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ABSTRACT: In this study, we model the chemical stability in the (Cri-xFex)2AlIC MAX phase
system using density functional theory predicting its phase stability for 0 < x < 0.2. Following the
calculations, we have successfully synthesized nanolaminated (Cri-xFex)2AlIC MAX phase thin
films with a target Fe content of x = 0.1 and x = 0.2 by Pulsed Laser Deposition using elemental
targets on MgO(111) and AlO3(0001) substrates at 600 °C. Structural investigations by X-ray
diffraction and transmission electron microscopy reveal MAX phase epitaxial films on both
substrates with a coexisting (Fe,Cr)sAlg intermetallic secondary phase. Experiments suggest an
actual maximum Fe solubility of 3.4 at%, corresponding to (Cro.932Fe0.068)2AI1C, which is the
highest Fe doping level achieved so far in volume materials and thin films. Residual Fe is
continuously distributed in the (Fe,Cr)sAls intermetallic secondary phase. The incorporation of Fe
results in the slight reduction of the c lattice parameter while the a lattice parameter remains
unchanged. The nanolaminated (Cro.932Fe0.068)2AIC thin films show metallic behavior and can

serve as promising candidates for highly conductive coatings.

INTRODUCTION

MAX phases are a rapidly expanding family of thermodynamically stable ternary carbides and
nitrides with atomically layered structure and chemical formula My+1AX,, where M is an early
transition metal, A is an A-group element (e.g. Al, Si, Ga, Ge, etc.), and X is carbon or nitrogen -
2, MAX phase compounds are known for their notable potential in high temperature applications
since they exhibit stability, thermal shock resistance, good mechanical properties, and excellent
thermal and electrical conductivity under harsh conditions 3. To date, about 155 MAX phase
compositions and their solid solutions have been successfully synthesized 2.

Introducing additional elements into MAX phase structures thereby expands their chemistry and

allows to master mechanical 3, optical ¢ or magnetic properties 7-°. Doping can promote



incorporation of previously excluded elements for MAX phases (e.g. lanthanides) leading to the
formation of nanolaminated chemically ordered structures (out-of-plane and in-plane) with new
structural and magnetic characteristics %12, On the other hand, doping with late 3d-elements like
Mn or Fe results in the partial substitution of parental M-sites elements forming a solid solution.
This approach has been successfully used to fine tune metallic and/or ceramic characteristics or to
introduce intriguing features such as magnetic order. The latter will further expand the numerous
applications of MAX phases towards spintronics, magneto-transport '3, magneto-calorics or as
magneto-strictive components 4.

To date, Mn>GacC is the only compound incorporating Mn as a sole M-element demonstrating
magnetic order 316, In further search for magnetic MAX phases, several attempts were made to
synthesize solid solutions in volume materials or as thin films focusing on the introducing of Mn
or Fe on M 1718 or A 19-20 gublattices sites of MAX phases. Until now, the most promising results
are shown for Ge and Ga based MAX phases demonstrating the existence of long-range magnetic
order in nano-layered (CroosMno.04)>GeC and in (Cro.93Mno07)2GaC powder compounds 2!.
Moreover, introducing Fe (up to x = 0.125) and Mn (up to x = 0.25), as well as Ti (up to x = 0.25)
and Mo (up to x = 0.375) in the (Cri-xMx)>GeC MAX phase induces long range magnetic order in
the initially paramagnetic CroGeC MAX phase sample 2. Addition of Mn to bulk polycrystalline
(Cri-xMny)2GaC  MAX phase (0<x<0.5) allows to tailor magnetic characteristics from
paramagnetic (x=0) to ferrimagnetic (x=0.5) 23. For Al-based MAX phases, doping of Fe 7 and
Mn 24 has an upper limit of 2-3 at.% incorporated into the structure of V>AIC and Cr,AIC parent
compounds. Despite these successful doping experiments, a ferro- or ferrimagnetic ground state

of the MAX phases has not been found. Further increase of Mn and Fe content beyond the 2 at.%



limit leads to the formation of additional side phases being responsible for a ferromagnetic
behavior of the corresponding bulk materials.

