEM-EDS showed a uniform composition within ± 1 at % of all elements compared to the nominal composition (Table S1). In addition, the TEM-EDS revealed no signs of segregation (Fig. 2e). The average roughness of the films measured by AFM was lower than 5 nm.

Cross sections of films (Fig. 2a) displayed columnar grains, where grain diameter parallel to the film surface is much smaller compared to the column height which is of the order of film thickness. The average diameter of the columnar grains measured using cross sectional TEM image (Fig. 2a) is smaller than 100 nm for as-deposited films, whereas the film thickness and the height of columnar grains varied between 200 nm and 1 μm. The grain diameters of asdeposited films were measured using the contrast due to the depressions near grain boundaries at the film surface in the SEM secondary electron images (see Figs. 3a andb, Table S1). A high density of twin boundaries and stacking faults was observed in cross section (Fig. 2b). Multiple closely located σ phase peaks near the 111 #$$ and 200 #$$ peaks lead to inability in separation of diffraction spots from the σ phase alone using SADP apertures.

The grain size of the σ phase is expected to be in nanometers due to a nanocrystalline structure of fcc phase, leading to difficulty in spatially resolving the σ phase in conventional TEM images. However, the hypothesis of the presence of an additional σ phase is also confirmed indirectly by annealing as explained in section 3.5.

We also exclude the additional peaks ascribed to the σ phase to be due to a high density of stacking faults leading to hcp reflections [START_REF] Tracy | High pressure synthesis of a hexagonal close-packed phase of the high-entropy alloy CrMnFeCoNi[END_REF]. There was no one-to-one correspondence between presence of a high density of stacking faults, twin boundaries and appearance of these additional peaks. For example, 500 nm thin films on c-sapphire that contained extensive twin boundaries and stacking faults both in as deposited and annealed conditions showed only the fcc phase (film no. 12 and 13 in Table S1 and Fig. 1b). Also, these additional peaks (ascribed to the σ phase) were only observed in films without an oxide layer and disappeared in annealed films with an oxide layer but still containing twin boundaries/ stacking faults (Fig. 4b).

Residual stresses in as deposited films

Residual stresses in as deposited and annealed films on Si/SiO 2 measured by the wafer curvature technique and sin 2 ψ technique are listed in Table S2. Both techniques lead to high residual stresses between 700 MPa and 1.2 GPa in all as-deposited films. Annealing at 773 K results in further increase in the residual stress that can reach values above 1.2 GPa. A large scatter in individual measurements result in a considerable error in these wafer curvature values (Table S2) [START_REF] Nix | Mechanical-Properties of Thin-Films[END_REF][START_REF] Stoney | The tension of metallic films deposited by electrolysis[END_REF]. Within the error limits, values from wafer curvature technique agree with measurements using XRD (Table S2).

Disappearance of additional phase peaks in annealed films

Typical XRD patterns of the films annealed at temperatures between 573 and 1073 K are shown in Fig. 4a. The fcc phase remained stable on annealing up to a temperature of 1223 K for films on Si/SiO 2 and up to at least 1373 K for films on c-sapphire. Annealing under low vacuum (10 -1 Pa at the annealing temperature) above 623 K or medium vacuum (10 -3 Pa at the annealing temperature) above 673 K leads to the formation of a thick Cr 2 O 3 scale on the alloy surface and a few oxide inclusions inside the film. XRD peaks from the rhombohedral Cr 2 O 3 phase were visible at d-spacings of 0.267 and 0.167 nm in the annealed film (Fig. 4a).

Interestingly, formation of Cr 2 O 3 always resulted in the decrease in intensity and sometimes the disappearance of the broad XRD peaks from the σ phase. This was further confirmed by comparing of the same film annealed at two different levels of vacuum at 673 K (10 -3 and 10 - 1 Pa; Fig. 4b). This observation suggests that the additional peaks that consistently occur in most of the as-deposited films in the present study were from a Cr-rich phase.

