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Abstract 

The impacts of local chemical order (LCO) on the physical properties of high-entropy 

alloys (HEAs), have been widely discussed. However, the difficulty in unambiguously observing 

LCO with high precision poses a great challenge in establishing microscopic mechanisms 

regarding the impacts of LCO on physical properties. Furthermore, it is still unclear whether the 

LCO extends to HEA surfaces, which may impact surface-based properties, such as corrosion, 

oxidation, and catalytic activities. Through the utilization of scanning tunneling microscopy 

(STM), two surface LCO domains with corresponding √5 × √5 𝑅 ± 26.6° quasi-long-range 

orderings (QLRO) are directly observed on a CoCrFeMnNi surface. Density functional theory 

(DFT) calculations identify the LCO within QLRO supercells. The findings provide evidence of 

the existence of surface LCO and demonstrate a method to directly observe the surface LCO of 

HEAs. With the ability to unambiguously resolve elemental configuration at atomic scale, the 

understanding of how LCO influences surface-based properties can be achieved, facilitating the 

design of HEAs with tailored functionalities. 
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Introduction 

Since the first realization in 20041,2, high-entropy alloys (HEAs) have gained increasing 

attention due to a variety of promising properties and tunability in refractory applications3, 

ductility4, mechanical strength4, creep resistance5, and electrocatalytic performance6. In addition 

to having good combinations of multiple mechanical properties, HEAs host a multitude of design 

options, such as changing elements and molar ratios among the elements. An emerging way to 

further enhance and tune properties of HEAs is through the manipulation of local chemical order 

(LCO), including chemical short-range order (CSRO) which has been shown to impact structural 

stability 7, hardness8, strength9, stacking fault energy10, corrosion11, magnetization12, and 

electrochemical behavior13, as well as enhance resistance to fatigue14 and irradiation damage15. 

Some of the physical properties, such as corrosion resistance, oxidation resistance, and catalytic 

activities, are presumably greatly impacted by the surface atoms. While the existence of the 

surface LCO is still elusive, it is crucial to determine if the surface LCO does exist and, if it does, 

what kind of surface LCO can be found. These types of information will facilitate the 

understanding of the impact of LCO on surface-based properties of HEAs. 

In equimolar HEAs, the existence of CSRO has been extensively discussed16–19. While 

the formation of CSRO can be thermodynamic20 or mechanistic17, its impact on the structural 

properties of HEAs is still one of the main debates in the field8,20–26. Some reports show that 

CSRO has a strong impact on mechanical properties27 while others do not find a similar 

conclusion24. A primary reason for these contentious results is because CSRO is very difficult to 

be explicitly measured through existing characterization techniques. Most of the reported CSRO 

relies on scattering-based techniques such as X-ray, neutron, and electron scattering8,23,28–30. 

CSRO is proposed to appear as extra features in the regions of the reciprocal space with smaller 
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wavenumbers compared to the lattice Bragg peaks16,17. However, the observed extra features in 

diffraction can have multiple origins19,31, resulting in challenging identification of CSRO. On the 

other hand, energy dispersive X-ray spectroscopy (EDX) mapping using scanning transmission 

electron microscopy (STEM) can supposedly provide atomic resolution images with elemental 

sensitivity. However, since STEM measures columns of atoms that consist of all possible 

elements in HEAs, it can only provide the elemental compositions in each column of atoms32, 

failing to offer detailed elemental distributions at the atomic scale. Atom probe tomography 

(APT) is another tool capable of revealing preferential neighboring elements with nm-scale 

resolution22,33. However, the viability of APT in deciphering the CSRO remains 

inconclusive19,31,34. 

In contrast, techniques using scanning tunneling microscopy (STM) are capable of 

revealing atomic-scale images and sometimes element-sensitive information on the surfaces of 

metals, making it potentially ideal for resolving CSRO in HEAs. STM is well-known for offering 

high spatial resolution down to the atomic scale35,36. However, STM probes the electronic local 

density of states (LDOS) near the Fermi energy, which typically does not contain elemental 

information. Recently, by combining synchrotron X-rays with STM (namely SX-STM), SX-