In this respect the synthesis of MAX phase thin films is favorable as compared to their bulk
counterparts due to improved phase purity, high crystalline quality, and controlled orientation
through epitaxial growth. This facilitates the in-depth study of doping in the hexagonal
nanolaminated MAX phase structure and the related magnetic properties. For epitaxial
(Cro.sMno.5)2GaC MAX phase thin films, a temperature dependent ferromagnetic component with
negligible magnetocrystalline anisotropy has been reported 2°. Moreover, experiments have shown
that the Mn solubility in Cr2AlC is lower in the bulk with a maximum of 3 at.% ((Cro.94Mno.06)2AlC
26 as compared to corresponding thin films reporting a maximum of 10 at.% (Cro.sMno2)2AlIC)
using arc deposition 3.

The aforementioned factors drive the research towards the development of adopted and
improved thin film deposition techniques for the growth of epitaxial MAX phases. Furthermore,
the solubility of the late transition metals in MAX phases might be enhanced by physical vapor
deposition if the film growth is performed far from thermodynamic equilibrium.

Recently we successfully demonstrated that the high energy (up to 100 eV) of ablated species
obtained during Pulsed Laser Deposition (PLD) results in good mixture of deposited elements
allowing to grow epitaxial Cr.AIC thin films with precise chemical composition 2.

Future application concepts for magnetic MAX phases, as discussed above, demand the
understanding of intrinsic properties and their anisotropy. Based on the experience from growing
phase pure and epitaxial CroAlIC thin films by PLD, we use this as parent compound to study the
Fe doping of (Cri-xFex)2AIC thin films (with the target amount in the MAX phase structure of x =

0.1 and 0.2) on MgO(111) and Al,O3(0001) substrates. The structure and morphology of the Fe-



doped CrAlIC MAX phase is investigated on the micro- and nanoscale level by X-ray
diffractometry (XRD), XRD pole figures, scanning electron microscopy (SEM), atomic force
microscopy and high-resolution transmission electron microscopy (HRTEM). Electrical
measurements reveal metallic conductivity of the synthesized film typical for MAX phases
suggesting their potential in high temperature applications as conductive coatings. In this study we
prove that PLD is a well-suited technique to incorporate Fe in the nanolaminate structure of Cr,AlC

MAX phases and thereby fine tune their properties.

METHODS

Computation methods. First-principles calculations were performed by means of density
functional theory (DFT) and the projector augmented wave method 2%-2° as implemented in the
Vienna ab-initio simulation package (VASP) version 5.4.1 30-32, The spin-polarized generalized
gradient approximation (GGA) has been used as parameterized by Perdew—Burke—Ernzerhof
(PBE) to incorporate the electron exchange and correlation effects 3. We consider selected spin
configurations based on results for Cr,AlC 3435 namely ferromagnetic (FM) and several
antiferromagnetic (AFM) configurations; multilayered AFM ordering of o consecutive M layers
(where a = 2) with the same spin direction before changing sign upon crossing an Al layer
(AFM[0001]%) and antiparallel spins within one M layer (in-AFM1). The plane wave energy cutoff
was set to 400 eV for k-point grids with a spacing of 0.05 A-! according to the Monkhorst-Pack
method 6. The total energy is minimized through relaxation of the unit-cell shape and volume, and
internal atomic positions until reaching an energy convergence of 10-° eV/atom. To model
chemical disorder or solid solution of Cr and Fe on the M sublattice for (Cri-xFex)>AlC, we used

the special quasi-random structure (SQS) method 37 with supercell sizes consisting of 2x2x2,



4x2x1, 4x3x1 and 4x4x1 unit cells, i.e. 64 to 128 atoms per supercell. Convergency tests show that
the supercells used give a qualitatively accurate representation and a quantitative convergency in
terms of calculated formation enthalpies and lattice parameters. The thermodynamic stability of
quaternary MAX phases is investigated at 0 K with respect to decomposition into any combination
of competing phases. The most competing set of such, denoted equilibrium simplex, is identified
using a linear optimization procedure 383 which have been proven successful to confirm already
experimentally known MAX phases as well as predicting the existence of new ones '3 13:3%-42 The

stability of the quaternary MAX phase is quantified in terms of formation enthalpy AH., by

comparing its energy to the energy of the equilibrium simplex according to:

AHZFoTe" = E(MAX) — E (equilibrium simplex) . (1)

A phase is concluded stable when AH., < 0. However, when 7 # 0 K, the contribution from

configurational entropy due to disorder of Cr and Fe on the M sublattice will decrease the Gibbs

free energy AGg‘I;SOrder as approximated by

AGéiésorder [T] — AHéizgsorder _ TAS, (2)

where the entropic contribution AS, assuming an ideal solution of Cr and Fe on M-sites, is given

by

AS = —2kg[xIn(x) + (1 —x) In(1 — x)], 3)



where kg is the Boltzmann constant and x is the concentration of Fe on the M-sublattice.

