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Crystallographic data and codes used to create the figures are available on GitHub at
https://github.com/nkalliney1/xray_neutron_diffraction_calculator
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X-Ray and neutron diffraction patterns of the AlCrTiV high entropy alloy and
quaternary Heusler structures

Nedjma Kallineya and Michael Widoma‡ (July 17, 2025)

Abstract
The quaternary alloy AlCrTiV has been proposed as both a lightweight high entropy alloy and also a functional
spin filter material based on the Heusler structure. Experimental investigations to-date, based on X-ray
diffraction, offer conflicting interpretations of the structure. Here we simulate diffraction patterns of the
various proposed structures to show that neutron diffraction, in particular, can reveal the nature of long-
range chemical order and discriminate among distributions of the refractory transition metals. Magnetic
contributions to the neutron diffraction are also discussed.

1 Introduction
High entropy alloys1,2 gain configurational entropy from easy chemical substitution among chemically
similar elements, for example among the first row of transition metals3, or the columns of refractory
metals4. The greatest degree of similarity occurs among neighbors within periodic table rows. Un-
fortunately, for purposes of structure determination, neighboring elements exhibit low contrast for
X-ray diffraction owing to their similar atomic numbers. Neutron scattering lengths take a wide range
of magnitudes, and even opposing signs, allowing strong contrast of the first row transition metals
among each other and with the heavier refractory metals. In this paper we simulate X-ray and neu-
tron diffraction patterns to illustrate the potential advantages of neutrons for identifying long-range
chemical order.

Multicomponent alloys based on the body-centered cubic lattice (BCC, also known at Strukturbericht
A2 and Pearson type cI2) can form in a variety of chemically disordered or ordered phases. We will
examine the equiatomic quaternary alloy AlCrTiV. It is capable, in principle, of taking a fully disor-
dered BCC structure in which each lattice site has equal probability of occupation by any of the four
elements, or it could acquire long-range chemical order of the CsCl prototype (B2, cP2) that consists
of two interpenetrating simple cubic sublattices. Certain elements could preferentially occupy cube
vertex sites and others prefer the body center. Within a 16-atom 2×2×2 supercell, further degrees of
ordering could yield structures of prototype NaTl (B32a), BiF3 (DO3), or a variety of Heusler types5–7

(all sharing Pearson type cF16). The Heusler structures contain four interpenetrating face centered
cubic (FCC) sublattices; the four species could each occupy a specific sublattice, or they could be
partially mixed in various manners.

Galanakis, et al.8 proposed that AlCrTiV would form as a Y-type (prototype LiMgPdSn) quaternary
Heusler structure. The four chemical species can be arranged along the diagonal of the cubic cell
in three symmetry-independent sequences (see Fig. 1). We name these types Y-I (diagonal sequence
Al-V-Cr-Ti), Y-II (Al-Cr-V-Ti), and Y-III (Al-V-Ti-Cr)9. Density functional theory calculations revealed
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that type III was lowest in energy, and that it was a compensated antiferrimagnetic semiconductor
with an extremely high Curie temperature and possible spin-filter applications. Magnetism is driven
by antiferromagnetic exchange interactions between Cr and V, which occupy alternating sites of a
simple cubic sublattice. Magnetic semiconducting properties were confirmed experimentally10,11. A
DO3 structure (corresponding to Heusler type Y-II with antisite disorder mixing Al with Cr and V) was
inferred experimentally but not demonstrated convincingly12. Separately, a small fraction of a second
phase with L21 order was reported10.

Fig. 1 Primitive cells of the quaternary Heusler structures: (a) Y-I (Al-V-Cr-Ti); (b) Y-II (Al-Cr-V-Ti); (c) Y-III
(Al-V-Ti-Cr). Color coding is Al (green); Cr (orange); Ti (blue); V (red).