STM was demonstrated to be capable of detecting core level electrons with superior spatial 

resolution in various material systems37,38, including HEAs with sub-nm scale elemental 

distributions mappings39. However, to clearly reveal and establish statistics of the LCO on HEA 

surfaces, this requires a much larger SX-STM dataset on the elemental distributions than that 

reported previously (~1.5 × 2.5 nm2)39. With limited synchrotron beamtime, it is very 

challenging to reveal LCO in HEAs using SX-STM. On the other hand, although STM is 

considered insensitive to elements, limited examples exhibiting element-sensitive STM images 
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have been reported40–46 with the following possible mechanisms: (i) differences in the work 

function (Cu on Mo(110)43) ; (ii) differences in the tunneling matrix (Pt25Ni75(111)44); (iii) 

differences in the surface states (Fe alloying with Cr(100)45); and (iv) differences in DOS near 

the Fermi energy (Cu on W(110)46, PdAg(100), and PdAg(111)40). Among these element-

sensitive STM measurements, CSRO was discussed on (111) and (110) facets of Pt25Co75
41 and 

PtNi(110) random alloys42. With these successful examples, it is argued that STM may be 

capable of distinguishing elements with atomic resolution in HEAs based on the subtle 

differences in the partial LDOS contributed by different elements near the Fermi energy. Here, 

with the assistance of density functional theory (DFT), the contrast seen with STM can be 

explained by the difference in the partial LDOS among different elements. The existence of 

surface LCO on a HEA surface is revealed, and two types of LCOs with corresponding quasi-

long-range orders (QLROs) are clearly observed on the surface of a CoCrFeMnNi HEA. The 

results shown here provide a foundation to understand the surface LCOs and their potential 

impacts on the surface-based material properties of HEAs.  

Results and discussion 

Observations of the surface ordering of CoCrFeMnNi 

The surface of the HEA is first characterized by low-energy electron diffraction (LEED), 

as shown in Fig. 1(b). It is observed to be a predominantly single crystal square lattice matching 

the pristine FCC (001) square lattice, depicted as the solid square in Fig. 1(a). The region inside 

the bright Bragg diffraction spots (circled white) in the LEED pattern [Fig.  1(b)] exhibits fuzzy 

features, indicating potential features on the surface with a longer length scale beyond the FCC 

square lattice. LEED usually has a featureless and isotropic background near the center of the 

image. This fact was used by Nascimento et. al.47 to subtract the background to reveal a small 
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intensity of the diffraction spots buried inside the background signal. The fuzzy features near the 

center of LEED patterns were studied as diffuse LEED in literature towards the understanding of 

the surface disordered atoms48,49. However, the indistinct nature of the features prohibits clear 

understanding of this possible ordering. The electron beam spot size in LEED is in the order of 

hundreds of μm, indicating that the hazy LEED patterns are a direct result of the multi-grain 

measurements. Local measurements via STM can elucidate the origin of the ordering beyond the 

Figure 1 | Low energy electron diffraction (LEED), scanning tunneling microscopy (STM) 

topography, and their fast Fourier transform images on CoCrFeMnNi surface. (a) 

Structural model of the FCC (001) surface. The dashed square represents the pristine FCC unit 

cell, with labeled FCC lattice constant a, while the solid square represents the FCC (001) surface 

square lattice. (b) Low-energy electron diffraction (LEED) of the surface of the CoCrFeMnNi 

alloy. The diffraction spots due to the FCC (001) surface square lattice are highlighted with white 

circles. (c) STM topography measured at a set point of −75 mV; 50 pA. Two types of domains 

are revealed: domain 1 (red box) and domain 2 (blue box), where the cropped region (dotted 

black box) contains both domains. The corresponding (d) fast Fourier transform (FFT) image of 

the topography with red and blue circled peaks associated with the periodicity of domains 1 and 

2, respectively. FCC (001) square lattice peaks are circled in white, and the FCC (001) surface 

square lattice periodicity is extracted by measuring the magnitudes of the reciprocal vectors q1 

and q2. Enlarged topography images show clearer atomic resolution for (e) domain 1 and (f) 

domain 2 with (g) and (h) corresponding FFT images, respectively. The supercell periodicities in 

the two domains are measured by the magnitudes of the reciprocal vectors qSC,1, qSC,2, and qSC,3, 

qSC,4 for domain 1 and domain 2, respectively. 
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FCC lattice ordering. Figure 1(c) shows a survey view of a STM topography in which two 

distinct domains are observed. The fast Fourier transform (FFT) of the topography image is 