Synthesis. In the following study doping amounts denoted as x refer to the target Fe content in
the MAX phase structure, corresponding to the formula (CrooFeo.1)2AlC (x=0.1) and
(CrogFe02)2A1C (x=0.2). The growth of aforementioned MAX phase thin films was carried out in
ultra-high vacuum (base pressure < 1-10-® mbar) by PLD 4. An KrF Excimer Laser (wavelength
248 nm) hits pure elemental targets of chromium (Cr, 99,95%), aluminium (Al, 99,99%), iron (Fe,
99,995%) and pyrolytic graphite (C, 99,999%), purchased from Kurt J. Lesker (USA), at an energy
density of 13 J cm 2. The MAX phase thin films were grown by sequential layer by layer deposition
with a simultaneous decrease of Cr while introducing Fe, corresponding to a ratio of 2-2x : 2x : 5
: 1 (0.1=x<0.2) for Cr, Fe Al, and C, respectively, on MgO(111) and Al>O3(0001) substrates at
600°C as an optimized growth temperature for the parent Cr,AlC compound ?7. The amount of Al
was set five times higher as compared to the stoichiometric value due to (i) the tendency of Al
droplet formation; (ii) the high substrate temperature resulting in thermal desorption of Al and (iii)
re-sputtering effects of lighter elements during deposition ?7. The deposition rate was monitored

using a quartz crystal monitor.

Experimental Techniques. Structural characterization of the thin films was performed by XRD
in Bragg-Brentano geometry using a Panalytical X'Pert MPD PW3040 and an Empyrean MRD
device equipped with a Cu-Kq sources (A = 1.5406 A) in ®-20 geometry with 0.01° steps, ranging
from 10° < 2@ < 90°. The in-plane epitaxial relation between substrate and MAX phase was

determined by pole figures measurements.



The surface morphology of the epitaxial films was studied using SEM and atomic force
microscopy, employing Zeiss LEO 1530 and Park Systems XE70 microscopes, respectively. The
average chemical composition of the grown thin films was determined using energy dispersive X-
ray spectroscopy (EDX) equipped with an Oxford Instruments XMAX 80 mm? detector in the
SEM. Surface roughness measurements by atomic force microscopy were performed in non-
contact (tapping) mode using an ACTAIOM type cantilever with a tip radius of 6 nm. The
roughness was determined for individual islands in a scan area of 1 um x 1 pm using the WSxM
5.0 Develop 9.1 software.

For the TEM studies, a cross-section TEM lamella of a (Cro9Feo.1)2AlC thin film on MgO(111)
was prepared using Ga focused ion beam (FIB) cutting. The preparation process (lift-out method)
consisted of depositing a carbon protective layer, cutting the slice perpendicular to the surface,
lifting out of the slice with the help of a micromanipulator, attaching the specimen onto a Cu TEM
supporting grid, and final polishing of the lamella to the desired dimensions and thicknesses. The
accelerating voltage (5 — 30 keV) and beam current (2.8 nA — 48 pA) were optimized to prepare
ultra-thin TEM-specimens. Bright-field (BF) HRTEM and scanning TEM (STEM) images were
acquired with a Jeol 2200FS transmission electron microscope at an acceleration voltage of 200
kV using a 2k x 2k GATAN UltraScan®1000XP CCD camera. The local chemical composition
of the (CrooFeo.1)2AIC thin film was determined using EDX in STEM mode with an Oxford
windowless 80 mm? SDD X-MaxN 80 TLE detector with 0.21 sr solid angle.

Resistivity measurements were performed in four-point geometry using a custom-built sample
holder under He atmosphere at pye = 30 mbar in a Physical Property Measurement System (PPMS)
DynaCool system in the range of 2-300 K. The spring-tip contacts were pressed onto the film

surface and fixed at a distance between the contacts of 2 mm. The magnetic properties of the films



were studied by vibrating sample magnetometry in the PPMS system. 2.5x2.5 mm? film on 0.5
mm thick Al2O3(0001) was glued on a glass sticker holder and magnetic hysteresis loops at various

temperatures were recorded.