Independently, Qiu, et al.13 proposed that AlCrTiV would form as a single-phase lightweight high
entropy alloy. The proposal was confirmed experimentally, and it was shown that the structure
was fully disordered BCC at high temperature but that it transformed to partially ordered B2 be-
low 1239K14. No indication of Heusler structure was reported. Assuming that two species completely
segregate to the cube vertex sites and the other two species occupy the body center sites, there are
three variants (see Fig. 2) that we name as B2-I-(AlCr)-(TiV), B2-II-(AlV)-(CrTi), and B2-III-(AlTi)-
(VCr) by analogy with the three quaternary Heusler types. In our notation, elements grouped by
parentheses share a common simple cubic sublattice of BCC.

Fig. 2 Primitive cells of the quaternary B2 structures: (a) B2-I-(AlCr)-(TiV); (b) B2-II-(AlV)-(CrTi); (c) B2-III-
(AlTi)-(CrV).

Owing to the similar atomic numbers of the transition metals, and hence their X-ray form factors,
X-ray diffraction is not able to discriminate among the differing transition metal orderings. Although
X-rays can in principle distinguish Heusler from B2 by observing the (111) peak of the Heusler 2×2×2
supercell of the BCC lattice, the intensity is likely to be weak, especially due to antisite disorder of Al
with transition metals. For this reason we proposed that neutron diffraction experiments should be
performed. The nuclear scattering lengths of Al (3.449), Cr (3.635), Ti (-3.438) and V (-0.3824) lead
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to excellent contrast among the transition metals. Al and Cr lack scattering length contrast but may
be distinguished through magnetic diffraction.

First principles Monte Carlo/molecular dynamics calculations could provide independent evidence
on the nature of chemical ordering. In the case of AlCrTiV, simulations using different exchange cor-
relation functionals produce conflicting predictions of chemical order9. The PBE15 functional predicts
an A2 to B2 transition around 1239K with B2-I-(AlCr)-(TiV) order. The SCAN16 functional, in con-
trast, is already B2-I at the melting point, and transforms to Heusler type Y-III below 800K. Identifying
the more suitable functional further motivates the neutron experiment.

In the following, we present our methods for calculating the diffraction patterns and the models
these will be applied to. We then present our diffraction results in order of increasing complexity,
starting from B2 through Heusler and ending with simulated structures.

2 Methods

We wrote a simple powder diffraction calculator to handle X-rays and both nuclear and magnetic
neutron diffraction17. Diffraction peaks occur at reciprocal lattice points G = hb1 + kb2 + lb3, where
bi are the primitive reciprocal lattice vectors and (hkl) are Miller indices18. For unpolarized X-ray
powder diffraction, the intensity contains three factors19,20, I = LP |Fx|2, where L is the Lorentz
factor

L = 1
sin2(θ)cos(θ) , (1)

which accounts for geometrical effects due to powder diffraction, P is the polarization factor

P = 1+ cos2(2θ)
2 , (2)

which applies for unpolarized x-rays, and Fx is the structure factor

Fx =
∑

j

fje
−2πiG·rj . (3)

Here fj is the X-ray form factor21 of atom j at position rj . The diffraction angle for reciprocal lattice
vector G obeys |G| = (4π/λ)sin(θ).

The intensity of unpolarized neutron diffraction sums independent nuclear and magnetic contri-
butions,22–24, I = L(|Fn|2 + |Ĝ × Fm × Ĝ|2), with L the same Lorentz factor as in X-ray diffraction.
The nuclear structure factor

Fn =
∑

j

bje
−2πiG·rj (4)

with bj the neturon scattering length25. The magnetic structure factor

Fm =
∑

j

µjpje
−2πiG·rj (5)

where µj is the magnetic moment of atom j with magnetic form factor26 pj . In our calculations we
employ magnetic form factors appropriate for neutral atoms with quenched orbital moments and we
approximate the Landé g-factors as g = 2.
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For ease of comparison between X-rays and neutrons, and for consistency with typical laboratory
equipment, we choose a common wavelength of λ = 1.54059 Å (Cu-Kα radiation) in the calculations
that follow. We scale the intensities to the highest peak, and convolute with a Gaussian of width 0.1
to enhance visibility.

