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a b s t r a c t 

High (or medium)-entropy alloys (H/MEAs) are complex concentrated solid solutions that may develop 

chemical short-range order (CSRO). In this regard, CrCoNi, the prototypical face-centered-cubic MEA, has 

recently kindled a debate in the H/MEA community, as it is uncertain if CSRO can possibly form in such a 

multi-principal-element solution, where no equilibrium or metastable intermetallic compounds have ever 

been seen or predicted. To answer this challenging question, here we present firm experimental evidence 

for the CSRO from electron diffraction as well as atomic-resolution chemical mapping, under an appropri- 

ate zone axis. We also develop a methodology to reliably determine the locations of atomic columns from 

the line scan profiles in the chemical maps, as well as a quantitative covariance-based correlation analysis 

of the column chemical compositions to reveal the spatial correlations between various atomic pairs. The 

detailed chemical information affirms the tendency for like-pair avoidance and unlike-pair preference, 

specifies the preferred atomic packing and plane stacking by the three constituent species, and suggests 

a proposed atomic configuration that constitutes the CSRO motif. The fraction of CSRO regions is mod- 

erately lowered after either plastic deformation or high-temperature heating. A comparison is also made 

with previous attempts to identify CSROs in H/MEAs. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Complex concentrated solution alloys [1] composed of multiple 

rincipal elements are currently attracting much attention. They 

re customarily dubbed as high (or medium)-entropy alloys (HEAs 

r MEAs) [1–8] . While these H/MEAs are often assumed to be 

hemically random with configurational entropy approaching that 

f an ideal solution, it is highly likely that enthalpic interactions 

mong constituent elements would lead to some degree of local 

hemical order (LCO) at ambient temperatures [9–24] , in the oth- 

rwise simple-structured lattice, for example, a face-centered cubic 
∗ Corresponding authors. 
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aen@xjtu.edu.cn (E. Ma). 
† These authors contributed equally. 

fi

t

fl

[

o

ttps://doi.org/10.1016/j.actamat.2021.117490 

359-6454/© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia In

 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
fcc) solution. These LCOs are expected to influence the dynamics 

f defects (e.g. vacancies, interstitials, and dislocations) in the crys- 

al as well as the macroscopic properties of the alloy [ 9 , 10 , 20-24 ]. 

LCOs are on size scales from the atomic level to domains 

f nanometers. In this work, we focus on the former, i.e., in- 

ipient LCOs in the form of chemical short-range order (CSRO) 

 10 , 18-24 ], which, by definition, is prevalent only in the first cou-

le of nearest-neighbor atomic shells. CSRO refers to the prefer- 

nce/avoidance of some of the constituent species in the alloy 

way from the atomic fractions expected for random mixing, but 

he chemical order is so short-ranged that it prevails only in the 

rst and the next couple of nearest-neighbor atomic shells around 

he atom at center. While the presence of CSRO is expected to in- 

uence the properties of the alloy such as the dynamics of defects 

 2 , 16-18 ], a convincing identification of CSRO is difficult because 

f the need to acquire detailed information on atomic scale. It is 
c. This is an open access article under the CC BY-NC-ND license 
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hese CSRO building blocks that expand/grow in one, two or three 

imensions to LCOs on nanometer scale; by then the chemically 

rdered regions become readily recognizable. The CSROs, on the 

ther hand, are variable and almost always escape detection [ 9 , 10 ],

s a convincing identification of CSRO demands intricate chemi- 

al information on sub-nanometer length scale, including the oc- 

upancy of constituent species on certain lattice planes/sites in 

he nearest-neighbor environment. One also desires quantitative 

SRO order parameters (such as the Warren-Cowley order param- 

ter [25] ) and spatial pair correlation functions [26] for each of 

he several nearest-neighbor atomic shells, to ascertain the prefer- 

nce/avoidance for certain species. Such explicit details are difficult 

o come by. Even the acquisition of diffraction evidence is a tall or- 

er, as the coherent scattering signal from the tiny CSROs is rather 

eak and may not yield recognizable extra reflection. 

The MEA we deal with in this work is the nominally random 

rCoNi solution, which is a prototypical fcc MEA widely cited in 

he community [ 7 , 8 , 10 , 15 , 19 , 22 ]. A strong case can be made here,

o motivate the study of CSROs inside CrCoNi. First, the key at- 

ributes of this multicomponent system are that the three species 

re very similar in atomic size, exhibit rather small heat of mixing, 

nd form no known equilibrium ternary intermetallic compounds 

ver the entire range of temperatures and compositions. One nat- 

rally wonders if CSROs can be developed at all, in such a com- 

letely soluble system when the composition is in the center of the 

hase diagram. In this context, CrCoNi can serve as an interesting 

nd general model case for many multi-principal-element complex 

oncentrated alloys [1] , for which it is difficult to predict a priori 

f a single-phase H/MEA solution would contain CSROs. Second, if 

SROs do develop, it is rather curious what kind of CSRO would 

merge, as no chemically ordered metastable state has been pre- 

icted as a potential candidate/reference. In such a case, exactly 

hat kind of CSRO would be developed and to what extent are 

uestions that have not been convincingly answered thus far. An 

n-depth probe into the CSRO in such a system is therefore mean- 

ngful and important. Third, the query as to if CSRO actually ex- 

sts in the CrCoNi case has reached the level of a hot debate in

he HEA community. For example, a recent report claimed CSRO 

n this MEA [10] (the uncertainties associated with this claim will 

e discussed in Section 3.4 ), but another paper published at about 

he same time believed the opposite [23] . In the following, we re- 

olve this challenging issue [ 9 , 10 , 20 , 23 ], by employing a full suite

f characterization methods, including electron diffraction, atomic- 

esolution lattice imaging and chemical mapping, as well as mod- 

ling calculations. Our dedicated search has found an appropri- 

te zone axis to directly observe CSRO in an aberration-corrected 

ransmission electron microscope (TEM), producing the “seeing is 

elieving” dataset that resolves any possible ambiguity left by Ref. 