RESULTS AND DISCUSSION

Theory and computation. Phase stability calculations have been conducted for the (Cri-
Fex)2AIC MAX phase with 0 < x < 1. For each composition we consider three different spin
configurations: FM, AFM[0001]4 and in-AFM1. Figure 1 shows the calculated formation
enthalpy AH, at T= 0 K, using Eq. 1 where the identified the equilibrium simplex is listed in Table
S1. It is found that AH increases with increasing Fe content and at x = 1, Fe>AIC is found to be far
from stable with AH = +78 meV/atom. This is consistent with previous reports 4445, However,
since the focus is on a solid solution of Cr and Fe on the M-sites and that we grow MAX phase
epitaxial films at elevated temperature, we discuss stability results related to the Gibbs free energy
of formation, AG. It has previously been demonstrated that entropy has a stabilizing impact on the
formation of solid solutions in quaternary MAX phases upon alloying 41-4% 44 An increased
temperature will thus decrease AG for the solid solution (CrixFex)>AlC due to configurational
entropy. Here AG is estimated for T from 500 to 2000 K. A temperature of 1500 K and higher is
required to thermodynamically stabilize (CrixFex)2AlIC, i.e. to get AG < 0. At 1500 K, AG is around
zero for x < 0.2 indicating that the solid solution (Cri-xFex)2AlC is stabilized by temperature.
Further increase of T to 2000 K results in stable solid-solution (Cri-xFex)2AlC, AG < 0, for x <
0.45. In short, the results shown in Figure 1 demonstrate that small amounts of Fe, x < 0.2 for T

= 1500 K, could be incorporated in CroAlC.
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Figure 1. (a) Calculated formation enthalpy, AH, at 0 K and Gibbs free energy of formation, AG,
estimated at 500 to 2000 K for (Cri-<Fex)2AlC for selected spin configurations. Calculated lattice
parameters (b) a and (c) ¢ for (Cri-xFex)2AIC for selected spin configurations. Experimental values

are shown by green diamonds 447

Figure 1, panels b and c¢ show the calculated lattice parameters a and ¢ for (Cri.xFex)2AlC for the
considered spin configurations. In addition, experimentally reported values for Cr,AlC are
included as reference “¢47, In the region of interest, x < 0.45, both lattice parameter a and ¢ decrease
with increasing Fe content independent of the spin configuration.

Our DFT findings give the main motivation for the following experimental investigation of the
solubility of the Fe in Cr2AIC MAX phase thin films. We have chosen to introduce x = 0.1 and 0.2
of Fe in the (Cri-xFex)2AlC MAX phase in the previously developed protocol for epitaxial growth

of Cr2AlIC on MgO(111) and Al,O3(0001).
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Growth and characterization of (CrixFex)2AlC thin films. Metallic thin films with nominal
thickness of 40 nm are simultaneously grown on MgO(111) and AlO3(0001) substrates at a
deposition temperature of 600 °C using Cr, Fe, Al, and C elemental targets as described in more

detail in the Methods section and schematically depicted in Figure 2.

KrF Excimer Elemental Fe doped Cr,AIC
Laser Targets MAX phase

€ o =R

) el @
0 =R

Figure 2. Schematic illustration of the thin film growth of the Fe doped CroAIC MAX phase. The

Q@Fe @Cr @A oC

process includes the ablation from pure elemental targets using a KrF excimer laser resulting in

the incorporation of Fe atoms in the layered structure of the parent CroAlIC MAX phase.

The thickness of 40 nm is chosen above the percolation limit for the parent Cr2AlC MAX phase
thin films suggesting the formation of continuous metallic conductive films ?’. The surface
morphology is studied by SEM and atomic force microscopy. Representative SEM images of the
(Cro9Feo.1)2A1C and (CrosFeo2)2AlC films grown on MgO(111) and Al,03(0001) are shown in
Figure 3 a, b and ¢, d respectively. Corresponding height profile atomic force microscope images

are depicted accordingly in the Figure 3 e-h.
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Figure 3. Top view SEM images of (Cro9Feo.1)2AIC (a, b) and (CrosFeo2)2AlC (c, d) thin films on
MgO(111) and Al,O3(0001) substrates and corresponding height profile atomic force microscopy

images (e-h).