Our B2 model structures utilize a 2-atom primitive cubic unit cell, with equal occupation of two
species at cube vertex sites(Wyckoff coordinate 1a (000)), and equal occupation of the remaining two
species at the body center site (1b (½½½)), as illustrated in Fig. 2. For model Heusler structures we
employ the 16-atom 2 × 2 × 2 supercell of the underlying BCC lattice. The Heusler structure Wyckoff
coordinates are (in diagonal order inside the cube): 4a (000); 4c (¼¼¼); 4b (½½½); 4d (¾¾¾).

The BCC lattice constant is taken as aBCC = 3.2 Å so the Heusler lattice constant aHeusler = 6.4 Å.
Consequently peaks that occur in both BCC and Heusler differ by a factor of 2 in their Miller indices.
In particular, BCC peaks in the standard setting obey h + k + l = 2n for integer n, while the identical
peak indexed in the supercell obeys h + k + l = 4n. Peaks revealing B2 order obey h + k + l = 2n + 1
using BCC indexing, and 4n + 2 using Heusler indexing. Peaks unique to the Heusler structure have
the property that h,k, l are all odd integers.

We have carried out first principles hybrid Monte Carlo/molecular dynamics simulations (FP-
MCMD) with replica exchange as described in9 within 128-atom 4 × 4 × 4 supercells of BCC using
both the PBE15 and the SCAN16 exchange correlation functionals. A 2 × 2 × 2 k-point grid was ap-
plied, using the default plane wave energy cutoff. PBE is a generalized gradient (GGA) functional
while SCAN (we use the “r2” variant of SCAN) is a meta-GGA that includes a dependence on the
electron kinetic energy density. The simulations applied collinear spin polarization and initialized
the Cr moments oppositely to Ti and V. We selected 8 independent structures from our simulated
ensembles at T = 1000K and performed short conventional MD at 300K in order to mimic an anneal
followed by quench to room temperature. We then map the atomic coordinates to Wyckoff sites within
a Heusler-type structure to obtain mean chemical occupancy and magnetic moments.

3 B2 models
We begin by illustrating the difficulty of structure discrimination through X-ray diffraction. Table 1
gives the chemical species occupations of B2 Wyckoff sites for our three B2 variants. The energies and
magnetic moments were determined by randomly distributing the species on appropriate sublattices
of a 128-atom 4×4×4 supercell of a B2 primitive cell, relaxing at fixed lattice constant, then averaging
the moments obtained from density functional theory using the PBE functional.

Table 1 Site occupation and magnetic moments (in µB) of B2 models. ∆E values (in meV/atom) are energies
relative to Heusler type-III.

Wyckoff Type I Type II Type III
site x y z occ. Chem. Mom. Chem. Mom. Chem. Mom.
1a 0 0 0 0.5 Al 0 Al 0 Al 0
1a 0 0 0 0.5 Cr 1.131 V 2.265 Ti -0.292
1b ½ ½ ½ 0.5 Ti -0.142 Cr -0.123 Cr 2.579
1b ½ ½ ½ 0.5 V -1.096 Ti -1.344 V -0.457

∆E +65 +87 +130

As shown in Fig. 3a, the predicted diffraction patterns of the three B2 variants are nearly indis-

4 | 1–11

Page 5 of 12 Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 8

/8
/2

02
5 

5:
40

:4
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online

DOI: 10.1039/D5FD00079C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fd00079c


tinguishable from each other. The peaks that obey BCC selection rules (the sum of the Miller indices
h+k + l = 2n) are by far the strongest, but they are insensitive to the distribution of chemical species
among the two simple cubic sublattices that comprise the BCC lattice. This is because the exponential
factors in Eq. (3) are all identically equal to 1 for any atom at a BCC lattice site. The peaks that are
unique to B2 (h + k + l = 2n + 1) differ according to the patterns of chemical ordering (see inset), but
they are all very weak, making it difficult to discriminate among structures with certainty. Distinguish-
ing B2 from BCC depends on the contrast between Al and transition metal form factors, together with
strong segregation of Al to a single sublattice of BCC.
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Fig. 3 X-Ray (z) and neutron (b) diffraction patterns of B2 variants. Miller indexing is based on the 2-atom cubic
cell of lattice constant 3.2 Å. Miller indices corresponding to a BCC lattice (A2) are colored in dark green; B2 (CsCl)
peak indices are orange Cu-Kα radiation (λ = 1.5406 Å) is assumed for X-rays, and the same wavelength is chosen
for the neutron pattern.