10] about the CSRO in CrCoNi MEA. 

. Material, processing and experimental methods 

The CrCoNi medium-entropy alloy was produced by arc-melting 

ure chromium, cobalt, and nickel (all > 99.9% purity) and subse- 

uently casting into a 130 mm diameter iron mold under an argon 

tmosphere. To ensure homogeneity, the ingot was re-melted five 

imes. The chemical composition (atomic%) was 33.5% Cr, 32.5% Co, 

nd 34% Ni. The ingot was hot-forged and hot-rolled at 1150 °C to 

 plate with the dimensions of 12 × 50 × 700 mm 

3 . The plate was

hen homogenization-treated in vacuum at 1100 °C for 12 h, fol- 

owed by rapidly quenching in water. The plate was cold-rolled by 

0% thickness reduction to final sheets of 1.0 mm thickness. 

Tensile specimens were cut along the rolling direction, with a 

auge cross-section of 4 × 1 mm 

2 and 15 mm in length. The re- 

rystallization annealing was conducted before tensile straining, at 

0 0 ºC and 10 0 0 ºC, respectively, both for 1 hour. The uniaxial ten-
2 
ile straining was performed using MTS 793 machine at room tem- 

erature and a strain rate of 5 × 10 −4 s −1 . 

Thin foils for TEM observations were polished to 50 μm, then 

unched to discs 3 mm in diameter. Perforation by twin-jet 

lectro-polishing was carried out using a solution of 5 vol% per- 

hloric acid and 95 vol% alcohol, at −25 °C and 30 V. The thin re-

ions in the TEM specimen used for TEM experiments are ∼30 nm 

n thickness. Atomic-resolution TEM and HAADF-STEM were per- 

ormed on an aberration-corrected scanning transmission electron 

icroscope (FEI Titan Cubed Themis G2 300) operated at 300 kV, 

quipped with a Super-X EDS with four windowless silicon-drift 

etectors. The nano beam electron diffraction was performed un- 

er the TEM microprobe mode, with the electron beam spot diam- 

ter of 35 nm. The image was obtained using Flucam-Viewer with 

ensitivity 6. Quantitative energy dispersive X-ray spectroscopy 

EDS) mapping with atomic-resolution was conducted on both the 

amples before and after tensile test. The count rate was in the 

ange of 180 to 500 cps when acquiring atomic-resolution EDS 

aps. The dwell time was 5 μs per pixel with a map size of 512

512 pixels; each EDS mapping took roughly 1 hour to reach the 

igh signal-to-noise ratio. 

. Results and discussion 

.1. Microstructure 

Figs. 1 a and 1 b are the electron back-scattered diffraction im- 

ges for CrCoNi MEA after recrystallization annealing for 1 hour 

t 600 °C and 1000 °C, respectively. The resultant microstructure 

s a single fcc phase in both cases and the average grain size was 

.2 μm and 50 μm, respectively. For the 600 °C-annealed sample, 

oth the TEM and high-resolution TEM imaging ( Figs. 1 c and 1 d),

ogether with the selected-area electron diffraction pattern (EDP), 

ano beam EDP, and Fast Fourier transform (FFT) in Figs. 1 e, 1 f and

 g respectively, all with the [110] zone axis (z.a.) as is normally 

sed in previous TEM work to look for the signs of CSROs [ 9 , 10 ],

how a normal fcc lattice with no indication of CSROs. If the latter 

xist at all, their symmetry/packing features do not produce tell- 

ale signatures that can be separated out of the information col- 

ected under this zone axis. Therefore, various zone axes [27] from 

he low-index to high-index ones need to be tried, to eventually 

nd the zone axis that can provide the necessary diffraction evi- 

ence for the CSRO regions. 

.2. TEM characterization of CSROs 

.2.1. Electron diffraction of CSROs 

Interestingly, evidence regarding CSRO emerged when we 

witched to the [112] z.a. in the 600 °C-annealed sample. The 

elected-area EDP shows the expected Bragg diffraction spots of 

he fcc lattice ( Fig. 2 a). Interestingly, there are weak extra spots, 

hich are highly diffuse with a diameter several times that of the 

ormal Bragg spot, visible in the middle between the transmission 

pot (0 0 0) and the { ̄3 11 } spot as indicated by arrows; one exam-

le is highlighted using a yellow circle. The presence of a broad 

ntensity maximum can be confirmed by a hump in the measured 

iffraction intensity along the dashed green line (lower panel). 

hese extra diffuse disks are indications that there are CSRO re- 

ions of very small size [28] : it is shown before that when CSRO 

as a length scale of less than 1 nm, it generates a reflection that 

ould expand to a disk ∼5 times the size of a normal reciprocal- 

attice spot [28] . 

Fig. 2 b is the high-angle annular dark-field (HAADF) image 

aken in an fcc grain with the [112] z.a. As shown in inset in 

ig. 2 b, the FFT pattern clearly exhibits extra superlattice reflec- 

ions (one is circled in yellow as an example) in between the 
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Fig. 1. Microstructure in CrCoNi medium-entropy alloy. (a) and (b) Electron back-scatter diffraction (EBSD) images showing fcc single-phase after recrystallization annealing 

at 600 °C (a) and 1000 °C (b), respectively, both for 1 hour. (c), (d) TEM and high-resolution TEM images of fcc microstructure in 600 °C-annealed sample. e) - g) Selected-area 

electron diffraction pattern (EDP), nano beam EDP, and fast Fourier transform pattern, respectively, all with the [110] z.a. 