The films grown on MgO(111) and Al>O3(0001) substrates exhibit a continuous coverage with
a well-resolved film morphology, consisting of differently sized coalescent grains. A higher
targeted Fe concentration of x = 0.2 results in smaller grains as compared to x = 0.1. A columnar
growth mode is evident by the atomic force microscopy images, revealing an almost substrate and
doping independent roughness of the MA X phase grains ranging from (0.6 +£0.1) nm to (1.3 £0.2)
nm for films on MgO(111) and (1.0 = 0.1) nm to (1.4 = 0.2) nm for films grown on Al,03(0001),
respectively (Table 1). As determined by SEM-EDX, the elemental distribution within
(Cro9Fe0.1)2AIC and the (CrosFeo2)2AlC film grains is homogeneous revealing the targeted
Fe/(Cr+Fe) ratio of 0.1 and 0.2, respectively. See Supporting Information, Figures S1 and S2 for
details. Elemental mapping shows no clustering of Fe within the films nor at the grain boundaries
on the pm scale. However, the (CrosFeo2)2AlC film exhibits a visible phase inhomogeneity due to
the presence of melt-like regions, possibly attributed to the intermetallic solid solution (see

Supporting Information, Figure S3).
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Figure 4 displays the XRD patterns of a 36 nm pure Cr2AIlC film and 40 nm thick (Cri.xFex)2AIC
films with x = 0.1 and x = 0.2 grown on MgO(111) and Al,03(0001). For the reference Cr,AlC
parent MAX phase (blue curve) and (CrooFeo.1)2AlC films (green and violet curves), PLD results
in the formation of phase pure highly textured films since only (000/) MAX phase peaks are visible
with no traces of other crystalline phases. As the Fe concentration increases up to x = 0.2 (red and
black curves), additional peaks appear, which we identified as FesAls (ICSD CollCode 169545) or
its solid solution with CrsAly (ICSD CollCodel84444). These phases may also have peaks
overlapping with the MAX phase 2, as discussed further below. We note that the formation of the
intermetallic compound (FesAlg) is theoretically predicted being a competitive phase in the Cr-Fe-

Al-C system (see Supporting Information, Table SI).
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Figure 4. XRD 0-20 scans for 40 nm (CrooFeo1)2AlC (green and violet curves) and
(CrogFe02)2AlC (red and grey curves) films deposited on Al,O3(0001) and MgO(111) substrates

at 600°C. Substrate peaks are marked with a ‘S’ symbol. XRD of the 36 nm thick Cr2AIC film
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(blue curve) is placed for comparison. Sticks and Miller indices reflect the angular position of

Cr,AlC powder (ICDD 01089-2275).

Further, we investigate the expected epitaxial relations of (Cri-xFex)2AIC thin films by pole
figure measurements (Figure 5). The 10-13 XRD pole figure of (CrooFeo.1)2AIC on MgO(111)
recorded at y angle between 50 and 60° (Figure 5a, outer ring) displays the expected three strong
intense peaks at y angle ~ 55° originating from MgO(111) and revealing three-fold symmetry.
Less intense six peaks partially overlapping the MgO peaks are attributed to the MAX phase ?7.
Low intensity peaks (light blue circles) located in the vicinity to the main MAX phase peaks are
depicted and possibly appear due to the presence of small number of grains deviating from [11-
20] in-plane orientation 8, Interestingly, the (Cri.xFex)2AIC MAX phase and CrsAlg based solid
solutions (bcc structure) can coexist in the thin film. These, however, cannot be distinguished by
conventional XRD and pole figures, since interplanar spacing of CrsAls based solid solution
matches exactly half a unit cell of CroAlC 26, Thus, we additionally perform pole figure
measurements between y = 32° and 35° (Figure 5a). Peaks at this y angle position exist only for
intermetallic CrsAlg based bcc structures and not for the MAX phases structure 26, The results
presented in Figure 5a (inner ring) do not show any peaks apart from the background, revealing
the phase purity of the synthesized thin films and in-plane epitaxial relation (CrooFeo.1)>AIC[11-
20] || MgO [10-1]. The pole figure of (CrooFeo.1)2AlC grown on Al,O3(0001) in Figure 5b shows
the presence of the central (0006) MAX phase peak and 6 sharp intense reflections originating
from the {11-23} planes in sapphire overlapping with (10-13) MAX peaks, as discussed in more
detail in Ref. ?7. Like the film on MgO(111), no additional diffraction peaks are detected at y-