Neutron diffraction overcomes the limitations just described for X-rays. The opposite signs of the
Ti and V scattering lengths relative to Al and Cr cause the intensities of the ordinary BCC peaks to
nearly vanish, while for X-rays these were dominant. Thus the neutron patterns primarily reveal the
patterns of chemical ordering, and the B2 (100) peak becomes dominant. The relative intensities of
the B2 (100) and (110) peaks easily distinguish B2-I from B2-II and B2-III. This is because in B2-I, Al
and Cr occupy a common sublattice of B2; their positive scattering lengths contrast strongly with the
negative lengths of Ti and V which occupy the other sublattice.

4 Heusler models
Table 2 gives the chemical species occupations for our three Heusler variants. The energies and
magnetic moments were obtained from density functional theory using the PBE functional with a
high k-point density.

The Heusler structures are built upon 2×2×2 super cells of BCC or B2, so the peak positions with
Miller indices (hkl) in the BCC or B2 cases now double to (h′k′l′) = (2h2k2l). Because the Heusler
structure has face centered cubic (FCC) symmetry, the indices obey FCC selection rules, (h′k′l′) all
even or all odd. Thus the Heusler structures exhibit a peak at (h′k′l′) = (111) (i.e. (hkl) = (½½½)).
Other than the uniquely Heusler peaks, the diffraction patterns of the Heusler variants are identical
to the B2 variants. Observing the (111) peak would be the surest way to distinguish Heusler from B2

1–11 | 5

Page 6 of 12Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 8

/8
/2

02
5 

5:
40

:4
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online

DOI: 10.1039/D5FD00079C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fd00079c


Table 2 Site occupation and magnetic moments (in µB) of Heusler models. ∆E values (in meV/atom) are energies
relative to Heusler type-III.

Wyckoff Type I Type II Type III
site x y z Chem. Mom. Chem. Mom. Chem. Mom.
1a 0 0 0 Al 0 Al 0 Al 0
1c ¼ ¼ ¼ V -1.723 Cr 2.736 V -2.193
1b ½ ½ ½ Cr 1.499 V -1.551 Ti -0.509
1d ¾ ¾ ¾ Ti 0.330 Ti -0.964 Cr 2.955

∆E +85 +30 0

or BCC, yet the X-ray intensity of this peak is very weak (see Fig. 4) for the same reason that the B2
peak intensity is low - there is very little contrast among the transition metals, so the (111) intensity
depends primarily on the Al site. The relative X-ray intensities of the (111) and (200) peaks do contain
information that can distinguish among the Heusler types. Their intensity ratio grows from close to 1
for type Y-III, to 2 for type Y-II and over 4 for type Y-I.
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Fig. 4 X-Ray (a) and neutron (b) diffraction patterns of Heusler Y-type variants. Miller indexing is based on the
16-atom cubic cell of lattice constant 6.4 Å. Miller indices corresponding to a BCC (A2) lattice of lattice constant
3.2 Å are colored in dark green; B2 (CsCl) peak indices are orange; peaks unique to Heusler are magenta. Cu-Kα

radiation (λ = 1.5406 Å) is assumed for X-rays, and the same wavelength is chosen for the neutron pattern. The
inset in (a) enlarges the vicinity of the (111) and (200) peaks.

As was the case for B2 structures, the neutron diffraction patterns diminish the intensities of the
ordinary BCC peaks due to the opposing signs of the different scattering lengths. Again the ratios
of (111) to (200) peak intensities provide a clue to the chemical order, but now with much stronger
contrast. We find a ratio of 15 for Y-III, 5 for Y-II, and less than 0.4 for Y-I. The B2 (200) peak dominates
for Y-I because the positive and negative scattering length elements occupy, respectively, cube vertex
(AlCr) and body center (TiV) sites as illustrated in Fig. 3 part (a). Sharing Al and Cr equally between
vertex and body center sites as in parts (b) and (c) results in near cancelation of the B2 peaks.