shown in Fig. 1(d), where the white circled spots are FCC (001) square lattice peaks with an 

atom-atom spacing 𝑑 = 2.6 ± 0.1 Å, with additional peaks of the red and blue circled supercells 

towards the center of the plot. Unlike the LEED pattern, the FFT image of the STM topography 

presents sharp, bright features at wavenumbers smaller than the square lattice peaks, allowing for 

a detailed analysis of this extra order. As shown in Fig. 1(d), red and blue circled spots 

correspond to the two orderings in different domains where both domains show different 

orientations which are shown more clearly in the FFT images [Fig. 1(g) and 1(h)] of the cropped 

topography images [Fig. 1(e) and 1(f) respectively], where only one ordering that corresponds to 

one particular domain is present. The FCC(001) surface square lattice periodicity is extracted by 

measuring the magnitudes of the reciprocal vectors q1 and q2, which are defined as |𝒒| =
1

𝑑
. In 

both domains, four supercell periodicities, 𝑑SC, are measured from the FFT images (Fig. 1(g) and 

(h), two 𝑑𝑆𝐶 from each domain): 𝑑SC,1 = 6.3 ± 0.1 Å, 𝑑SC,2 = 5.8 ± 0.1 Å, 𝑑SC,3 = 6.3 ±

0.1 Å, and 𝑑SC,4 = 5.6 ± 0.1 Å, which are averaged to 𝑑SC
̅̅ ̅̅̅ = 6.0 ± 0.1 Å. The underlying FCC 

square lattice can be seen in the cropped topography [Figs. 1(e) and 1(f)]. It is clear that the 

square lattices in the two domains are identical, indicating that the two domains share the same 

underlying FCC square lattice. This is also confirmed in Fig. 1(d), where grid lines extend from 

red and blue domain peaks and meet at the FCC square lattice spots. 

√𝟓 × √𝟓 𝐑 ± 𝟐𝟔. 𝟔° Quasi-long-range order (QLRO) 

The nature of the observed orderings in the two domains is revealed through a detailed 

analysis of the atomic-scale STM topography. Figure 2(a) shows an enlarged region of Fig. 1(c), 
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exhibiting an area containing two neighboring domains with atomic resolution. A disordered 

region with a width of ~1 nm between the two ordered domains is observed. The domain 

boundary width varies slightly but remains in the order of ~1 nm. A domain boundary can be 

seen more clearly in the FFT spot-filtered topography in Fig. 2(b) (the spot-filtered process is 

described further in Supplementary Fig. 2). The two ordered domains exhibit a supercell 

periodicity corresponding to √5 × √5 R ± 26.6° with respect to the FCC (001) square lattice, as 

illustrated with red, blue and black squares in Figs. 2(c) and 2(d), respectively. The two patterns 

cannot be obtained by symmetrical operations from one to the other, meaning that they are not 

equivalent. It is worth noting that the elemental distribution of CoCrFeMnNi determined by SX-

STM39 exhibits a certain level of similarity to this ordering chemically, as depicted in 

Figure 2 | Definition of QLRO supercells and atomic sites and height analysis. (a) STM 

topography enlarged view of Fig. 1(c) (dotted black box). (b) Spot-filtered image of the 

topography where domains 1 and 2 are marked. A domain boundary between domain 1 and 2 can 

be clearly seen. Supercells containing 5 unique position types labelled from brightest to darkest 

(brown, green, yellow, purple, and blue circles) are overlayed on (c) domain 1 (red square) and 

(d) domain 2 (black square) topography images. FCC square lattices are labeled with grey 

squares. (e) Measured distributions of atomic height depending on supercell position types. The 

error bar is defined by the full width half maximum (FWHM) of a Gaussian fitting function to 

the height histogram (see Supplementary Fig. 5-12). 
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Supplementary Fig. 3. The apparent heights at each atomic location have been analyzed (see 

Supplementary Figs. 5-12) and summarized in Fig. 2(e). Here, the average height of the brightest 

atom (red atomic sites in Figs. 2(c) and 2(d) superlattices) in each STM image is used as a 

reference point as described in Supplementary Fig. 13. In Figs. 2(c) and 2(d), atomic sites are 

labeled with the ranking of the apparent heights (from highest to lowest: red, green, yellow, 

purple, blue) in both supercells. Upon closer inspection, the apparent heights of the atoms vary 

across different supercells, i.e. without explicit translational symmetry. Thus, the long-range 

order observed here is denoted as quasi-long-range order (QLRO). This is also the reason why 

the height uncertainty at each position type in Fig. 2(e) is about 3-5 pm. Considering the 

uncertainty in the apparent heights, two groups are defined: (i) three bright positions (red, green, 

and yellow) and (ii) two dark positions (purple and blue).  