Discussion

On the occurrence of the σ phase at RT

In the present study, occurrence of a small but a definite fraction of the σ phase was evident in most of the as-deposited films on Si/SiO 2 , while a single-phase fcc was only observed in less than 700 nm thin films on c-sapphire. A detailed summary of other studies on nanocrystalline alloy where σ phase was reported is given in Table S3. In addition, formation of Cr 2 O 3 resulted in the decrease in intensity or sometimes the disappearance of the σ phase peaks. The σ phase is a topologically close packed phase [START_REF] Yakel | Atom Distributions in Sigma-Phases .2. Estimations of Average Site-Occupation Parameters in a Sigma-Phase Containing Fe, Cr, Ni, Mo and Mn[END_REF][START_REF] Yakel | Atom Distributions in Sigma-Phases .1. Fe and Cr Atom Distributions in a Binary Sigma-Phase Equilibrated at 1063-K,1013-K and 923-K[END_REF] with body centered tetragonal crystal structure showing a set of closely spaced Co-Kα diffraction peaks between d-spacings of 0.22 -0.17 nm (2q of 48 and 60°) (see Fig. 1d). XRD data in the present study suggests a crystal structure with a=b= 0.882 nm and c= 0.458 nm (similar to the crystal structure of binary Cr 3 Ni 2 ). Lattice parameters are consistent with various studies in literature (tetragonal P4 2 /mnm, a ~ 0.88 nm and c ~ 0.44 -0.46 nm) [11-14, 38, 39] (Table S3).

The σ phase is reported very often in experimental studies on CoCrFeMnNi annealed at temperatures between 773 and 1173 K [START_REF] Schuh | Mechanical properties, microstructure and thermal stability of a nanocrystalline CoCrFeMnNi highentropy alloy after severe plastic deformation[END_REF][START_REF] Otto | Decomposition of the single-phase high-entropy alloy CrMnFeCoNi after prolonged anneals at intermediate temperatures[END_REF][START_REF] Pickering | Precipitation in the equiatomic highentropy alloy CrMnFeCoNi[END_REF][START_REF] Laplanche | Phase stability and kinetics of a sigma-phase precipitation in CrMnFeCoNi high-entropy alloys[END_REF][START_REF] Park | The phase stability of equiatomic CoCrFeMnNi high-entropy alloy: Comparison between experiment and calculation results[END_REF]. Experimental studies on CoCrFeNi [START_REF] Bracq | The fcc solid solution stability in the Co-Cr-Fe-Mn-Ni multi-component system[END_REF] reveal a single-phase fcc solid solution at higher temperatures. To our knowledge, this study is the first experimental evidence for the σ phase in equiatomic CoCrFeNi alloy at room temperature although Cr rich compositions are reported to show the σ phase [START_REF] Fang | Microstructure and mechanical properties of Cr-rich Co-Cr-Fe-Ni high entropy alloys designed by valence electron concentration[END_REF]. Most of the studies on CoCrFeNi alloy thin films [START_REF] Feng | Effects of nanotwins on the mechanical properties of AlxCoCrFeNi high entropy alloy thin films[END_REF], [START_REF] Chawake | Microstructural characterization of medium entropy alloy thin films[END_REF], [START_REF] Addab | Microstructure evolution and thermal stability of equiatomic CoCrFeNi films on[END_REF] report a single-phase fcc solid solution.

However, it should be noted that non-equilibrium phases could be present in thin filmsalthough not in the bulk due to differences in the processing route (e.g. high condensation rate for thin film deposition). For example, FeCr binary alloy thin film was completely made of the nanocrystalline σ phase near equiatomic composition even at RT [START_REF] Zhou | Phase and microstructures in sputter deposited nanocrystalline Fe-Cr thin films[END_REF], although the σ phase is a high temperature phase according to the equilibrium phase diagram.