6 | 1–11

Page 7 of 12 Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 8

/8
/2

02
5 

5:
40

:4
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online

DOI: 10.1039/D5FD00079C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fd00079c


5 Simulated structures
We simulated AlCrTiV at temperature of T=1000K as described in Sec. 2. The resulting structures
exhibit both short- and long-range order, with Al atoms having low probability to neighbor other Al
atoms in either the PBE or SCAN simulations. Ti is the most frequent neighbor of Al in the PBE
simulations, while SCAN leads to more frequent Cr neighbors of Al. In order to determine site oc-
cupancy statistics, we shift our structures to define the sublattice with the most Al atoms as Wyckoff
site 4a, then perform a reflection (if needed) so that Wyckoff site 4c is enriched in Ti (PBE) or in
Cr (SCAN). Tables 3 and 4 give the resulting site occupations and the mean magnetizations of each
element on each site. Note the magnetization is partially frustrated, so actual magnitudes and signs
vary widely among individual atoms. In general the PBE magnetization is more frustrated, and also
the magnitudes are lower than in SCAN.

Inspecting the species distribution from the PBE simulation we see that the occupations of the
cube vertex sites (Wyckoff 4a and 4b) are nearly equal, and predominantly Al and Cr. The body center
site (Wyckoff 4c and 4d) occupations are also nearly equal, and predominantly Ti and V. The slight
deviations from equality are artifacts of the finite system size caused by our shifts and reflections.
The observed ordering strongly resembles B2-I-(AlCr)-(TiV), as was proposed in References6,27 on the
basis of total energies within the coherent potential approximation.

Table 3 Site occupation and magnetic moments simulated at T=1000K using the PBE functional

Occupation Magnitization
site Al Cr Ti V Al Cr Ti V
4a 0.455 0.339 0.045 0.161 0 1.452 -0.271 -0.574
4c 0.053 0.156 0.527 0.263 0 1.298 -0.138 -0.834
4b 0.420 0.339 0.022 0.219 0 1.114 -0.273 -0.697
4d 0.071 0.165 0.406 0.475 0 0.845 -0.138 -0.522

Table 4 Site occupation and magnetic moments simulated at T=1000K using the SCAN functional

Occupation Magnitization
site Al Cr Ti V Al Cr Ti V
4a 0.660 0.055 0.078 0.207 0 1.990 -0.809 -1.280
4c 0.020 0.691 0.039 0.250 0 2.376 -0.471 -1.045
4b 0.289 0.105 0.246 0.359 0 2.446 -0.981 -0.684
4d 0.031 0.148 0.637 0.184 0 2.121 -0.987 -1.280

In contrast to the PBE simulation, the SCAN functional leads to strong segregation into the four
separate sublattices, with Al predominantly on 4a, Cr predominantly on 4c, and Ti predominantly on
4d, while V exhibits a weak preference for 4b. We conclude that the PBE-based structure is best mod-
eled as B2 (at temperature 1000K) while SCAN exhibits a quaternary Heusler structure. The sequence
of site preferences under SCAN (Al-Cr-V-Ti) resembles type-II more closely than the energy minimiz-
ing type-III (Al-V-Ti-Cr, which is equivalent under inversion to Al-Cr-Ti-V). The energetic favorability
of type-III was attributed to the antiferromagnetic interaction of Cr and V at BCC next-neighbor sites.
However, we observe that V is broadly distributed among all Wyckoff sites, and in our 1000K Monte
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Carlo simulations, V has a high acceptance rate (15-20% compared with ∼ 1% for Cr-Ti) with both Cr
and Ti, creating substitutional entropy.

