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Abstract

Synthesis of high entropy alloys often involves heating precursors to above 1000°C such that entropy

stabilization takes effect.  The resulting alloys are characterized by random element distribution at the

bulk lattice positions. Surfaces may however be more ordered, even at high temperatures. We explore

the local order at (111), (100) and (533) surfaces of the equimolar fcc AgAuCuPdPt high entropy alloy

at high temperatures and thermal equilibrium. We find that the local order is significantly increased at

the (100) surface and to a lesser extent at the (533) and (111) surfaces compared to bulk AgAuCuPdPt.

The (100) surface both segregates with increased amount of Au and Ag and less Pd and Pt and have a

more ordered distribution of nearest neighbor atom pairs. The (111) surface segregates with increased

amounts of Au and Ag and less Cu, Pd and Pt, but the nearest neighbor distribution is mostly random.

The (100) type step edge of the (533) surface resembles the (100) surface. The degree of surface order

seems linked to the structure ensemble’s energy distribution width, so we suggest that the width can be

used to estimate the degree of order in high entropy alloys with minimal computational efforts.
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1. Introduction

High entropy alloys are  alloys  with multiple  constituent  elements  (typically  five or  more)  in  high

concentrations that can substitute freely, i.e. the constituents are randomly distributed at the bulk lattice

positions.1–4 High entropy alloy catalysis has gained increasing interest,5–8 because the surfaces of high

entropy alloys  are expected to have all kinds of local  constituent  combinations and therefore likely

some surface sites with high catalytic activity.9,10 However, this expectation requires that the elements

in the surfaces are also randomly distributed, warranting a better understanding of how the surface

composition and local surface order are related to the overall high entropy alloy composition.

High entropy alloy particles are often made by melting mixtures of metals or metal salt precursors

at high temperatures (≥ 1000°C).11–14 It is generally assumed that at such high temperatures the different

elements are randomly distributed at the lattice sites in both bulk and at surfaces and that quenching the

temperature can keep the elements in place.13 However, it is possible that some local order still exist at

high  temperatures,  especially  at  surfaces,  and  that  heating  therefore  will  not  produce  randomized

surfaces.

The AgAuCuPdPt high entropy alloy is catalytically active for the electrochemical CO2 and CO

reduction reactions.15,16 We therefore choose equimolar fcc AgAuCuPdPt and study the local order in

the bulk and at the (111), (100) and (533) surfaces.  We construct structure ensembles with random

placement of the elements for bulk and (111), (100) and (533) surface slabs. The ensembles are used to

approximate the  canonical partition function and obtain the local order as a function of temperature

(assuming thermal  equilibrium).  We use  slabs  that  have  similar  sized bulk and surface  regions  to

construct the canonical ensembles, so our results  will  mainly apply to  nanoparticles that also have

similar sized bulk and surface regions.

We find that the ensemble energies are Gaussian distributed with a width (standard deviation per

square root number of atoms) that increases at  the surfaces as (100) > (533) > (111) > bulk.  The

partition function effectively pics out the stable energy tail of the Gaussian distributions, so the larger
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the width of the energy distribution, the less likely it is that a randomly constructed configuration will

be a good representation of the high-entropy alloy even at high temperatures. The local order therefore

increases similarly to the energy distribution width with (100) > (111) > bulk (the degree of local order

in  the  (533)  surface  is  likely  in  between that  of  (100)  and (111)  although we do not  definitively

conclude that). Two types of local order are relevant, namely the composition of elements in the surface

layer (surface segregation)17–19 and the distribution of nearest neighbor elements. The (111) surface of

AgAuCuPdPt segregates significantly and has increased amounts of Au and Ag in the surface layer and

less Cu, Pd and Pt. However, the nearest neighbor distribution of the elements in the (111) surface is

still mostly random. The (100) surface of AgAuCuPdPt also segregates with increased amount of Au

and Ag and less Pd and Pt in the surface layer. Additionally, the (100) surface has a more ordered

distribution of nearest neighbor atom pairs in the surface. The (533) surface contains a (100) type step

and a three atomic rows wide (111) terrace. The step edge composition is most similar to the (100)

surface and the terrace is most similar to the (111) surface. We were not able to extract the nearest

neighbor order in the step edge due to the limited amount of step edge sites in the (533) slab. Finally,

we propose that ensemble distribution widths can be a quick way to assess whether a high entropy alloy

surface will have increased order or whether it can be considered to be random.