Quantifying local distortion 

Furthermore, local distortions can be extracted and analyzed with the fitted atomic 

positions in STM images. The deviation of the displacement (same as the standard deviation of 

displacement) was used to quantify the local distortion in HEAs 50,51. From the atomic resolution 

STM images, the atomic positions are determined using 2D center of mass (COM) fittings of the 

spot-filtered topography images (Supplementary Fig. 2). Two quantities are defined based on the 

fitted atomic positions to characterize the level of local distortion: (i) the standard deviation of 

the atom-atom distance 𝜎d = √∑
1

𝑁
(𝑑𝑖 − 𝑑̅)

2𝑁
𝑖=1 , where 𝑑̅ is the average atom-atom distance, 𝑑𝑖 

is the atom-atom distance of each pair of neighboring atoms, and N is the total number of atom-

atom pairs; and (ii) the average displacement 𝑢̅ (see Table S1) and the standard deviation of the 

average displacement, 𝜎𝑢. These two quantities are determined for domains 1, 2, and domain 
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boundaries (mixed regions) separately and are summarized in Table S1. Figure 3(a) shows a 

displacement mapping of the region presented in Fig. 2(a), with no clear ordering in the local 

distortion observed. The atom-atom distance in domain 1, 2, and domain boundary can be 

expressed as 𝑑̅ ± 𝜎𝑑: 2.69 ± 0.19 Å (domain 1), 2.67 ± 0.20 Å (domain 2), and 2.69± 0.19 Å 

(domain boundary). There is no clear difference in local distortion between the two domains and 

the domain boundary. The level of local distortion can be understood with the deviation of the 

atom-atom distance, which is determined to be ~7-8 % of the averaged atom-atom distance. The 

Figure 3 | Lattice local distortion and QLRO domain distributions. (a) Atom displacing 

mapping extracted from the STM topography (same as Fig. 2(a)). The vector lengths are plotted 

with a multiplicative factor of 40 for clear visualization. The color of the arrow is denoted based 

on the direction of the vector defined with the color wheel and the magnitude of the displacement 

is plotted with the scale bar next to the figure. (b) STM topographic image of a region where the 

domain sizes are in the order of a few nm; and (c) STM topography derivative image (dz/dx 

mapping) of a region where the domain sizes are in the order of tens of 𝑛𝑚. Setpoint for both 

STM images: 1 V; 300 pA. 
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local distortion in the five-element cantor alloy studied here exhibits a relatively high local 

distortion compared with refractory HEAs (~4 % to ~8 % in NbTaTiV and NbTaTiVZr)50,51. On 

the other hand, the statistics of the displacement 𝑢̅ ± 𝜎𝑢, is determined to be: 0.18 ± 0.08 Å 

(domain 1), 0.20 ± 0.08 Å (domain 2), and 0.17 ± 0.08 Å (domain boundary). Again, there is 

no clear difference in the average displacement between the two domains and the domain 

boundary. The average displacement is found to be the same as the standard deviation of the 

atom-atom distance, indicating that the deviation in the lattice constant (atom-atom distance) is 

the direct result of the local displacement at each atomic site. The two quantities essentially 

describe the same picture of local distortion in HEAs. These results indicate that the local 

distortion in HEA can be studied at different grains or regions (like dendritic vs interdenritic 

regions), which cannot be easily studied using scattering based techniques.  

QLRO domain distributions 

Three important questions remain: (i) are the two observed QLRO domains universal 

across different grains? (ii) are there preferred domain sizes or preferred domain types? And (iii) 

are there differences of the LCO in the dendritic or interdendritic region? For the first question, 

STM measurements shown in Fig. 2(a) and Supplementary Figs. 5-12 are taken within a vicinity 

of ~1 μm from each other. Figures 3(b) and 3(c) depict STM images taken at a location distanced 

~sub-mm away. The same two types of QLRO (LCO) domains are observed in a different HEA 

crystalline grain (Supplementary Fig. 16). For the second question, the domain sizes may vary 

from a couple of nm to tens of nm as shown in Figs. 3(b) and 3(c). From the images observed, 

these two domains are often observed together (neighboring to each other), indicating 

energetically, no preferential domain between the two. This observation suggests that tuning 

LCO between the two types of domains is expected to be achievable with external stimuli, such 
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as thermal treatment or mechanical loadings. More research is needed to answer these questions. 