Fig. 2. Evidence of CSRO in 600 °C-annealed sample. (a) Selected-area electron diffraction pattern (EDP) of fcc phase with the [112] z.a. Note the extra discs appearing 

at 1 
2 
{ ̄3 11 } positions (e.g., the weak disk inside the yellow circle). Lower panel: diffraction intensity along the green dashed line. (b) HAADF lattice image of fcc phase with 

the [112] z.a. Inset: the corresponding Fast Fourier transform (FFT) pattern showing the extra diffuse reflections (one is labeled by yellow circle) at 1 
2 
{ ̄3 11 } positions, along 

with sharp Braggs spots from the FCC phase (blue circles). (c) and (d) Inverse FFT images of FCC lattice and CSRO regions (several are circled), respectively. Inset in (d): the 

close-up view after superimposing two lattices, both with [112] z.a. Overlapping this way produces bright sites that highlight the extra CSRO lining up on { ̄3 11 } planes. (e) 

Nano beam EDP with the [112] z.a. Arrays of superlattice reflections at 1 
2 
{ ̄3 11 } positions as pointed by arrows. (f) Energy-filtered dark-field TEM image taken using extra 

diffuse disks. Inset: close-up view, highlighting some coherently diffracting CSROs. Throughout this figure, the scale bar is 1 nm unless marked otherwise. 

3 
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Fig. 3. Inverse FFT image showing CSRO regions (yellow circles) . (a) 600 °C-strained sample. (b) 10 0 0 °C-annealed samples. Inset is FFT pattern with the [112] z.a. Note 

the diffuse reflections (yellow circles) at the positions of 1 
2 
{ ̄3 11 } . 
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ransmission spot (0 0 0) and the { ̄3 11 } diffraction spots. These ex- 

ra disks are rather diffuse, instead of the sharp diffraction spots 

hich could have other origins [28] , and therefore, fiducial indica- 

ors of the presence of the CSRO [29–32] . Specifically, because the 

iameter of diffuse disks in reciprocal space is almost one order 

f magnitude larger than that of Bragg spots from the fcc lattice, 

he entities in real space corresponding to these superlattice re- 

ections must be very small in spatial extent [29] , at the length 

cale of bona fide CSROs. In general, the presence of CSRO may not 

ecessarily give rise to readily discernable diffraction signals; but 

hen extra reflections are obvious, such as for VCoNi [26] and this 

rCoNi MEA, this information in the reciprocal space offers a tell- 

ale indicator that CSRO does exist in the solid solution being ex- 

mined. 

Based on the FFT diffraction pattern, two inverse FFT (IFFT) im- 

ges are obtained. One is the fcc lattice imaged using the normal 

cc {311} spots ( Fig. 2 c), while the other shows the CSRO regions

sing the diffuse disks ( Fig. 2 d), where a few CSRO regions are cir-

led in yellow. By comparison, it is visible that the lattice planes 

haracterizing the periodicity of the CSRO (i.e. red lines in Fig. 2 d) 

ave an inter-planar spacing ( d CSRO ) which is twice the interplanar 

pacing ( d f cc ) of the normal fcc { ̄3 11 } planes (red lines in Fig. 2 c).

his is the reason why extra reflections appear at the 1 
2 { ̄3 11 } po- 

itions in the FFT pattern (inset in Fig. 2 b). To further ascertain 

he presence of CSRO, a parallel set of nano beam diffraction ex- 

eriments were preformed, with the objective aperture diameter 

f ∼35 nm, which is capable to significantly improve the signal- 

o-noise (background) ratio, along with imaging contrast, as com- 

ared to the selected-area diffraction mode. In addition to the ex- 

ected fcc Bragg spots (indexed), the nano beam EDP ( Fig. 2 e, still

ith the [112] z.a.) shows easily discernible extra disks, all lining 

p still at the positions corresponding to 1 
2 { ̄3 11 } , as marked using 

rrows. The observation of extra reflections in both the FFT pat- 

ern and nano-beam EDP proves that the fcc CrCoNi MEA contains 

SRO regions. To observe the real-space dimension of the coher- 

ntly scattering CSROs, we obtained the dark-field image ( Fig. 2 f) 

aken using the extra disks. The CSRO regions light up. 

The CSRO regions were further observed, respectively, in both 

00 °C-strained sample after tensile deformation to 18% strain 

 Fig. 3 a) and in 10 0 0 °C-annealed sample ( Fig. 3 b). Both FFT pat-

erns (insets) again show the extra diffuse disk the same as those 

hown in the lower panel of Fig. 2 a and the inset of Fig. 2 b. The

FFT images show the CSRO regions (yellow circles). 

Fig. 4 shows the statistic distribution of the size of CSRO regions 

n three samples. In each of the three cases, more than 300 CSRO 

egions were counted, respectively, from both the dark-field TEM 
1  

4 
mage and IFFT images. The vast majority (90%) of CSRO regions 

s less than 1 nm in size. It is interesting that the average size, d ,

emains almost unchanged in all three cases ( Fig. 4 a-c). Such a size

cale is what is expected for CSRO regions. However, Fig. 4 d shows 

hat the areal fraction, f areal , of the CSRO regions, as measured also 

rom both the dark-field and IFFT images, is different. The f areal 

ecreased from 0.22 to 0.18 after plastic deformation in the 600 °C- 

nnealed sample, and to ∼0.16 in the 10 0 0 °C-annealed sample. 