angles 32°-35°, suggesting the formation of phase pure (CrooFeo.1)2AIC on AbO3(0001).
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For increased Fe content in (CrogFeo2)2AlC films, the pole figures change for both substrates,
MgO(111) and A1,03(0001) (Figures 5c,d). In Figure 5c for the (CrosFeo.2)2A1C on MgO(111), we
clearly detect broad peaks grouped in doublets around positions of (Cro.oFeo.1)>AlC film (cf. Figure
5a). Such pattern suggests two in-plane orientations of MAX phase grains with respect to
MgO(111). Since the presence of secondary phases significantly influences the film epitaxy,
simultaneous growth of two phases may cause higher stress in the MAX phase grains resulting
peak broadening.

The 10-13 pole figure of (CrosFeo2)2AlC on Al,O3(0001) in Figure 5d shows 6 high-intense
peaks (dark red rectangles) originating from the {11-23} planes in the sapphire substrate 27. Apart
from this, two coupled pairs of less intense circled peaks (red and light blue circles) revealing six-
fold symmetry are detected and can be attributed to the epitaxially grown MAX phase and the
(Cr,Fe)sAlg intermetallic compounds. We note that there is a 30° in-plane rotation of film domains
with respect to the Al,03(0001) substrate as compared to the film with lower Fe content. In-plane
rotation leads to the stress reduction confirmed by the presence of sharp circled peaks. The
existence of the (Cr,Fe)sAls phase is evident by the well-defined six peak pairs at the y = 32°-35°

(Figure 5d, inner ring) 2°.
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Figure 5. The 10-13 XRD pole figure of (CrooFeo.1)2AIC (a) on MgO(111) recorded at y angle

50-60° and 30-35° and (b) on Al,03(0001) at y angle 0-90°, (c) the 10-13 XRD pole figure of

(CrogFe02)2AIC film on MgO(111) recorded at y angles 50°-60° and (d) on ALO3(0001) recorded

at y angle between 50°-60° and 30°-35°.

Based on the XRD data and pole figures we calculated the lattice parameters of the MAX phase

films and the XRD coherence length (Table 1). Incorporation of Fe in the CrAIC MAX phase

results in a slight reduction of the c¢ lattice parameter (Figure 1c) and has a similar, but less

pronounced effect on the a lattice parameter. This is in line with the computational findings

predicting the gradual decrease in the a and c lattice parameters with increasing amount of Fe

(Figure 1b,c). The calculated XRD coherence length of the film is reduced compared to the

nominal thicknesses, however, still suggests single crystalline growth along the ¢ axis.
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Table 1. Lattice parameters and XRD coherence length of (CrooFeo.1)2AlC and (CrosFeo.2)>AlC

films grown on MgO(111) and Al,O3(0001) substrates, and the root mean square (RMS) roughness

of the grains.

Al>O3(0001)

Sample c-Parameter a-Parameter Coherence RMS
[nm] [nm] length [nm] roughness [nm]

(Cro.9Feo.1)2AIC on 1.282+ 0.004 0.286+ 0.010 29+ 2 1.3+0.2
MgO(111)

(Cro.gFeo.1)2AIC on 1.278+ 0.004 0.285+0.010 353 1.4+0.2
Al,03(0001)

(CrosFeo.2)2AIC on 1.279+ 0.004 0.285+0.010 32+3 0.6+0.1
MgO(111)

(CrosFeo.2)2AIC on 1.277+ 0.004 0.285+0.010 373 1.0+0.1

To elucidate the detailed structure of the (Cro.oFeo.1)2AIC MAX phase, the film is further studied

by HRTEM. In the following, we focus on (CrooFeo.1)2AIC film due to its XRD phase purity. The

structural and compositional results are shown in Figure 6. A typical cross-section HRTEM bright-

field image of the (CrooFeo.1)2AIC thin film on MgO(111) is displayed in Figure 6a. The

synthesized film consists of distinct grains as also seen in the SEM top-view images in Figure 3.