It is notable that the calculated phase diagrams predict the σ phase even at lower temperatures: for example at all temperatures below 913 K in CoCrFeNi [START_REF] He | Solid solution island of the Co-Cr-Fe-Ni high entropy alloy system[END_REF], and below 873 K [START_REF] Park | The phase stability of equiatomic CoCrFeMnNi high-entropy alloy: Comparison between experiment and calculation results[END_REF][START_REF] Bracq | The fcc solid solution stability in the Co-Cr-Fe-Mn-Ni multi-component system[END_REF] in CoCrFeMnNi alloys. In an extensive computational study on the quinary space using CALPHAD approach and the TCHEA1 database [START_REF] Bracq | The fcc solid solution stability in the Co-Cr-Fe-Mn-Ni multi-component system[END_REF], a multiphase region of fcc + bcc 1 + bcc 2 + σ phase was predicted at temperatures less than 873 K, even for the equiatomic CoCrFeMnNi "Cantor" alloy. Here, bcc 1 and bcc 2 are bcc disordered phases with different lattice parameters and compositions. The bcc1 phase starts to appear below 773 K and the σ phase below 873 K. Similarly, the quaternary CoCrFeNi quaternary alloy shows a single phase solid solution only above ~ 913 K, where additional bcc 1 phase forms below 913 K, fcc 2 phase below ~ 850 K and bcc 2 phase below ~ 690 K. The simulation results in that study [START_REF] Bracq | The fcc solid solution stability in the Co-Cr-Fe-Mn-Ni multi-component system[END_REF] were only reported at temperatures above 600 K for the CoCrFeNi alloy studied in this paper. At 600 K, the alloy is expected to contain fcc, bcc1 and fcc 2 phases according to the calculated phase diagrams. However, the isopleth between CoCrFeNi and Mn, σ phase is present at 600 K at Mn concentration between 2.5 % and 92.5%. The σ phase field expands at decreasing Mn concentrations with decreasing temperature -indicating that the σ phase could be stable in CoCrFeNi alloy at 300 K. Furthermore, the study [START_REF] Bracq | The fcc solid solution stability in the Co-Cr-Fe-Mn-Ni multi-component system[END_REF] clearly mentions the underestimation of the σ phase field by CALPHAD calculations compared to experimental data [START_REF] Bracq | The fcc solid solution stability in the Co-Cr-Fe-Mn-Ni multi-component system[END_REF]. Above considerations naturally lead to a possibility of the presence of the fcc + σ phase at RT at equilibrium in CoCrFeNi alloy. The reason for the absence of the bcc phase at RT is given by another study [START_REF] Park | The phase stability of equiatomic CoCrFeMnNi high-entropy alloy: Comparison between experiment and calculation results[END_REF] on the quinary alloy as explained below.

In reference [START_REF] Park | The phase stability of equiatomic CoCrFeMnNi high-entropy alloy: Comparison between experiment and calculation results[END_REF], ThermoCalc database TCFE2000 was used to predict phases in CrMnFeCoNi alloy. Calculations showed fcc + bcc 1+ bcc 2 phase at less than 973 K when database for all phases was considered. But, when bcc phase was suspended from the system, the alloy forms a fcc + σ two phase region below 913 K down to RT. Hence, it was inferred that the bcc phase is the stable phase, σ phase despite being quite stable for long hours of annealing is still considered as a metastable phase.

Similarly in an early study using CALPHAD database -where information on phases was extrapolated using binary systems, fcc + bcc 1 + bcc 2 phase were observed for several alloy compositions that are reported to show the σ phase under experimental conditions [START_REF] Zhang | An understanding of high entropy alloys from phase diagram calculations[END_REF].

From the simulation results discussed above as well as the data on thin films in the present study, it is clear that the σ phase appears more frequently under experimental conditions compared to computational studies -in many cases replacing the bcc phase reported by equilibrium phase diagram calculations. The reasons for the same are explained in the subsections below.

Factors influencing formation of the σ phase

The σ phase could appear in thin films due to several reasons. Firstly, the film has a nanocrystalline microstructure (Sec. 3.3). Secondly, films in this study are under large tensile residual stresses at room temperature (Sec 3.4). Thirdly, deposition was carried out from pure elemental sources and segregation of individual elements at the atomic level due to the deposition process cannot be excluded. The contribution of each of these factors is discussed in detail below.