.2.2. EDS-mapping of CSROs 

Next, we provide chemical information from representative lo- 

al regions to ascertain that at least some of the sub-nano enti- 

ies above indeed contain CSRO that can give rise to the observed 

xtra diffraction signals. This requires a compositional analysis as 

o exactly what kind of CSRO is present, by probing into the de- 

ailed arrangements of the three chemical species (Cr, Co, Ni) in 

he CSRO regions. To this end, the energy-dispersive X-ray spec- 

roscopy (EDS) mapping was carried out, based on HAADF imaging 

ith the [112] z.a. 

We mapped out in the 600 °C-annealed sample, each element, 

r (red), Co (green) and Ni (blue), one by one, as illustrated in 

he several panels in Fig. 5 . Fig. 5 a is a HAADF lattice image of

cc grain. The inset is its FFT pattern showing extra disks due to 

he small CSRO regions. Fig. 5 b is the corresponding EDS map. In 

he image, each spot corresponds to an atomic column along the 

hickness direction of TEM foil. The intensity (brightness) of col- 

red spots depends on the make-up of the column, scaling with 

he content of the particular element being probed. Fig. 5 c includes 

ne CSRO region (upper-left) and close-up views showing the pref- 

rential locations of the three elements in this region. We discover 

hat the CSRO can be best described in terms of Cr occupancy, 

ee the red spots in the Cr map (upper-right in Fig. 5 c). Specifi-

ally, two Cr-enriched ( ̄3 11 ) planes (dashed yellow lines, across red 

pots) sandwich one Cr-depleted ( ̄3 11 ) plane (in either the Co or 

he Ni map, under a dashed blue line, across intense green/blue 

pots but faint or even vanishing red Cr). That is, the Cr-enriched 

 ̄3 11 ) planes alternate with those enriched in Co and/or Ni. Such a 

hemical order has a period that doubles the interplanar spacing 

f fcc lattice, and explains again why the diffuse reflections appear 

t the locations corresponding to 1 
2 { ̄3 11 } (both the lower panel of 

ig. 2 a and inset in Fig. 2 b). Furthermore, the alternating prefer- 

ntial chemical occupancy usually extends across only a few ( ̄3 11 ) 

lanes, i.e. a distance of less than 1 nm, well in line with the size

f CSRO regions ( Fig. 4 ). The LCO we observe can hence be right-

ully classified as CSRO. 

Fig. 6 shows the EDS-maps in 600 °C-strained ( Fig. 6 a- 6 c) and

0 0 0 °C-recrystallized ( Fig. 6 d- 6 f) samples. In these two cases, in
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Fig. 4. Change of size and areal fraction of CSRO regions. (a-c) Size distribution of CSROs in three samples. In each of the three cases, more than 300 CSRO regions were 

counted, respectively, from both the dark-field (DF) TEM image and inverse FFT (IFFT) image. (d) Average size (blue circle) and areal fraction (green square) of the CSRO 

regions. 

Fig. 5. CSRO and element distribution by EDS mapping in 600 °C-annealed sample. (a) HAADF lattice image of fcc phase with the [112] z.a. Inset: the corresponding Fast 

Fourier transform (FFT) pattern showing the extra diffuse CSRO reflections (one is labeled by yellow circle) at 1 
2 
{ ̄3 11 } positions. (b) Corresponding EDS map showing the 

element distribution. (c) IFFT of a specific CSRO region (upper-left) and close-up maps of Cr, Co, and Ni, respectively, for this region. All the dashed lines mark the ( ̄3 11 ) 

planes intersecting the (111) plane in plan-view; yellow: Cr-enriched, blue: Co-/Ni- enriched. To be specific, in the Cr map, two Cr-enriched ( ̄3 11 ) planes (dashed yellow lines, 

across red spots) sandwich one Cr-depleted ( ̄3 11 ) plane (in either Co or Ni map, both under a dashed blue line). All scale bars are 0.5 nm. 
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erms of the occupancy of the three elements in the CSROs, again 

wo Cr-enriched planes are apart by a distance twice the normal 

pacing of { ̄3 11 } planes in fcc lattice, as there is one Co/Ni-enriched

lane in-between. 

.2.3. 3D atomic configuration of CSRO 

The red dashed rectangle, as shown in the inset of Fig. 2 d, 

s the CSRO motif ( Fig. 7 a), which led us to conjecture a sim-

lified 3D atomic configuration model of CSRO. The results from 

he IFFT image and EDS mapping suggest that Cr atoms have a 

endency to reside in the eight vertices of unit cell, interspersed 

ith Co/Ni-enriched atomic sites along the [111] direction. This 

dealized model is presented in Fig. 7 b, displaying the alternat- 

ng { ̄3 11 } planes in the [112] projection (Cr-enriched red-ball plane 

lternating with Co/Ni-enriched green-ball plane). This model has 
5 
lso made use of the line scan chemical mapping profiles along 

he 〈 110 〉 direction in the {111} plane (see below for the al- 

ernating Cr-enriched and Co/Ni-enriched neighboring columns). 

he simulated EDP with the [112] z.a. for this CSRO, given in 

ig. 7 c, shows the extra diffuse reflections at the 1 
2 { ̄3 11 } posi- 

ions, which are in full agreement with the selected-area EDP (the 

pper panel in Fig. 2 a), the FFT pattern (the inset in Fig. 2 b),

nd the nano-beam EDP as observed in Fig. 2 e. This suggests 

hat such an atomic configuration/ arrangement locally breaks 

he symmetry of fcc lattice to produce extra reflections, while 

ll Cr, Co and Ni atoms in the CSRO regions still reside on the 

ormal sites of fcc lattice (the color in the motif does not re- 

er to a pure element but only refers to which element is en- 

iched at that location, with a probability above sample-average 

oncentration). 
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Fig. 6. CSRO region and element distribution by EDS mapping. (a) HAADF image with the [112] z.a. in 600 °C-strained sample. Inset: FFT pattern showing the diffuse 

CSRO reflections (one is labeled by yellow circle) at 1 
2 
{ ̄3 11 } positions. (b) Corresponding EDS map of the three species. (c) IFFT of a specific CSRO region (upper-left) and 

close-up maps of Cr, Co, and Ni, respectively, for this CSRO. All dashed lines mark the ( ̄3 11 ) planes intersecting the (111) plane in plan-view; yellow: Cr-enriched, blue: 

Co-/Ni- enriched. (d-f) Corresponding results in 10 0 0 °C-annealed sample. All scale bar is 0.5 nm. 