Our most useful insight for future computational studies is that AgAuCuPdPt (111) surfaces can

likely be modeled by surfaces with random atomic arrangement,  where only the change in overall

surface composition needs  to be accounted for.  This  is  likely not  the case for AgAuCuPdPt (100)

surfaces, because of their increased nearest neighbor order.

2. Computational details

The (111) and (100) surfaces are modeled by p(5×5) surface slabs with a thickness of five atomic layers

(125 atoms in total).  The (533) surface consists  of a 4 atoms wide (111) terrace and a  (100) type

step.20 The (533) surface slab has five step edge atoms on each side and a thickness of five atomic
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layers (100 atoms in total). The slab and bulk computational cells are setup with the ASE program.21

The  energies  of  the  slabs  are  calculated  with  density  functional  theory  (DFT)  using the  GPAW

program,22 400 eV energy cutoff plane-wave basis, and spin-paired electron configuration (non spin

polarized). Exchange-correlation effects  are approximated by the  RPBE functional.23 The (111) and

(100) surface slabs are modeled with 2×2×1 k-points and the (533) surface slab is modeled with 2 k-

points in the direction along the step and 4 k-points perpendicular to the step. The atomic regions are

treated with the PAW formalism and 17, 11, 11, 16, and 16 valence electrons are included for each Ag,

Au, Cu, Pd, and Pt atom, respectively.

The ensemble energies (ΔEi) are used to approximate the canonical partition function (Z, eq 1) and

obtain values for local order ( ⟨ A ⟩, eq 2) as a function of temperature (assuming thermal equilibrium).

Z ≈∑
i=1

M

exp (− Δ E i /( kBT )) (1)

⟨ A ⟩ (T )=
1
Z
∑
i=1

M

A iexp (− Δ Ei / ( kB T )) (2)

Ai could be the nearest neighbor distribution or the surface composition in the  i’th structure of the

ensemble. A weakness of our approach is that the absolute value of Z is not captured, since we use a

limited number of random configurations (including more configurations will always make Z larger).

Thermodynamic properties that require the total size of  Z, such as the total configurational entropy (

S=kB ln Z+ ⟨ E ⟩ /T ),  are therefore out of reach, but properties that are given by eq 2 and dependent on

how much weight certain types of configurations contribute to Z can be approximated.

 The energy of slab structures can be separated into bulk and surface energies.24 Only slabs with

both stable bulk and stable surfaces will contribute significantly to Z. However, if we assume that the

bulk and surface energy contributions can be treated independently, we can skip the excessive task of

finding slabs with both stable bulk and surface energies and instead just find slabs with stable surface

energies.  We  therefore  choose  to  calculate  surface  energies  (eq  3)  and  use  these  to  construct  Z,
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implying that we could have found slabs with the same surfaces, and the most stable bulk and gotten

the same overall surface contribution to Z.

Δ E i
HEA , (111 )

=E i
HEA , (111 ) − Ei

HEA ,fcc (3)

In eq 3, Ei
HEA,(111) is the total energy of the i'th slab and Ei

HEA,fcc is the total energy of the bulk structure

obtained by stacking the slab structure (we note that many different bulk structures can be obtained by

sliding the stacked slabs compared to each other, but that we construct all the bulk structures in a

consistent manner).

The lattice  parameter  for  AgAuCuPdPt is  approximated  by the average of  the  DFT calculated

lattice parameters for the pure metals.  I.e.  we apply Vegard’s  law even though it  mostly has been

validated for binary compounds.9,25,26 We  relax all the atomic structures, but neglect zero point and

vibrational energies, which we do not expect will  deviate significantly between structures within the

ensembles.