For the third question, due to the drastic difference in the length scale between the dendritic 

features (tens of micron) and the STM scanning size (tens of nm to hundreds of nm), it is 

challenging to determine the locations of the STM measurements belong to either dendritic or 

interdendritic regions.  

Origins of the QLRO  

There are a few possible origins to explain the observed QLRO. First, surface structural 

reconstructions occur on metal surfaces result in different surface ordering from the bulk 

structures, such as missing row (1×2) reconstruction on Pt(110)52, (1×3) missing-row surface 

reconstruction on Be(112̅0) surface53. These types of surface reconstructions with missing atoms 

or with adatoms are ruled out. The height deviation among different sites is sub-angstrom, 

indicating that the contrast originates from a difference in electronic states rather than a physical 

atomic vacancy or adatom (Supplementary Fig. 17). Second, a charge density wave (CDW) is 

ruled out since there is no observable transition in 𝑅-𝑇 measurements reported for the Cantor 

alloy54 and a Peierls transition is not experimentally observed in STM displacement mappings 

[Fig. 3(a)]. Third, the local chemical orders (LCO) may be the origin. As discussed, the contrast 

among different atomic sites in the supercell is electronic in nature. Based on the STM tunneling 

mechanism, it could be explained by the differences in either the tunneling matrix or the LDOS 

caused by different elements. Either way, the observed QLRO is associated with LCO. For the 

CoCrFeMnNi alloy, the elements have similar electron configurations near the Fermi energy. 

Thus, the tunneling matrices between different elements and the tungsten tip are expected to be 

similar. It is most likely that the origin of contrast is due to the subtle differences in LDOS 

belonging to different elements near the Fermi energy. One may also consider this as a type of 
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surface structural reconstruction based on the elemental ordering. This depends on whether the 

surface LCO is simply extended from the existing bulk LCO, or if the surface has its own unique 

LCO due to the existence of the surface. Without detailed information about the bulk LCO, it is 

inconclusive either way, and further research comparing the surface and bulk LCOs is required to 

address this question. Finally, the observed QLRO may simply be due to local corrugation 

(lattice distortion in the direction normal to the surface). While it is possible that the sub-

angstrom corrugation of atomic height exists, the ordered surface corrugation is likely also 

associated with ordered elemental distributions, and this mechanism still ties to the existence of 

the surface LCO.  

To further identify the origin of the observed contrast in topography, DFT calculations are 

performed to assist in assigning elements to atomic sites in the two QLRO domains. DFT 

calculations are performed on a slab of the alloy with randomly distributed elements, as shown in 

Fig. 4(a). In the STM constant current mode measured on a particular atomic plane, the STM 

apparent height is mainly determined by three factors: (i) atomic corrugation, (ii) tunneling 

matrix, and (iii) LDOS. First, due to different element sizes, HEA surfaces with different 

elements are expected to exhibit surface corrugation on a sub-atomic scale. The DFT calculation 

of the slab [Fig. 4(a)] with surface atoms relaxed can simulate the atomic corrugation. As shown 

in Supplementary Fig. 18, the surface corrugation is ~2 pm, which is smaller than the observed 

height differences (~10 pm) in the STM images, as exhibited in Fig. 2(e). It is clear that the 

surface corrugation is not enough to explain the observed height differences among the atomic 

sites in QLRO domains. Second, typically the tunneling matrix depends on the nature of the 

orbitals involved in the tunneling process. The elements in the HEA studied here are Co, Cr, Fe, 

Mn, and Ni, which are neighboring transition metals in the periodic table, all with 𝑑 orbitals. It is 
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expected that their tunneling matrices are very similar and thus ignored here. Therefore, the STM 

apparent heights 𝑧STM, can be related to the integration of the available LDOS as 𝑧STM ∝

∫ 𝜌s(𝜖)𝑑𝜖
0 

−𝑉b 
, where 𝑉b is the STM scanning bias, and 𝜌s(𝜖) is the LDOS of the atom 

underneath the STM tip as a function of energy 𝜖 with respect to the Fermi energy. The partial 

LDOS near the Fermi energy from each element is calculated from DFT on the slab with 

randomly distributed elements [Fig. 4(a)] and is illustrated in Fig. 4(b). It is obvious that the 

partial LDOS shows clear differences between elements, while deviations can be found in each 

element group. This trend indicates that the partial LDOS has an elemental identity, while the 

Figure 4 | Elemental assignment with assistance of DFT calculated partial density of states. 