Fig. 7. Schematic 3D atomic configuration of the CSRO motif. (a) Idealized model viewed from the [112] z.a., which captures the alternating { ̄3 11 } planes (in the [112] 

projection, red-ball plane alternating with green-ball plane) - the salient chemical enrichment featured in Fig. 2 c and its inset, as well as the alternating columns in [110] 

direction. (b) Local 3D configuration showing CSRO region in fcc lattice. (c) Corresponding EDP with the [112] z.a. 
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Furthermore, it is noted that the pattern/CSRO is clearly differ- 

nt from that expected for familiar ordered structures such as L1 2 , 

1 0 , B2, etc. This finding is instructive, as it demonstrates that the 

SRO can present a new (sometimes metastable) structure that is 

erhaps unexpected and hard to predict a priori . In this CrCoNi 

ase, the CSRO resembles the structure of a computationally pur- 

orted trigonal CrNi phase [33] . Interestingly, this CSRO motif is 

imilar to that in VCoNi MEA [26] , where the CSRO appears to 

e based on a metastable trigonal VNi structure [34] . A discus- 

ion comparing the CrCoNi with VCoNi cases will be presented in 

ection 3.4 . 

.3. Quantitatively gaging CSROs from experimental EDS maps 

.3.1. Locating the atomic columns in EDS line profiles 

As the next step, we devise a robust method for quantitatively 

nalyzing the chemical preferences from information contained in 
6 
he experimental EDS maps. In our recent work [26] , we devel- 

ped a pair correlation analysis scheme and demonstrated that the 

patial correlation coefficient at the 1 st peak/valley is indicative of 

SROs in the nearest-neighboring shell. The analysis gauges the de- 

ree of spatial correlation between the concentrations of species 

n the atomic columns, to reflect the spatial correlation between 

ach pair of species, e.g., the tendency for A and B to be neighbors. 

hat is needed, therefore, is the chemical concentration measured 

rom EDS mapping in each atomic column. However, pronounced 

attice distortions can be present in the H/MEAs, making it difficult 

o pinpoint the location of each column (i.e., which signals should 

e counted as belonging to a particular column). This introduces 

on-trivial noise and uncertainty to the pair correlation analysis. 

s an example, in Figs. 5 and 6 , although the atomic columns 

re distinguishable visually, obvious lattice distortions can be ob- 

erved. Ideally, only the concentrations at the location of atomic 

olumns should be included in the calculation of correlation coeffi- 
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Fig. 8. Locating the element-enriched columns in EDS line profiles. Typical com- 

position line profiles, x A (A = Cr, Co and Ni), are illustrated, which are obtained 

from experimental line scans of one (111) plane from EDS mapping. The red, green 

and blue vertical lines show the determined locations of Cr-, Co- and Ni-enriched 

columns. The 1 st derivative, x ′ A (r) , and 2 nd derivative, x ′′ A (r) , scaled at 0.1 and 0.01 

times, respectively, are illustrated for the Cr concentration profile as an example. 

The gray lines are the excluded local maxima with concentration lower than the 

sample average of each element (the colored dotted horizontal line). 
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Fig. 9. Probability distribution of the distance between A-enriched and B- 

enriched columns in 600 °C annealed sample . A (or B) stands for any one of the 

three constituent species. A total of 20 independent EDS lines are included in the 

statistics (see Section 2.3 for more details). (a) Histogram plot shows the frequency 

(number) of column pairs within each distance bin (three representative bin widths 

are shown). (b) Normalized histograms in (a) so that the area under each histogram 

integrates to unity. Dashed vertical lines denote the center of four distinct peaks 

(maxima). The interval between peaks, r ∗ , gives the distance between neighboring 

projected atomic columns in (111) plane along [112] z.a. 
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ient. Thus, in the following we start with a more reliable method 

o better identify the location of each atomic column in the EDS 

ine profiles. The procedure to locate atomic columns from EDS line 

rofiles with lattice distortions is as follows: 

i) Interpolate a spline representation of discrete atomic concen- 

tration points covered in an EDS line scan [35] . The resultant 

concentration profile for species A (A = Cr, Co or Ni), x A (r) , al-

lows for the calculation of derivatives at any location, r. 

ii) Calculate the 1 st derivative, x ′ 
A 
(r) , and 2 nd derivative, x ′′ 

A 
(r) of 

the concentration profile. 

ii) Locate the A-enriched columns (peaks) by employing the fol- 

lowing criteria: x ′ 
A 
(r) = 0, x ′′ 

A 
(r) < 0 and x A (r) > x A . x A is the

average of A concentration in the measured EDS region. 

Note that we only care about the local maxima, as the minima 

an correspond either to A-depleted columns or to the void space 

etween columns (which is not what we want). For the former 

ase, the column locations can then be located from the maxima 

f the other elements, e.g., when A-depleted the column would be 

nriched with B and/or C. 