Finally,  since we only construct  partial  partition functions the low temperature limit  cannot be

trusted.  We designate  two temperature  regions,  namely  a  low temperature  “poor  statistics”  region

where  exp (− Δ Emin/ (k B T ) )/Z>0.25 and  a  high  temperature  “better  statistics”  region  where

exp (− Δ Emin/ (k B T ) )/Z<0.25, separating where the most stable ensemble configuration weigh more or

less than 25% in the partition function.  It is of course also possible that  additional sampling would

provide a  more  stable  configuration that  contributes  exponentially  more  to  Z.  However,  such  a

configuration would likely  have even more local order, and  would therefore not change  our overall

conclusion  that  the  AgAuCuPdPt  high  entropy  alloy  possesses  local  order  even  at  very  high

temperature.  We  also  disregard  the  possibility  that  we  may  exceed  the  melting  point  of  the

AgAuCuPdPt alloy. The melting points of the constituents are Ag; 1234 K, Au; 1336 K, Cu; 1356 K,

Pd;  1825  K,  Pt  2042  K.27 Our  rational  is  again  that  if  the  solid  possesses  order  at  very  high
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temperatures, where it is unstable compared to the molten alloy, it will be even more ordered at lower

temperatures.

The ensemble structures, DFT calculations, and python scripts that are the basis for this study can

be  accessed  online  at  https://nano.ku.dk/english/research/theoretical-electrocatalysis/katladb/local-

order/ .

3. Results and discussion

3.1 Local order in bulk AgAuCuPdPt

We calculated 10100 bulk  structures  of  the form Ag25Au25Cu25Pd25Pt25,  where  the 125 atoms were

randomly shuffled (6000 are the reference bulk structures used for the (100) study and 4000 are the

reference bulk structures used for the (111) study). The energies of the bulk structures are referenced to

pure bulk metals and their distribution is plotted in Figure 1a. The energies are Gaussian distributed

with an average of -4.41 eV, however, several structures have energies below -5.5 eV (insert Figure 1a)

and the most stable structure is -5.93 eV. The distribution has a width per square root number of atoms

of 0.0317 eV (Table 1), which is much smaller than the surfaces that we will discuss in the subsequent

sections.  Due  to  the  nature  of  the  partition  function,  the  most  stable  structure  dominates  at  low

temperatures  and  the  temperature  has  to  be  above  1496  K  before  it  weighs  less  than  25%.  The

ensemble energies are well below 0 eV, so the equimolar fcc AgAuCuPdPt high entropy alloy is more

stable than the pure metals of its constituents even without entropy being taken into account. We note

that AgAuCuPdPt could still be unstable, since we have not compared the energy of AgAuCuPdPt to all

the viable alloy combinations.1

It is possible for bulk AgAuCuPdPt to have internal order, even though the structure ensemble is

constructed from random structures, if  the most stable structures happen to have internal order. To

quantify the degree of internal order we calculate the nearest neighbor order parameter αij (eq 4).28,29
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α ij=1−
⟨ nij ⟩

x j⋅N
(4)

In eq 4, ⟨ nij ⟩ is the average number of j atoms at the nearest neighbor sites next to an i atom, N is the

number of nearest neighbor sites (equal to 12 in the bulk) and  xj is the overall molar fraction of  j

atoms.28 Since we know that the i atom cannot be neighbor to itself, we adjust xj to match the remaining

molar fraction (i.e. xj is 25/124 for i≠j and 24/124 for i=j). A random distribution of nearest neighbor

atom pairs (i, j) gives αij = 0, low affinity for i, j pairs gives αij > 0 and high affinity for i, j pairs gives

αij <  0.  Selected nearest  neighbor order  parameters  are  plotted  in  Figure  1b  and  show that  bulk

AgAuCuPdPt has reduced affinity for e.g. Pt-Au and Pd-Pd pairs and extra affinity for e.g. Cu-Pt and

Pd-Au  pairs  (The  full  set  of  nearest  neighbor order  parameters  are  included  in  the  Supporting

Information). The degree of nearest neighbor order in AgAuCuPdPt at high temperatures is similar to

other  multi  component  alloys,  such  as  bulk  bcc  NbMoTaW,30 bulk  fcc  VCoNi,31 and  bulk  fcc

CrFeCoNi.32
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Figure 1: (a) Energy distribution of 10100 bulk AgAuCuPdPt structures with 125 atoms. A Gaussian is

constructed from the number of structures, average energy, and standard deviation of the distribution

and  plotted  in  red.  (b)  Selected  order  parameters  (αij)  for  nearest  neighbor  atom  pairs  in  bulk

AgAuCuPdPt. The most stable structure weighs more than 25% in the ”poor statistics” region.