Nanocrystalline, nanotwinned microstructure

In most of the literature studies on the bulk CoCrFeNi alloy, the s phase is observed at triple junctions [START_REF] Laplanche | Phase stability and kinetics of a sigma-phase precipitation in CrMnFeCoNi high-entropy alloys[END_REF], grain boundaries [START_REF] Schuh | Mechanical properties, microstructure and thermal stability of a nanocrystalline CoCrFeMnNi highentropy alloy after severe plastic deformation[END_REF][START_REF] Otto | Decomposition of the single-phase high-entropy alloy CrMnFeCoNi after prolonged anneals at intermediate temperatures[END_REF][START_REF] Pickering | Precipitation in the equiatomic highentropy alloy CrMnFeCoNi[END_REF], incoherent and coherent twin boundaries (annealing twins) [START_REF] Laplanche | Phase stability and kinetics of a sigma-phase precipitation in CrMnFeCoNi high-entropy alloys[END_REF] and in the fcc matrix -often connected to a dislocation network [START_REF] Zhou | Deformation stimulated precipitation of a single-phase CoCrFeMnNi high entropy alloy[END_REF][START_REF] Stepanov | Second phase formation in the CoCrFeNiMn high entropy alloy after recrystallization annealing[END_REF]. Experimental data in [START_REF] Park | The phase stability of equiatomic CoCrFeMnNi high-entropy alloy: Comparison between experiment and calculation results[END_REF] clearly showed formation of the σ phase at defects such as triple junctions, grain boundaries, incoherent twin boundaries and dislocations. Combined with the computational results mentioned above, it is clear that the kinetics for the formation of the metastable σ phase becomes favorable in the presence of defects. Similarly, although it was not noted, the σ phase precipitates in reference [START_REF] Bracq | The fcc solid solution stability in the Co-Cr-Fe-Mn-Ni multi-component system[END_REF] also appear mostly at grain boundaries especially in alloys with a low volume fraction of sigma phase. Hence, the discrepancy between experiments and thermodynamic calculations in terms of an enhanced σ phase field is certainly related to the heterogenous nucleation at defects combined with the corresponding enhanced rate of diffusion -factors that are not accounted for in calculated phase diagrams.

In the present study, sputter deposition on substrates at room temperature and 573 K lead to the formation of σ phase due to the large area of interfaces in the microstructure. A high density of columnar grain boundaries, incoherent and coherent twin boundaries within the columns (growth twins) form potential sites for nucleation of the σ phase during thin film deposition. The present study suggests that the σ phase forms even at room temperature provided there are sufficient nucleation sites and faster diffusion paths (interfaces) available, both factors leading to the rapid kinetics of formation [START_REF] Schuh | Mechanical properties, microstructure and thermal stability of a nanocrystalline CoCrFeMnNi highentropy alloy after severe plastic deformation[END_REF][START_REF] Laplanche | Phase stability and kinetics of a sigma-phase precipitation in CrMnFeCoNi high-entropy alloys[END_REF]. However, formation of bcc phase that is expected to be stable at RT according to the calculations, is much slower than the σ phase formation [START_REF] Park | The phase stability of equiatomic CoCrFeMnNi high-entropy alloy: Comparison between experiment and calculation results[END_REF]. Note that bcc phase precipitates formed homogenously in the matrix in reference [START_REF] Bracq | The fcc solid solution stability in the Co-Cr-Fe-Mn-Ni multi-component system[END_REF] (in compositions where they appear). Hence the formation of bcc precipitates requires lattice diffusion, which is too sluggish at RT. Hence, bcc phase formation does not take place under experimental conditions used in the presence study.

Tensile residual stresses

Films in the present study are under huge tensile stresses. Residual stresses at room temperature are expected to be tensile on cooling from the deposition temperature of 573 K, due to the stronger contraction of the film compared to the substrate because of a larger thermal expansion coefficient of the film. Tensile stresses can also originate from the coalescence of islands during the film growth [START_REF] Nix | Crystallite coalescence: A mechanism for intrinsic tensile stresses in thin films[END_REF]. Absence of tensile stress relaxation after deposition could be attributed to a slow surface and grain boundary diffusion in the alloy [START_REF] Guduru | Mechanics of compressive stress evolution during thin film growth[END_REF] at room temperature. This is evident from the microstructure showing columnar grains where grain diameters (between 20 and 100 nm) are an order of magnitude less compared the film thickness (200 nm to 1 µm). Such microstructure is similar to the high melting metal alloy thin films with a low adatom mobility [START_REF] Abermann | Measurements of the Intrinsic Stress in Thin Metal-Films[END_REF]. In contrast, low melting metal alloy thin films with high adatom mobility show considerable grain growth at the deposition temperature leading to grain diameters up to 2 to 3 times the film thickness [START_REF] Abermann | Measurements of the Intrinsic Stress in Thin Metal-Films[END_REF].