To demonstrate the above, Fig. 8 analyzes the concentration 

rofiles along an EDS line scan. Again, the A-enriched columns 

peaks) are located using the three criteria, i.e., x ′ 
A 
(r) = 0, x ′′ 

A 
(r) <

 and x A (r) > x A . The 1 st and 2 nd derivatives, x ′ 
A 
(r) and x ′′ 

A 
(r) , are

hown for the Cr concentration profile in Fig. 8 as an example. The 

ed, green and blue vertical lines show the locations of Cr-, Co- and 

i-enriched columns along an EDS line profile. This explicit deter- 

ination of the locations for the atomic columns enables a more 

eliable statistical analysis of their spatial distribution and correla- 

ion. 

.3.2. Spatial distribution functions 

After identifying the Cr-, Co- and Ni-enriched columns and their 

ocations, we further analyze whether they (i.e., these columns of 

arious identity, namely, enriched in different species) distribute 
7 
ith some pattern in space. To this end, we plot the distribution 

f the distance between A-enriched and B-enriched columns, from 

 total of 20 independent EDS lines of the 600 °C-annealed sample, 

here the A-B pair can be any two out of Cr, Co and Ni ( Fig. 9 ). 

The histogram plot in Fig. 9 a shows the frequency (number) 

f column pairs within each distance bin (three representative bin 

idths are shown). For ease of comparison between different col- 

mn pairs, the histograms in Fig. 9 a are normalized such that the 

rea under each histogram integrates to unity ( Fig. 9 b). This prob- 

bility density distribution is akin to the partial pair correlation 

unction commonly used to gauge A-B atomic pair distribution cor- 

elations in 3D atomic structures. Four distinct peaks (maxima of 

umps) are observed (their locations are marked with dashed ver- 

ical lines in Fig. 9 b), before the distribution curve levels off at 

arger distances. The interval between peaks, r ∗, is the distance 

etween neighboring projected atomic columns, in (111) planes 

hen viewed along the [112] z.a., see Fig. 10 for a schematic il- 

ustration. It is interesting to find that the columns enriched with 

he same element, Cr-Cr, Co-Co and Ni-Ni, mostly separate by dis- 

ances of 2 r ∗ and 4 r ∗, while the unlike species, Cr-Co and Cr-Ni 

nd Co-Ni, tend to be first-neighbor columns ( at r ∗, repeating at 

 r ∗) . This pattern from the line scan is again a manifestation of the

SRO tendency towards like-pair avoidance and unlike pair prefer- 

nce, as already seen in the alternating A-enriched and A-depleted 

B/C-enriched) (311) planes in Fig. 5 . Both the 600 °C-strained and 

0 0 0 °C-annealed samples show the same trend ( Fig. 11 ). In the

ext step, we will conduct spatial correlation analysis to further 

uantify the correlation strength in each sample. 

.3.3. Gauging the strength of spatial correlations 

To quantitatively gauge the strength of spatial correlation, in a 

ecent work [26] , we have defined a set of spatial correlation coef- 
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Fig. 10. Schematic of projecting a (111) plane along [ 11 ̄2 ] zone axis. The six 

spheres marked as “1 st ” illustrates the 1 st -neighbors of the center atom (blue sphere 

marked as “c”). r ∗ corresponds to the projected distance between neighboring 

columns on the (111) plane viewed along [ 11 ̄2 ] z.a. 
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cient, C A −B (r) , between an A-B element pair: 

 A −B ( r ) = 

〈 ( x A ( 0 ) − 〈 x A 〉 ) ( x B ( r ) − 〈 x B 〉 ) 〉 √ 

〈 ( x A − 〈 x A 〉 ) 2 〉 
√ 

〈 ( x B − 〈 x B 〉 ) 2 〉 
(1) 

here x A (0) is the atomic concentration of element A at reference 

osition (0) in an EDS line profile and x B (r) is the concentration of 

 a distance of r away, and 〈 x A 〉 and 〈 x B 〉 are the average chemical

omposition of A and B, respectively. 

A positive C A −B (r) indicates that the compositions with r apart 

end to vary synchronously. A negative C A −B (r) signals a negative 

orrelation, i.e., the two are inversely correlated. When A and B are 

f the same species, C A −B (r) characterizes the self-correlation of 

hat element at r; when not, they characterize the cross-correlation 

etween different species. In this form of covariance normalized 

y the product of standard deviations, the correlation coefficient 

 A −B (r) falls in [ −1, 1] and is robust in indicating the correlation 

trength between A and B at distance r apart. 

Now that we have the atomic column positions, we no longer 

se all the concentration values across the entire line profile, i.e., 

ny pair of concentrations at two locations separated by any dis- 

ance r . Instead we only use the concentrations corresponding to 

he identified atomic columns (using the method presented in 

.3.1) for the calculation of C A −B (r) . This is an improvement over 

he method used in our recent paper [26] , as it weeds out spuri-

us noise associated with local displacements arising from lattice 

istortion and drift during EDS data acquisition. The robustness of 

ur correlation analysis is enhanced as a result. Specifically, in cal- 

ulating C A −B (r) , we followed these five steps: 

i) For each EDS line, follow the procedures described in 3.3.1 

to reliably determine the location of the Cr/Co/Ni-enriched 

columns; 

ii) Along the EDS line, mark all the column locations. A given col- 

umn can be enriched in either Cr, Co or Ni. This union set of all
8 
these Cr-, Co- and Ni-enriched columns therefore represent all 

the column locations in the EDS line scan. Columns that are too 

close-by (with distance < 0.015 nm) are merged: for example, 

one column is enriched with both Co and Ni, but the identi- 

fied Co- and Ni-enriched locations are slightly shifted from each 

other; in this case, the latter two will be merged as one column 

by taking their mid-point; 

ii) Derive the corresponding concentrations, x Cr (r) , x Co (r) and 

x Ni (r) , at each of all the identified column locations for use 

in the calculation of C A −B (r) at various column separation dis- 

tances; 

v) Repeat i) to iii) for all the EDS lines available. Here, a total of 20

EDS lines are included for the 600 °C sample before and after 

straining, and 14 EDS lines are included for the 10 0 0 °C sample. 