(a) Model of the surface atoms of a randomly distributed equimolar slab with periodic boundary 

conditions that is used for DFT calculations. (b) DFT calculated partial LDOS for the surface 

atoms. The element type of the LDOS is denoted by the color of the curve in accordance with 

(a). (c) Cropped spectra near the Fermi energy for selected atoms (circled black) in (a). The 

shaded area indicates the integrated area between −75 and 0 𝑚𝑒𝑉. (d) The average and standard 

deviation distributions (error bars) of the integrated area under the curve (AUC) for all surface 

atoms in (a). (e) Domain 1 and (f) domain 2 spot-filtered STM topography with overlaid 

superlattices colored into two types of atoms (bright and dark). (g) Superlattice unit cells for each 

domain with bright and dark type atoms assigned using the calculated AUC rankings for the 

bright (Co, Fe, Mn) and dark (Cr, Ni) atoms. (h) Model of the FCC (001) surface with the 

surface unit cell (black solid), bulk FCC unit cell (black dashed), domain 1 supercell (red), and 

domain 2 supercell (blue). 
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neighboring elements may influence the details of the partial LDOS. By integrating each partial 

LDOS from −75 meV to 0 meV (STM bias used in Figs. 1 and 2: −75 mV) which is depicted as 

the shaded area in Fig. 4(c), the relative STM apparent height differences can be estimated. The 

resulting areas under the curves (AUCs) are summarized in Fig. 4(d), revealing a ranking of 

brightest (largest integrated AUC) to darkest (smallest integrated AUC): Fe, Mn, Co, Cr, then Ni. 

Hence, the elemental assignments with the DFT calculated AUC are: Fe, Mn, and Co for the 

bright group; and Cr and Ni for the dark group. Note that the Fe exhibits biggest uncertainty in 

the AUC (Fig. 4(d)). This is due to the spectrum variation of Fe near Fermi energy is largest 

among the five elements near Fermi energy, where the STM experiment tip-sample bias was set 

(see Fig. 4(b)). Other elements also exhibit similar spectrum variation but away from the Fermi 

energy. Thus, the AUC calculated near Fermi energy exhibit largest uncertainty for Fe. Thus, the 

LCO in the two QLRO domains can be visualized in Figs. 4(e) and 4(f) for domains 1 and 2, 

respectively. Figure 4(g) summarizes the elemental assignment within the supercells of the two 

types of domains, while the supercells are illustrated in Fig. 4(h). The measured surface LCO 

does not match the reported L11 or L12 orderings of the CoCrFeMnNi55, indicating that the 

surface LCO may not be necessarily an extension of the bulk LCO. 

In summary, the existence of the surface LCO on CoCrFeMnNi surfaces is directly 

observed with atomic resolution STM images. Two QLRO domains with supercell periodicities 

corresponding to √5 × √5 R ± 26.6° orientations with respect to the pristine FCC (001) square 

lattice and domain boundaries with randomized elemental distributions are revealed. Detailed 

height analysis exhibited a bimodal distribution of superlattice position types, indicating a non-

negligible level of elemental randomness across the QLRO domains. With assistance from DFT 

calculations, elemental assignments inside the QLRO domain supercells are made, as 
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summarized in Fig. 4(g). This work unambiguously provides direct evidence of the existence of 

the surface LCO with the detailed elemental arrangements on HEA surfaces. In addition, the 

results clearly demonstrated that STM is a valuable tool to study HEA systems with 

unprecedented information that cannot be obtained by other characterization tools. It is expected 

that this work will inspire further and more extensive studies on HEA surfaces, where future 

theoretical modelling may help elucidate the origins and mechanism of surface LCO, 

encouraging the HEA research community to include STM as a more commonplace 

characterization tool in the understanding of the HEA systems. 