The columnar growth along the ¢ axis is clearly shown with grain heights roughly matching the

nominal film thickness and lateral dimension of 25-50 nm. The STEM images in Figures 6b,c

indicate the typical MAX phases layered structure exhibiting alternating dark contrast layers (Al

atoms) and twin-layered rows of bright contrast (Cr atoms), while the C atoms interleaving the Cr

17




rows are invisible due to the lower Z-contrast. By recording the EDS line profile along the yellow
line in Figure 6¢, we distinguish the MAX phase layered structure by the element distributions of
Cr, Al, and Fe. Cr and Al layers show up by the alternating EDS intensities along the ¢ axis. As
expected, the low Fe EDS spectral intensities predominantly appear together with Cr, suggesting
the incorporation of Fe in the M layers of the CroAIC MAX phase structure. Interestingly, the Fe
concentration increases close to the substrate. The unit cell ¢ axis parameter of 1.27 nm agrees
with XRD results. Within the layered MAX phase structure, we identify domains with different
stacking (Figure 6d, white circle) featuring deviation from the typical zigzag atomic pattern of M-
layers in the cross section along the [11-20] zone axis. Such structural feature was earlier observed
for (Cr,Mn),AIC thin films and explained by the coexistence of (Cri-xMny)sAlg solid solution

within the MAX phase domains 2.
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Figure 6. a) High-resolution bright field HRTEM image of (Cro.9Feo.1)2aic on MgO(111). b), ¢),
d), e) STEM images of (CrooFeo.1)2AIC on MgO(111) along the [11-20] zone axis. Panel c)
additionally shows an EDS line scan along the c axis. The panels on the right show elemental

mappings for Mg (f), Cr (g), Al (h), Fe (i) and C ().

Elemental mapping of two film grains (Figure 6¢) is shown in Figures 6f to 6j and the ratio of
the main elements is presented in Table S2. The interface between the substrate (Mg, green) and
film is clearly depicted. The elemental distribution on the nanoscale is found to be inhomogeneous
in contrary to the microscale analysis performed by SEM-EDS discussed above. The two grains
have different compositions, one rich in Cr and C (Region 1, left), which we attribute to the MAX
phase and an Fe-rich region with almost no C content and reduced amount of Cr (Region 2, right).
Al is rather homogenously distributed in both regions. To attribute the regions to a certain phase
we quantify the (Crt+Fe) / Al atomic ratio and the corresponding Fe amounts. The (Cr+Fe)/Al
atomic ratio in Region 1 is close to the characteristic MAX phase 2:1 ratio, while in Region 2 it is
1.10-1.34, which is attributed to the solid solution of (Cr,Fe)sAlg (Table S2). The solubility of Fe
is higher in the (Cr,Fe)sAls solid solution as in the MAX phase with a maximum detected amount
0f 6.0 at.%. The maximum amount of Fe found in the studied MAX phase structure (in the sample
with the target Fe content of x=0.1) is 3.4 at.% ((Cro.932F€0.068)2AIC), which is the highest value
reported to date for both, thin films and bulk samples. Overall, the Fe doping leads to the same
behavior as Mn in the Cr,AlC parent MAX phase which has been investigated by Mockute et al.
26 (Cr,Mn),AIC MAX phase thin films prepared by arc deposition and magnetron sputtering have
shown the competitive epitaxial growth of (Cri-xMnx)sAlg solid solution and the (Cr,Mn),AlIC

MAX phase.
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Such two-phase growth mode should also show up in the magnetic properties of the epitaxial
thin films 8. We measure the magnetic response of the 40 nm (CrooFeo.1)2AIC MAX phase film
on ADLO3(0001) and of a similarly treated substrate as a reference by vibrating sample
magnetometry (see Supporting Information). Figure S4 (a-c) presents the signals of the solid
substrate while (d-f) present the data of the 40 nm film on an identically sized Al>O3(0001)
substrate. For the bare substrate we obtain e.g. a saturation magnetic moment g = 5-10° emu at
300 K, respectively. The magnetic response of the 40 nm (CrooFeo.1)2AIC on ALO3(0001) is
displayed in Figure S4 (d). The room temperature data appears at high quality and after subtraction
of the diamagnetic slope a S-shaped hysteresis is obtained as shown in Figure S4 (e). However,
the overall sample magnetic moment is only 1-10-> emu and thus only a factor of 2 above the bare
substrate and holder signal in Figure S4 (b). Ascribing this add-on signal to the film, the saturation
magnetization of (CrooFeo.1)2AIC is about 20 emu cm-3. This value is 15 times lower as compared
with epitaxial (CrosMno2)2AIC MAX phase thin film (3.3:105 A/m) 18, The magnification around
zero field in Figure S4 (f) shows a slightly open hysteresis loops which is temperature independent
which likely originates from the sample holder or the substrate. Based on the small difference
between the film on A1,O3(0001) and the bare substrate and the unclear contribution of the sample
holder we do not dare extracting other magnetic parameters here. Instead, we characterize the
electronic transport properties of (CrooFeo.1)2AlC and (CrosFeo2)>AlC films, which have not
shown any field-dependent features, and set them in comparison to the parent Cr,AlC film on
MgO(111).