This extensive sampling ensures a sufficiently large data set for 

the later correlation strength analysis. 

v) Calculate the correlation coefficients, C A −B (r) , at r = r ∗, 2 r ∗, 3 r ∗

and 4 r ∗. As the distance between atomic columns in EDS maps 

is actually a distribution (over a range) instead of a single num- 

ber (as seen in Figs. 9 and 11 ), the distance between columns 

is in the form of “peak envelope”, each having a width and 

being bounded by valleys on either side. The peak envelope 

covering a range is therefore designated as representing the 

atomic column in question. Based on Fig. 9 b, we designate the 

distance ranges of the 1 st , 2 nd , 3 rd and 4 th peak envelopes as 

[0.07, 0.13], [0.15, 0.21], [0.23, 0.29], [0.30, 0.36] (in nm), respec- 

tively. We proceed to sample all the A-B concentration pairs at 

distances within the 1 st , 2 nd , 3 rd and 4 th peak envelopes, and 

use Eq. (1) to calculate the C A −B ( r 
∗) , C A −B ( 2 r 

∗) , C A −B ( 3 r 
∗) and

C A −B ( 4 r 
∗) . In a nutshell, these values gauge the degree of spa- 

tial correlation between the concentrations of species in the 

atomic columns at the locations of interest, and as such re- 

flect the spatial correlation between each pair of species, i.e., 

the tendency for A and B to be preferred or avoided when sep- 

arated by multiples of inter-columnar spacing. 

Fig. 12 shows the calculation results of C A −B at various sepa- 

ation distances. Again, only the chemical concentrations and lo- 

ations of atomic column pairs identified within the peak range 

around r ∗, 2 r ∗, 3 r ∗ and 4 r ∗, see Fig. 9 b) are used to evaluate

 A −B (r) . Obvious peaks and valleys exist in the C A −B (r) curves. For 

ach of the three sample states, Cr-Cr, Co-Co and Ni-Ni exhibit a 

egative C( r ∗) . This indicates that the like elements are inclined 

ot to be nearest neighbors. The unlike species, especially for Cr-Co 

nd Cr-Ni, on the other hand, appear to attract each other, giving 

ise to positive C( r ∗) . This chemical ordering tendency was found 

efore in DFT-guided Monte Carlo simulations of CrCoNi [ 12 , 19 ], 

hich explained the preference for unlike pairs and avoidance of 

ike pairs from the energy reduction perspective. Meanwhile, al- 

hough the enthalpic interaction between Co and Ni is relatively 

eak, i.e., weaker than that involving Cr, there is still a tendency 

owards chemical ordering, with Co-Ni being preferred and Co-Co 

nd Ni-Ni avoided, in a statistical sense. In general, we see an al- 

ernating negative and positive C( r ∗) that persists at 1, 2, 3 and 

 times the distance r ∗ ( Fig. 12 ). Such a repeating/alternating se- 

uence is reminiscent of our observations in Figs. 5 and 6 . 

The amplitudes (absolute values) of C A −B ( r 
∗) show a system- 

tic decrease (except for an increase for Cr-Ni) in the 600 °C- 

trained sample, see Fig. 12 . This suggests a modest decrease of 

he degree of CSRO regions. This is in line with the reduced areal 

raction of CSRO regions after tensile straining ( Fig. 4 d). During 

lastic flow, some CSRO regions are destructed due to dislocation 

lip that would shear the atomic planes to force the solution to- 

ards random, attenuating the spatial pair correlations. For the 

0 0 0 °C-annealed sample, the magnitudes of C Cr −Cr ( r 
∗) , C Cr −Co ( r 

∗) 
nd C Co −Co ( r 

∗) decrease by comparison to the 600 °C-annealed 
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Fig. 11. Probability distribution for the distance between A-enriched and B-enriched columns in 600 °C-strained sample (a) and 10 0 0 °C-annealed (b). A total of 20 

and 14 independent EDS lines are included in the statistics for the two samples, respectively. The histogram plot shows the frequency (number) of column pairs within each 

distance bin (three representative bin widths are shown). 

Fig. 12. Quantifying the strength of spatial correlation. Spatial pair correlation coefficients, C A −B (r) , between the six element pairs, for three CrCoNi samples. 
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ample, see Fig. 12 . Actually, a lesser degree of CSRO is expected at

 higher temperature. The enthalpic interaction would play a less 

ole in driving the CSRO at high temperatures when entropic ef- 

ects become more dominant. However, the CSROs remain obvious 

ven at 10 0 0 °C ( Fig. 12 ), suggesting a strong tendency to form
SROs in CrCoNi. 1  

9 
.4. Comparing with previous pursuit of CSRO in H/MEAs 

Although a number of studies have been devoted to detect- 

ng CSROs in H/MEAs over the past several years, firm evidence 

as remained sorely missing [11–18] . Almost all experiments [ 13- 

5 , 18 ] had to rely on indirect approaches such as fitting of X-ray
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r neutron data, often requiring extensive computation, to make 