In addition, segregation of Cr at the atomic level (although not observed down to a few nanometers, see Fig. 2e) could significantly alter residual stresses and grain size of the thin film. Literature on alloy thin films indicates the influence of composition [START_REF] Fu | Compositional dependent thin film stress states[END_REF] on the grain size, magnitude and sign of the residual stress developed. Grain boundary segregation [START_REF] Fu | Compositional dependent thin film stress states[END_REF], chemical ordering [START_REF] Fu | In Situ Thin Film Growth Stresses during Chemical Ordering[END_REF] and phase separation [START_REF] Fu | In situ growth stresses during the phase separation of immiscible FeCu thin films[END_REF] are reported to manipulate the thin film stress states. Conversely, residual stresses due to coherency strains could lead to phase transformation such as observed in the formation of bcc Zr in a Nb/Zr multilayers at lower thicknesses [START_REF] Thompson | Phase stability of bcc Zr in Nb/Zr thin film multilayers[END_REF]. However, studies addressing the influence of residual stress on phase separation in polycrystalline thin films with incoherent interfaces are less addressed in literature.

In the present study we note that the volume of the σ phase per atom (considering a = 0.882 nm and c = 0.458 nm) at room temperature is 0.0117 nm 3 , whereas the same parameter for the fcc phase is 0.0112 nm 3 . These simple calculations are consistent with the tensile residual stress favoring the precipitation of the bulkier σ phase. Testing of this line of reasoning requires systematic changes to the deposition process to alter these residual stresses. In addition, phase analysis of the annealed films -freestanding (without residual stresses) and supported on the substrate (with residual stresses) are likely to reveal the role of residual stresses. These issues will be addressed in a future study.

Influence of local composition

It should be acknowledged that the σ phase is present in most of the deposited films but not in all films (see Table S1). Films with nominally the same composition (composition difference of elements < 1 at %) deposited under the same deposition conditions (same base vacuum, sputtering pressure, substrate temperature, power applied to sputtering targets and the film thickness) show differences in terms of the presence / absence of the σ phase (Table S1). As mentioned in the last section, local chemical deviations have been observed in alloy thin films in literature [48 -50]. It could be speculated that the segregation of Cr at the atomic level could lead to these differences, which will be further investigated by APT in the future work.

From the Sections 4.2.1 -4.2.3, it is clear that (i) nanocrystalline microstructure with a large area of interfaces, (ii) tensile residual stresses and (iii) possible local excess of Cr due to the deposition from individual pure metal sources all favor the formation of a Cr-rich and bulkier σ phase in the otherwise predominantly fcc CoCrFeNi alloy.

Disappearance of the σ phase on formation of Cr 2 O 3

As thin film deposition by sputtering at room temperature is a non-equilibrium process, experiments are not self-sufficient to prove that the σ phase observed is a metastable phase or an equilibrium phase at room temperature. However, the formed σ phase remains stable on annealing up to 673 K (for up to 72 hours) in the absence of oxidation. Presence of the σ phase above 673 K could not be confirmed independent of oxidation. Studies are ongoing to anneal films at higher temperatures without oxidation. The thickness of the Cr 2 O 3 layer for films annealed under vacuum of 10 -3 Pa at 973 K and 1223 K for 2 hours was 90 nm and 100 nm, respectively. Formation of Cr 2 O 3 led to a slight depletion of Cr in the matrix. A typical composition of an annealed film (all in at %) measured by TEM-EDS was 23 Cr, 27 Fe, 25 Co and 25 Ni. Disappearance of the σ phase on consumption of Cr by Cr 2 O 3 formation suggests that a high Cr content in the solid solution is required for the formation of the σ phase, being consistent with the literature [START_REF] Otto | Decomposition of the single-phase high-entropy alloy CrMnFeCoNi after prolonged anneals at intermediate temperatures[END_REF][START_REF] Laplanche | Phase stability and kinetics of a sigma-phase precipitation in CrMnFeCoNi high-entropy alloys[END_REF]. We also note that as-deposited films with less than 24 at. % Cr (Film Nos. 4, 9 and 11 in Table S1) contain the σ phase, whereas an annealed film with 23 at. % Cr does not show any σ phase, implying that nucleation events and local chemical fluctuations (segregation or short range ordering) during deposition rather than the absolute composition alone play the decisive role in the appearance of the σ phase in as-deposited films.