Table 1: Width of the energy distributions (standard deviation per square root number of atoms (n)).

Both the width of the total energy distribution (σ(E)) and the width of the surface energy distribution

(σ(∆E)) are tabulated.

System σ(E)/√n σ(∆E)/√n

Bulk 0.0317 eV

(111) 0.0861 eV 0.0813 eV

(100) 0.1138 eV 0.1102 eV

(533) 0.0906 eV 0.0853 eV

3.2 Local order in AgAuCuPdPt (111) surfaces

We calculated 4000 AgAuCuPdPt (111) slabs containing 125 randomly shuffled atoms and subtracted

the energy of bulk systems with the same atomic placement to obtain surface energies. The width of the

surface energy distribution (Figure 2a) is much larger than the bulk energy distribution (0.0813 eV per
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square root  number of atoms, Table 1).  This will  inevitably result  in fewer structures contributing

substantially to the partition function and likely a higher degree of order. The distribution width of the

total slab energies without subtracting bulk energies is 0.0861 eV per square root number of atoms, and

therefore only a little wider than the surface energy distribution.  The slab with the most stable (111)

surfaces configuration are enriched in Au and Ag at the expense of Pd, Pt and Cu (Figure 2b). The top

surface has 9Ag, 6Au, 3Cu, Pd, and 6Pt, the bottom surface has 2Ag, 10Au, 4Cu, 6Pd, and 3Pt.

Figure 2: (a) Surface energy distribution of 4000 AgAuCuPdPt (111) slabs with 125 atoms. A Gaussian

is constructed from the number of structures, average energy, and standard deviation of the distribution

and plotted in red. (b) Top and bottom surfaces of the most stable (111) surface configuration.

The AgAuCuPdPt (111) surface composition is shown in Figure 3a as a function of temperature.

The figure shows that the modification of the surface composition found in the most stable slab is

maintained even at very high temperature. For instance,  at 2000 K the (111) surface is expected to
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contain 30 at. % Au, 23 at. % Ag, 17 at. % Pd, 16 at. % Pt and 13 at. % Cu rather than the 20 at. % of

each element  found in the overall composition. The surface is therefore significantly segregated. The

surface composition  generally  follows what  would  be expected from the pure metal  (111)  surface

energies with Au(111) having the most stable surface energy (0.25 eV per surface atom) and Pt(111)

having the least stable (0.56 eV per surface atom).  Pure metal surface energies are shown in Table 2

and are similar to previous calculations.24,33 The most stable AgAuCuPdPt (111) surface configuration

has a surface energy of 0.32 eV per atom, which is a little lower than what would be expected from

weighing the pure metal surface energies with the surface composition found in the most stable (111)

surface configuration (giving 0.36 eV/atom).

Table 2: Surface energies of pure metals and the most stable (0 K limit) AgAuCuPdPt (111), (100), and

(533) surface configurations (eV/nsurf).

(111) (100)  (533)a

Ag 0.27 0.34 0.29

Au 0.25 0.36 0.26

Cu 0.40 0.51 0.42

Pd 0.48 0.64 0.51

Pt 0.56 0.80 0.58

AgAuCuPdPt (0 K) 0.32 0.44 0.33

a nsurf
(533) is 40 with 10 step edge atoms and 30 terrace atoms.