he claim. Very recently, Zhang et al. [10] claimed to have obtained 

EM evidence of CSRO in the CrCoNi MEA, and Seol et al. [27] also

laimed the existence of CSRO in fcc-based non-equiatomic FeM- 

CrCo HEA and compared it to long-range ordered precipitate 

27] . But their methods are different from ours, and their work 

as left much to be desired for. To see this, we emphasize that 

here are two fundamental aspects when it comes to identifying 

SRO. First of all, one must affirm that the local chemical order 

s indeed short-ranged. CSRO, by definition, refers to the prefer- 

nce/avoidance for certain species over the sample-average atomic 

raction, often characterized by a finite short-range order param- 

ter, for the first and second nearest-neighbor atomic shells, i.e., 

n a length scale below ∼1 nm in real space. This is very differ-

nt from the long-range periodicity that would give sharp spots 

n reciprocal (diffraction) space [28] . In other words, for the tiny 

SRO coherently diffracting domain, based on the definitive real- 

eciprocal space relationship/correspondence, the most direct ev- 

dence in diffraction pattern one could hope to detect are extra 

isks that are highly diffuse, at locations corresponding to the 

SRO. This is exactly what we have demonstrated using diffrac- 

ion and FFT patterns, while Ref. [10] only showed streaking on 

iffraction spots. There is no theoretical basis to confirm that the 

ong (one dimensional) streaks of the diffraction spot uniquely 

dentify nanometer-diameter domains corresponding to CSRO. The 

treaks are instead more common to planar defects, such as stack- 

ng faults. Ref. [10] also showed some ∼5 nm regions. But even 

f such domains can be proven to be chemically ordered regions, 

he dimension of several nanometers is obviously well beyond the 

ength scale of CSROs, although these could be local chemical order 

rown up from CSRO to persist over a local region with dimensions 

5 nm. Note that our success requires proper selection of zone 

xis, which our search managed to achieve via a series of exper- 

mental trials in various e-beam directions. In imaging, we actu- 

lly see the chemical order on {113} planes under [112] zone axis, 

s well as atomic columns in the [110] direction that prefer differ- 

nt species in an alternating fashion. Also, using dark-field imaging 

rom these diffuse disks, we have clearly shown the spatial extent 

f the (sub-nanometer) CSRO regions in real space. 

Second, even if one accepts that the evidence in Ref. [10] is in- 

icative of the presence of CSRO, to nail down CSRO one must also 

eport what kind of chemical order it is. That is, one must have the 

hemical information as to how the constituent elemental species 

eside in the neighboring atomic shell/plane(s), with different ten- 

encies to preferentially occupy certain lattice planes/sites. There 

as been no such information from Ref. [10] or other prior exper- 

mental work on H/MEAs [28] . In this regard, we captured quanti- 

ative information using atomic-resolution EDS, and developed ro- 

ust pair correlation analyses to characterize the strength of spatial 

orrelation. In the absence of such details, it would not be able to 

esolve the ongoing debate or even controversy regarding CSRO in 

he H/MEA field. 

Very recently, the presence of CSRO has been detected in VCoNi 

EA [26] . A comparison between the VCoNi with CrCoNi is there- 

ore in order. First, we notice that the extra diffuse reflections aris- 

ng from the CSRO in CrCoNi have lower intensity than those from 

he CSRO in VCoNi. This seems to suggest that the degree of CSRO 

n CrCoNi is lower than that in VCoNi, which is expected since 

he VCoNi system has a larger negative heat of mixing, and the 

ernary and sub-systems (binaries) are known to form ordered in- 

ermetallic phases. The same cannot be said for CrCoNi, which has 

o known ternary compounds. Also, Cr, Co and Ni are very close in 

tomic number and size, also contributing to the super-lattice re- 

ections being less intense. Second, it is interesting to find that 

he CSRO configurations in VCoNi and CrCoNi appear to be iso- 

orphous. The VCoNi CSRO configuration has been found to bear 
10 
esemblance to that of metastable VNi. From this perspective the 

rCoNi CSRO configuration may not seem to be entirely a sur- 

rise, because one form of CrNi can also have the same trigonal 

rystal structure as VNi in the Materials Project database [ 33 , 34 ].

owever, the formation energy is negative for VNi but positive for 

rNi, which, while lending support to the VNi-type structure in 

CoNi, is suggestive of a low likelihood of the trigonal-CrNi-centric 

etastable structure in CrCoNi. The other possible explanation of 

he CSRO observed in CrCoNi is that the configuration may be re- 

ated to the somewhat complex cubic Laves structure of CrNi 2 [36] , 

hich does have a slightly negative formation energy and is on 

onvex hull. From this standpoint, one could perhaps picture Co as 

i, such that CrCoNi would locally have a tendency to organize to- 

ards CrNi 2 . However, a concrete connection between these two 

tructures remains to be established. 

. Summary 

In sum, in this paper we have shown for the H/MEA community 

 clear-cut experiment, to provide irrefutable identification of CSRO 

n a prototypical MEA-CrCoNi. The direct observation of CSRO in 

rCoNi MEA was made possible by exploiting an appropriate zone 

xis, nano beam diffraction, dark-field imaging, atomic-resolution 

AADF-STEM with FFT and IFFT, and atomic-scale EDS composition 

ap. Furthermore, we have devised a quantitative analysis to pin- 

oint the locations of atomic columns and construct distribution 

unctions, as well as coefficients to gauge spatial correlations. This 

pproach is expected to be useful for the community to evaluate 

SRO and spatial correlations by extracting information from the 

oncentration profiles in EDS chemical maps. The combination of 

hese complementary tools/methods avoided missing links or in- 

erference from artifacts, allowing us to conclusively demonstrate 

SRO in a MEA. In this regard, the equi-atomic CrCoNi adds an 

xemplary case of multi-principal-element complex concentrated 

lloys [1] , as a single-phase H/MEA solution but containing CSROs 

hat have not been (or even cannot be) predicted a priori . The CSRO 

s known to favor planar slip of dislocations [9] . In general, CSRO is 

xpected to interact with moving dislocations [26] , changing their 

lide pattern and hence the shape of the stress-strain curve includ- 

ng the strain hardening behavior in a mechanical property test. 
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