Figure 7 depicts the temperature dependent electrical resistivity for (CrooFeo.1)2AlC (blue
curves) and (CrogFeo2)2AlIC (red curves) on MgO(111) and Al,O3(0001) substrates, as well as for

parent Cr2AlC on MgO(111) as a reference (green curve). All films show metallic behavior with
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a decreasing resistivity with temperature from 300 K to 3 K. For the films on Al,0O3(0001)
substrates a low residual resistance ratio (RRR) is found at 1.31 for (Cro.9Feo.1)2AIC and 1.25 for

(CrosFeo2)2A1C, which was ascribed before to surface scattering.
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Figure 7. Temperature dependence of the resistivity for (Cro.oFeo.1)2AlC and (CrosFeo2)>AlC thin

films deposited on MgO(111) and Al,O3(0001) substrates. The resistivity dependence of parent

Cr2AIC thin film on MgO(111) substrate is presented as a reference.

The electrical resistivity values strongly depend on the Fe doping and less on the substrate
choice. (CrosFeo2)>AlC on Al,O3(0001) exhibits an about 1.31-2/300 k times higher resistivity than
on MgO(111) for all temperatures, while the resistivity difference between the substrates for
(Cro9Feo.1)2AIC changes by a factor of 1.81— k and 1.71=300 x. With increasing Fe content, the
resistivity rises by 30% for the samples on Al2O3(0001) and by 70%-90% for the films on

MgO(111). The linear slope above about 100 K is smaller for (CrooFeo.1)2AlC samples clearly
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pointing together with the lower resistivity values towards less impurities in the films. This
observation is supported by the pronounced lower resistivity and increased RRR of the parental
Cr2AIC on MgO(111). The synthesized films demonstrate overall low resistivity suggesting their

potential as high conductive coatings 3% 31

CONCLUSION

In this study we have shown that fine tuning of individual elemental deposition using PLD can
be used to introduce Fe in the nanolaminated structure of the CroAIC MAX phase. Following the
density functional calculations predicting phase stability of (CrixFex)>AlC for x < 0.2, we
synthesized thin films with the target Fe content of x = 0.1 and x = 0.2 on MgO(111) and
AlLO3(0001) using pure elemental targets at 600°C. For the (CrooFeo.1)2>AIC MAX phase we obtain
the epitaxial relation (CrooFeo.1)2AIC [11-20] || MgO [10-1]. Despite phase purity revealed by XRD
and pole figure measurements for x = 0.1, the coexistence of the MAX phase structure and
(Cr,Fe)sAlg intermetallic compounds was resolved by HRTEM. Using PLD we incorporated up to
x=0.068 (3.4 at%) Fe in M-layers of the parental Cr,AIC MAX phase which is the highest doping
level obtained to date. Incorporation of Fe resulted in a slight reduction of the ¢ lattice parameter
having a similar but less pronounced effect on the a lattice parameter of CrAIC MAX phase,
resembling theoretical predictions. Despite the successful incorporation of Fe in the MAX phase
structure, the presence of magnetic order has not been observed in our study. Electrical
measurements revealed high metallic conductivity typical for MAX phases suggesting their

potential as conductive coatings.
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Supporting Information. The Supporting Information is available free of charge on the ACS
Publications website. Additional information about the competing phases in (Cri-xFex)2AIC MAX
phase system, SEM images of the synthesized films with corresponding EDX elemental maps and

vibrating sample magnetometry of Al203(0001) substrate and (Cri-xFex)2AIC MAX phase film.
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