Figure 5 displays the resulting diffraction patterns. Again, the chemical ordering is revealed by
the weak (111) and (200) peaks that are nearly unobservable compared with the strong BCC (220)
peak. For the PBE simulation, the neutron simulation exhibits a strong B2 (200) peak. For the SCAN
simuation, the neutron pattern exhibits a strong Heusler (111) peak. The (200) peak is also fairly
strong, which is more similar to the ideal Heusler type-II pattern than to type-III.
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Fig. 5 X-Ray (a) and neutron (b) of structures simulated under PBE and SCAN exchange correlation functionals.
Miller indexing is based on the 16-atom cubic cell of lattice constant 6.4 Å. Miller indices corresponding to a BCC
(A2) lattice of lattice constant 3.2 Å are colored in dark green; B2 (CsCl) peak indices are orange; peaks unique to
Heusler are magenta. Cu-Kα radiation (λ = 1.5406 Å) is assumed for X-rays, and the same wavelength is chosen for
the neutron pattern. The inset in (a) enlarges the vicinity of the (111) and (200) peaks.

6 Discussion
We have shown that X-ray diffraction patterns of AlCrTiV are only weakly sensitive to the difference
between BCC, B2 and Heusler order. The sensitivity of X-rays to chemical order rests on the contrasting
atomic number of Al relative to the transition metals Ti, V, and Cr, which are neighboring elements in
the periodic table with similar X-ray form factors. The strongly contrasting neutron scattering lengths
of the transition metals provide far greater sensitivity to the details of chemical order in the B2 cases
and especially so in the Heusler cases.

Computer simulations of the chemical order predict outcomes that depend on the choice of exchange-
correlation functional. The PBE generalized gradient approximation (GGA) predicted B2-like order
at 1000K, while the meta-GGA SCAN predicted Heusler ordering in a 2 × 2 × 2 supercell of BCC. Our
diffraction simulations show that experiments that include neutron diffraction would be uniquely
suited to resolving the discrepancy.

So far we have not commented on the magnetic contributions to neutron diffraction. All our
calculated neutron patterns include the contributions from unpolarized magnetic diffraction, which is
additive to the nuclear component. The magnetic form factors were assumed to be those of neutral
atoms, and magnetic moments were obtained through electronic density functional calculations. By
adjusting temperature through the anti-ferrimagnetic transition, which lies in the vicinity of Tc ≈
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710K12, it is possible to alter the contrast between the transition metals, which lose magnetism above
Tc, relative to aluminum, which lacks moments at all temperatures. This can help to distinguish Al
from Cr, in particular, as their nuclear form factors are similar.

The calculations presented here examine only the Bragg components of diffraction, reflecting
the long-range component of chemical ordering (LRO). Short-range chemical order (SRO) is even
more prevalent in HEAs28–30, including in AlCrTiV9, and this can lead to diffuse peaks in the diffrac-
tion31–35. Form factor contrast affects diffuse intensity similarly to Bragg intensity, but other effects
including lattice distortion and magnetic frustration contribute additionally. Total scattering investi-
gations could aid in capturing all these contributions36,37.
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Pt
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b
co

h
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Fig. 6 Coherent scattering lengths of the transition metals and aluminum.

While our discussion centered on the compound AlCrTiV, we emphasize the utility of neutron
diffraction experiments for the determination of chemical order in high entropy alloys, owing to the
lack of X-ray contrast among many elements that are common in HEAs. Neutron contrast is especially
strong within the first row of transition metals25 (see Fig. 6). The second row elements have almost
no neutron contrast within the row, but they do differ from the first row in both X-ray and in average
neutron form factor, especially for the refractory metals. Rare earths (not shown) also offer contrast
opportunities, and often can substitute for one another and even for early transition metals.

7 Conclusion

In conclusion, we demonstrate the advantages of neutrons relative to X-rays for determining the
chemical ordering in chemically complex alloy systems such as the AlCrTiV high entropy alloy. We
propose this experimental test to resolve previously conflicting experimental and simulation reports.

Data availability

Diffraction codes, cif files and resulting diffraction patterns are available at
https://github.com/nkalliney1/xray_neutron_diffraction_calculator.
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