Methods 

HEA materials synthesis 

A nearly equimolar CrMnFeCoNi alloy was synthesized using arc melting under 1 atm of 

inert Ar gas, using equimolar ratios of high purity powders (>99.95%) of each constituent 

element. To ensure compositional homogeneity, each sample was over- turned and re-melted five 

times at ≈3500 K. The sample stayed on a water-cooled copper plate during melting and 

solidification to cool it to room temperature. The HEA was cut into a 1 mm thick slice, where 

one side was polished with 1200 grit sandpaper and 0.5 to 0.05 μm DIAMAT polycrystalline 

diamond paste, in preparation for STM measurements.  

XRD Characterization 

Rigaku SmartLab X-Ray Diffractometer was used to carry out the X-ray diffraction 

measurements. The XRD measurements were conducted at room temperature using Cu K𝛼 

radiation (𝜆 = 1.54 Å), and 0.3 degree step size. XRD measurements determined that the bulk 

crystal structure is predominantly face-centered cubic (FCC) with lattice parameter 𝑎 =  3.59 ±
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0.01 Å [Supplementary Fig. 1(b)], which infers a nearest neighbor atom-atom distance of 𝑑 =

𝑎

√2
= 2.54 Å [Fig. 1(a)].  

SEM and EDX 

Scanning electron microscope energy dispersive X-ray spectroscopy (SEM-EDX) 

measurements were carried out using a FEI Quanta 250 SEM equipped with tungsten electron 

source, equipped with Everhart-Thornley Detector backscattered electron detector, and Oxford 

Inca energy dispersive x-ray spectroscopy system (EDX). The electron acceleration energy was 

set to 20 kV. SEM-EDX measurements were used to determine the bulk chemical composition of 

the alloy to be Co18Cr20Fe16Mn26Ni20, with EDX mappings shown in Supplementary Figs. 

1(d)-(h) that display the typical dendritic structure for Cantor alloys fabricated via arc melting56.  

STM measurements 

In preparation for STM measurements, the CoCrFeMnNi alloy was cleaned in ultra-high 

vacuum (UHV) via multiple cycles of warm Ar+ ion sputtering (460 °C, 30 minutes) and 

annealing (510 °C, 30 minutes). The last cycle before STM measurements ended with a 24-hour 

annealing at 510 °C and a slow cooling process from 510 °C to 310 °C at a cooling rate of ~1 

°C/5 minute. The sample was transferred to STM chamber without exposing to air right after the 

cleaning procedure. All the STM measurements were conducted using Omicron Low-

Temperature STM (LT-STM) system at liquid nitrogen temperature (77 K). The topographic 

images were measured using constant current mode with the set points indicated in the figure 

captions.  

DFT Calculations 
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All DFT calculations were performed using Vienna ab initio simulation package (VASP 

5.4.4) using the projected augmented wave (PAW) 57,58. A 200-atom CoCrFeMnNi-(001) supercell 

with 4 layers was constructed with a vacuum spacing of 15 Å. The atomic configuration was 

generated using the special quasi-random structure approach to approximate the random chemical 

disorder of the HEA 59. The exchange-correlation interactions were described using the Perdew–

Burke–Ernzerhof (PBE) functional within the generalized gradient approximation (GGA) 60. A 

high plane-wave energy cutoff of 520 eV is applied, while Brillouin zone integrations are carried 

out using a Γ-centered k-point mesh with a smearing width of 0.01 eV 61. The force and energy 

convergence criteria for DFT self-consistent calculations were set to 10-3 eV/Å and 10-6 eV, 

respectively. STM images were generated using the Tersoff-Hamann approach 62,63, which models 

the STM tip as an s-wave. In this approximation, the tunneling current I at tip position r and applied 

voltage V is proportional to the integrated local density of states (LDOS). The LDOS was 

calculated by integrating states within an energy window of ±0.5 eV around the Fermi level to 

capture the relevant tunneling states at typical experimental bias voltages. 

Data Availability 

Data is available upon request. The LEED, STM, and DFT calculated PDOS datasets generated 

during and analyzed during the current study are available in the figshare repository64.  
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Editor’s Summary 

The surface chemical ordering in high entropy alloys is revealed by the surface sensitive imaging 

tool - scanning tunneling microscopy – which is enabled by the subtle differences in the partial 

density of states among different elements. 
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