Summary and conclusions

In summary, nanocrystalline CoCrFeNi thin films were successfully deposited on Si/SiO 2 and c-sapphire substrates. In addition to the fcc phase, most of the films contained an additional σ phase, the strongest peak intensity which was less than 10% of the {111} #$$ peak. The XRD peaks corresponding to this additional phase disappeared when a Cr 2 O 3 layer forms upon annealing but remained in the absence oxidation. Observations clearly support the hypothesis that the additional phase is a Cr-rich phase and that a high concentration of Cr is required for the formation of the σ phase, consistent with the bulk HEA/CCA literature. In contrast to bulk CoCrFeMnNi [START_REF] Schuh | Mechanical properties, microstructure and thermal stability of a nanocrystalline CoCrFeMnNi highentropy alloy after severe plastic deformation[END_REF][START_REF] Otto | Decomposition of the single-phase high-entropy alloy CrMnFeCoNi after prolonged anneals at intermediate temperatures[END_REF], this additional phase is formed even at room temperature and in the asdeposited films due to a large number of nucleation sites (such as a dense network of grain boundaries, triple junctions and twin boundaries) and a faster formation kinetics promoted by the finer microstructure. In addition, high tensile residual stresses inherently present in these thin films and possible composition inhomogeneity at the atomic scale due to deposition from individual pure elemental sources possibly trigger the formation of the σ phase at room temperature. The observation of the σ phase in the equiatomic CoCrFeNi alloy thin films at RT contrasts with the formation of the same phase at temperatures above 773 K in bulk nanocrystalline HEA [START_REF] Schuh | Mechanical properties, microstructure and thermal stability of a nanocrystalline CoCrFeMnNi highentropy alloy after severe plastic deformation[END_REF]. However, results are consistent with data predicted by equilibrium phase diagrams [START_REF] Ming | Microstructures and deformation mechanisms of Cr26Mn20Fe20Co20Ni14 alloys[END_REF][START_REF] Bracq | The fcc solid solution stability in the Co-Cr-Fe-Mn-Ni multi-component system[END_REF]. scans from all deposited films (for details on the Film No. see Table S1), most of the films show σ phase (c) XRD q-2q patterns from films on Si/SiO 2 and a bare Si/SiO 2 substrate. (d) Reference line patterns for the possible phases in the quaternary alloy. The literature for reference patterns in Fig. 1d are taken from -bcc Cr [START_REF] Patterson | Crystal structure of titanium and chromium[END_REF], hcp Co [START_REF] Hull | X-ray crystal analysis of thirteen common metals[END_REF], fcc Ni [START_REF] Hull | X-ray crystal analysis of thirteen common metals[END_REF], tetragonal σ phase [START_REF] Yakel | Atom Distributions in Sigma-Phases .2. Estimations of Average Site-Occupation Parameters in a Sigma-Phase Containing Fe, Cr, Ni, Mo and Mn[END_REF][START_REF] Yakel | Atom Distributions in Sigma-Phases .1. Fe and Cr Atom Distributions in a Binary Sigma-Phase Equilibrated at 1063-K,1013-K and 923-K[END_REF][START_REF] Yukawa | Structure of Chromium-Rich Cr-Ni, Cr-Fe, Cr-Co, and Cr-Ni-Fe Alloy Particles Made by Evaporation in Argon[END_REF], Cr 2 O 3 (rhombohedral) [START_REF] Sawada | Residual Electron-Density Study of Chromium Sesquioxide by Crystal-Structure and Scattering Factor Refinement[END_REF] and FeNi 3 intermetallic [START_REF] Wakelin | A Study of the Order Disorder Transformation in Iron Nickel Alloys in the Region Feni3[END_REF]. 
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 1 Fig. 1: CoCrFeNi thin films on Si/SiO 2 and c-sapphire (a) typical XRD patterns (q-2q scans) of films on Si/SiO 2 and c-sapphire showing σ peaks in addition to fcc peaks and (b) XRD q-2q
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Fig. 2 :

 2 Fig. 2: (a) Cross section bright field image, (b) a magnified image showing columnar grains densely populated with coherent twin boundaries and stacking faults. (c) TEM selected area diffraction pattern (SADP) and (d) corresponding radial integration of SADPs (Black and red curves are the measurements in a film on Si/SiO 2 in two different locations) (e) HAADF STEM and EDS maps of an as deposited film on Si/SiO 2 substrate show a homogenous composition.
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 3224 Fig 3: Typical plan view SEM images of the films deposited on (a) Si/SiO 2 and (b) c-sapphire at 573 K.
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