Cu stands out by being the least abundant element in the (111) surface, but having a middle of the

range surface energy. This can be explained by Cu being favored in the second layer, where many of

the Cu atoms missing in the surface layer  are found instead (25 at. % Cu at 2000 K, Figure 3b). A

similar preference for Cu in the subsurface region instead of in the surface layer has already been
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observed for Pt-Cu alloys.34,35 Pt is preferred in the inner most layer (3rd layer) with 26 at. % Pt at 2000

K (Figure 3c). On the hand, Au is severely depleted from the 2nd layer (13 at. % Au at 2000 K) and 3rd

layer  (13 at.  % Au at  2000 K) due to  the  preference  for  the  surface.  It  has  similarly  been found

computationally36 that a equimolar fcc CoNiCrFeMn (the so-called Cantor alloy) slab with 20 atomic

layers has a depletion of Mn in the bulk due to a build up in the (100) surface layer and a depletion of

Cr in the bulk due to a preference for the near surface region. Mn also has the lowest (100) surface

energy  of  all  the  CoNiCrFeMn  constituents.  Another  computational  study  investigated  the

CoNiCrFeMn (111) surface and found that Ni will segregate to the surface.37

To further study the local order in the AgAuCuPdPt (111) surface we calculate the nearest neighbor

order parameter (αij
surf) for the atoms in the (111) surface.

α ij
surf

=1 −
⟨nij

surf ⟩
x j

surf ⋅N surf (5)

⟨nij
surf ⟩ is the average number of j atoms at the nearest neighbor surface sites next to an i atom, Nsurf is the

number of nearest neighbor surface sites (6 for (111)) and xj
surf is the molar fraction of j atoms in the

surface. At high temperatures the distribution of nearest neighbor elements in the (111) surface is only a

little more ordered than in the bulk (Figure 3d). Most nearest neighbor pairs that are favored in the

(111) surface (such as Pt-Pt, Pd-Au and Cu-Pt) are likewise favored in the bulk (Figure 1b), and most

atomic pairs that are disfavored in the (111) surface (such as Cu-Cu and Pt-Au) are also disfavored in

the bulk. The main exception is that the number of Pd-Pd pairs in the surface is higher than what would

be expected from the Pd surface concentration and a random distribution. This is unexpected since

nearest neighbor Pd-Pd pairs are unfavored in the bulk, but maybe it can be explained by Pd’s affinity

for Au, which causes Pd to also sit next to other Pd atoms in order to optimize their overall presence

next to Au atoms. The full set of nearest neighbor order parameters for the (111) surface is included in

the Supporting Information.
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Figure 3:  Element  composition in  the (a)  (111)  surface layer,  (b)  2nd layer,  and (c)  3rd layer  as a

function  of  temperature.  (d)  Selected  order  parameters  (αij
surf)  for  nearest  neighbor  pairs  in  the

AgAuCuPdPt (111) surface.

3.3 Local order in AgAuCuPdPt (100) surfaces

We calculated 6000 AgAuCuPdPt (100) slabs containing 125 randomly shuffled atoms and subtracted

the  energies  of  the  corresponding  bulk.  The  width  (0.1102  eV,  Table  1)  of  the  surface  energy

distribution (Figure 4a) is both larger than the bulk and the (111) energy distribution. The width is

actually so large that we get very little contribution to the partition function from other structures than

the most stable ones, and we therefore chose to calculate 6000 structures rather than 4000 to improve

the statistics. Still, the most stable (100) configuration contributes more than 25% to Z at temperatures
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below 3577 K. The top surface of the most stable (100) configuration contains 8Ag, 7Au, 6Cu, 2Pd,

2Pt, whereas the bottom surface contain 5Ag, 9Au, 5Cu, 3Pd, 3Pt (Figure 4b).

Figure  4:  (a)  Surface  energy  distribution  of  6000  AgAuCuPdPt  (100)  slabs  with  125  atoms.  A

Gaussian is constructed from the number of structures, average energy, and standard deviation of the

distribution  and  plotted  in  red.  (b)  Top  and  bottom  surfaces  of  the  most  stable  (100)  surface

configuration.

The temperature dependent AgAuCuPdPt (100) surface composition is shown in Figure 5a and has

many similarities to the composition of the (111) surface with Au (and to a lesser extent Ag) being

preferred and Pd and Pt being disfavored. The main difference is that Cu is not nearly as scarce in the

(100) surface as it is in the (111) surface, which in turn means that the Cu concentration is also not

particular enhanced in the 2nd (Figure 5b) or 3rd (Figure 5c) layer. The concentration of the elements in
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the surface still doesn’t completely follow the pure element surface energies (Table 2), since Ag(100)

has a more stable surface energy than Au(100), while Au is more abundant than Ag in the AgAuCuPdPt

(100) surface. The most stable AgAuCuPdPt (100) surface configuration has a surface energy of 0.44

eV per atom (compared to 0.46 eV per atom from weighing the pure metal surface energies with the

surface composition).

We again use eq 5 to calculate the nearest neighbor order parameters for the atoms in the (100)

surface (Nsurf = 4 for (100)) and show a selection of them in Figure 5d. The figure shows that the order

parameters deviate significantly from 0, and that the surface has a more ordered distribution of nearest

neighbor atom pairs compared to both the (111) surface and bulk AgAuCuPdPt. In the (100) surface,

Pt-Pt pairs and Pt-Cu pairs are present in much larger abundance than expected if the atoms in the

surface were randomly placed. Oppositely, Pd-Pd nearest neighbor pairs are very uncommon, even

though the order parameter accounts for the low Pd surface concentration. The increased presence or

increased lack of certain nearest neighbor pairs could significantly influence the catalytic properties of

the AgAuCuPdPt (100) surface.9,38,39 The full set of  nearest neighbor order parameters for the (100)

surface is included in the Supporting Information.
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Figure 5: Element  composition in  the (a)  (100)  surface layer,  (b)  2nd layer,  and (c) 3rd layer  as a

function  of  temperature.  (d)  Selected  order  parameters  (αij
surf)  for  nearest  neighbor  pairs  in  the

AgAuCuPdPt (100) surface.

3.4 Local order in AgAuCuPdPt (533) steps

Finally, we calculated 4000 AgAuCuPdPt (533) slabs containing 100 randomly shuffled atoms and

subtracted the energies of the corresponding bulk. The overall width of the surface energy distribution

(Figure 6a) is dependent on the number of atoms in the simulation, so we divide the width by the

square root number of atoms such that it  can be compared to the ensembles with 125 atoms.  The

distribution has a width per square root number of atoms of 0.0853 eV (Table 1), which is in between

the width of the (111) ensemble and the (100) ensemble.  The most stable (533) configuration has 2 Ag,

2 Cu, and 1 Pd atom in the step edge of the top surface and 3 Au, 1 Ag, and 1 Cu at the step edge of the

bottom surface (Figure 6b).
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Figure  6: (a)  Surface  energy  distribution  of  4000  AgAuCuPdPt  (533)  slabs  with  100  atoms.  A

Gaussian is constructed from the number of structures, average energy, and width of the distribution

and plotted in red. (b) Top and bottom surfaces of the most stable (533) surface configuration.

The element composition at the step edge as a function of temperature is shown in Figure 7a. The

step edge composition resembles most closely the (100) surface composition, with Au (32 at. % at 2000

K) and Ag (32 at. % at 2000 K) being most abundant and Cu (18 at. % at 2000 K) being significantly

more abundant than Pd (11 at. % at 2000 K) and Pt (7 at. % at 2000 K). The element composition in the

terrace  (the  three  rows  of  atoms  between  step  atoms)  are  shown  in  Figure  7b  and  most  closely

resembles the (111) surface with Au (31 at. % at 2000 K) being most abundant and Pt (16 at. % at 2000

K), Cu (16 at. % at 2000 K) and Pd (14 at. % at 2000 K) being most scarce. The step edge at the (533)

surface is of the (100) type meaning that the step edge atoms and the adjacent lower terrace atoms sit in

a square pattern similar to the (100) surface, explaining why the composition of the step edge atoms

differ from composition of the terrace atoms which sit in a (111) surface configurations.
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Figure 7:  Element composition at the (a) (533) step edge and (b) in the (533) terrace as a function of

temperature.

3.5 Estimating local order in high entropy alloys

High entropy alloys are generally considered to be random. However, it  is actually unlikely that a

random structure (with 125 atoms) will be a good representation of the  AgAuCuPdPt high entropy

alloy. For instance, at 1500 K the 505 most stable structures (5%) in the bulk AgAuCuPdPt ensemble

make  up  88%  of  Z, indicating  that  the  remaining  9595  structures  (95%)  are  not  particularly

representative of the bulk AgAuCuPdPt high entropy alloy. This is further exaggerated in the surface

slab ensembles due to the increased width of the energy distributions. For instance, at 1500 K the 40

most stable structures (1%) in of the AgAuCuPdPt (111) surface ensemble make up 97% of Z.
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We can also ask to what extent the AgAuCuPdPt surfaces and the AgAuCuPdPt bulk would like to

be fully ordered rather than disordered. The ordered structures could, for instance, have a full layer of

Au at the top surface,  Ag at the bottom surface,  and Cu, Pt and Pd in the 2nd,  3rd,  and 4th layers,

respectively. It turns out that the (111), (100) and (533) surface energies and the bulk energy of these

ordered  configurations  are  much  more  stable  than  the  most  stable  configurations  in  the  random

ensembles (6.90 eV more stable for (111), 10.76 eV more stable (100), 4.84 eV for more stable (533),

3.25 eV more stable for bulk), so for each surface and the bulk there exist a transition temperature

below which they become ordered at equilibrium. However, the ordered configurations are also very

unlikely  and  only  appear  a  few times  in  the  full  ensembles  that  include  all  possible  element

permutations. We can approximate the probability of having the ordered configurations rather than a

broader distribution of disordered configurations, by comparing the Boltzmann factor of each ordered

configuration to a scaled partition function. The partition function is scaled from Z to Z·N/M in order to

account for the full size of the ensemble, where Z is the partition function obtained in this study, M is

the size of our random ensemble, and N is the size of the full ensemble. In this way we find that the

probability for having the ordered configurations drops from 1 to ~0 at around 400 K for (100), at

around 300 K for (111) and (533), and at around 200 K for the bulk (additional details are included in

the Supporting Information). The obtained transition temperatures suggest that the AgAuCuPdPt high

entropy alloy may not be stable at room temperature, especially since we have only considered a very

limited number of ordered structures.

It requires several thousand ensemble structures to get a decent representation of Z, and from that

an understanding of the local order in the bulk and at the surfaces of high entropy alloys. However, if

the ensemble energy width is linked to the degree of order, the width could be a useful indicator to

check whether local order should be accounted for in the first  place.  Figure 8 shows the standard

deviation  per  square  root  number  of  atoms of  the  ensemble  energies  as  a  function  of  number  of
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structures in the ensembles. At around 40 structures the standard deviation is largely converged, so

obtaining an estimate of the degree of local order from the ensemble width is relative computational

inexpensive.

Figure 8: Standard deviation per square root number of atoms of the ensemble energy distributions

plotted as a function of the number of structures in the ensembles.

4. Conclusion

Our study shows that the surface atoms in the equimolar fcc AgAuCuPdPt high entropy alloy influence

the total energy significantly more than atoms in the bulk. The energy distribution of the randomized

structure ensembles for the (100), (533), and (111) surface slabs are therefore much wider than the

randomized structure ensemble for the bulk. Consequently, only the surface structures with energies in

the stable tail of the energy ensembles will be present even at high temperature and they give rise to

local order in the  AgAuCuPdPt surfaces.

One type of local order is surface segregation. All the studied surfaces segregate to have increased

concentration of Au and Ag. This can largely be explained by the low surface energy of these metals,

however Cu is more scarce in the AgAuCuPdPt (111) surface than would be expected from its surface

energy, because there is a preference for Cu in the second layer. Furthermore, nearest neighbor atomic
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order seems to play a role in the stability of the AgAuCuPdPt (100) surface, and the precise placement

of the (100) surface atoms is therefore unlikely to be random.

Surface  structures  with  energies  that  lie  further  down  the  tail  of  the  energy  ensembles  will

contribute exponentially more to the canonical partition function. It therefore seems resolvable to link

the width of the structure ensemble energy distribution to the degree of local order. This is convenient

because  obtaining an estimate of the structure ensemble energy distribution width is computationally

inexpensive and could therefore be used to assess whether local order should be accounted for in any

given high entropy alloy.
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