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Abstract

®

CrossMark

Single crystals of disordered Mny_,Cr,Al;; have been synthesized via the flux method. EDS on
several crystals of various sizes and shapes revealed an average molar ratio of 17:9:74 for
Mn:Cr:Al, while x-ray diffraction on three different crystals yield compositions

Mn; 56Cry.74Al11 (Mny_, CrAlyy, x = 1.74), Ming g3Cr3 17Aly1, and Mny 07Crz 93Aly ;. This
compound crystallizes in space group P1, isostructural with both MngAl;; and CrsAl;;.
Magnetic measurements on several crystals show that this disordered compound is ferrimagnetic

with a low effective moment of g

1.012 ~0.004 g /f.u. and a non-reachable transition

temperature. Density functional theory calculations display opening of a bandgap in the spin-up
channel near the Fermi level with increasing Cr content, an indication of half-metallicity.

Keywords: ferrimagnetism, half-metallicity, disordered structure, single crystal growth,

flux synthesis

1. Introduction

The Al-Mn phase space is rich in compounds, especially on
the Al-rich side [1], and several comprehensive studies have
been devoted to it [2-6]. Alloys and compounds in this phase
space have been studied for a variety of properties, e.g. in
electrical applications [7], as permanent magnets [8, 9], for
solidification under pulsed magnetic fields [10], hardness and
corrosion [11], decomposition behavior [12], cooling rate on
microstructures [13], and for their effect on Mg—Al alloys [14—
17], to name a few. The discovery of the first quasicrystals
was also within this phase space (AlgsMn)4) [18], giving rise
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to a new area of research [19]. Furthermore, half-metallicity
was first predicted in Mn-containing Heusler alloys [20] and
have since then been predicted and explored experimentally in
more systems containing Al and Mn [21-34] of which some
also contain Cr in addition to the two aforementioned elements
[32, 35].

Within the AI-Mn phase space, the structure of MngAly; (d-
MnAl) was first determined by Bland in 1958 [36], suggesting
a triclinic or pseudo-monoclinic structure. The structure was
later confirmed by Kontio ef al [37] and was shown to be a low-
temperature phase of MnsAl;;. The high-temperature phase
crystallizes in an orthorhombic structure [2, 38]. The magnet-
ism of the low-temperature phase was explored by Dunlop and
Griiner [39] where they observed a smooth cusp in both sus-
ceptibility and resistivity at approximately 100 K, a sign of a
one-dimensional behavior. They attributed this to the crystal
structure and to the absence of long-range interactions due to
the strong interaction between a Mn atom and its nearby Al
atoms suppressing interactions between Mn moments. They
concluded that the magnetic properties are mainly determined

© 2025 The Author(s). Published by IOP Publishing Ltd
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by the independent Mn-chains while the resistivity properties
are determined by scattering of conduction electrons [39].

Compounds isostructural to triclinic MngAl;; were also
discovered later, Re4Al;; [40] and CryAly; [41], although no
magnetization studies has been performed on them. In addi-
tion, the ternary AI-Cr—Mn phase space was explored by
Grushko et al [42]. They discovered compositions along the
Al3Cr—Al;Mny line, thus confirming a range of compositions
isostructural to the triclinic Al;;(Mn,Cr)4 phase.

In this study we report on the single crystalline growth,
structure, and magnetization of disordered compounds within
the Mny_,Cr,Al;; phase. Specifically, detailed single crys-
tal x-ray diffraction on one crystal shows composition
MH2,26CI‘|.74A1|] (Mn4_xCrxA11 1, X = 174), which is isostruc-
tural with T4Aly; (T = Mn, Cr, Re). In addition, we show
that this disordered compound exhibits ferrimagnetism, unlike
the one-dimensional magnetic behavior observed in MngAly;
[39]. Finally, we shed light on the magnetic character of this
compound via density functional theory (DFT) calculations
and show that it may exhibit half-metallicity.

2. Methods

Synthesis. We grew single crystals of Mny_,Cr,Al;; via the
self-flux method with aluminum acting as the flux element.
We measured and loaded 2 mmol of Mn, 1 mmol of Cr, and
20 mmol of Al, all 99.9%+, in a 2 ml alumina crucible. The
Mn:Cr ratio was chosen as 2:1 since the original goal was
an attempt to synthesize single crystals of the Heusler alloy
Mn,CrAl with Al as a self-flux. A second alumina crucible
was filled with quartz wool and placed upside-down on top of
the crucible holding the chemicals. In order to keep the reac-
tion in an inert condition, we inserted the crucible ensemble in
a quartz ampoule and capped the open end of the ampoule with
parafilm, inside an argon-filled glovebox. The quartz ampoule
was then pulled out of the glovebox, the parafilm was removed
and the ampoule was quickly attached to a Schlenk line and
sealed under vacuum using an oxygen-hydrogen torch. The
ampoule was subsequently heated to 1000 °C at a rate of
50 °C h~! in a programmable muffle furnace, maintained at
this temperature for 15 h to allow the elements to soak well
in the Al flux, and then slowly cooled to 750 °C at a rate of
2.5°C h~!, about 90 °C above the flux solidification/melting
point. After reaching this temperature, the ampoule was rap-
idly taken out of the furnace, flipped upside-down, and imme-
diately centrifuged to separate the crystals from the molten
flux. The quartz wool inside the crucible cap acted as a filter to
allow the liquid aluminum to pass through but restrict the solid
crystals from passing through. The ampoule was then broken,
and crystals were harvested at ambient temperature. The crys-
tals are stable in the air.

Energy dispersive spectroscopy (EDS). We performed EDS
employing a FEI QUANTA 200 FEG scanning electron micro-
scope equipped with an Oxford Instruments Ultim Max EDS
detector. We performed measurements at 20 kV on several

crystals of various sizes and shapes to verify the proper
stoichiometric ratios of the compound. All crystals were
mounted on copper tape with a flat surface facing up.

X-ray diffraction. We performed single-crystal x-ray dif-
fraction employing a Rigaku-Oxford Diffraction XtaLAB
Synergy-S diffractometer equipped with a HyPix-6000HE
Hybrid Photon Counting detector and dual PhotonJet-S
Mo/Cu 50 W Microfocus x-ray sources. We collected
reflections at room temperature with Mo Ka radiation
(\ = 0.71073 A) using w scans with 0.5° frame widths to a
resolution of approximately 0.4 A, equivalent to 26  125°,
and they were recorded, indexed, and corrected for absorp-
tion using Rigaku Oxford Diffraction CrysAlisPro [43]. We
refined the structure with CRYSTALS [44] employing the
charge-flipping software SUPERFLIP [45] to solve the struc-
ture. The quality of the data allowed for an unconstrained
full matrix refinement against F> with anisotropic displace-
ment parameters for all atoms. A CIF for the composition
Mn; 56Cry 74Al1 Mng_CrAly;, x = 1.74) has been depos-
ited with the Cambridge Crystallographic Data Center (CSD
#2272254) [46].

Magnetization. The magnetic measurements were performed
at the Cornell Center for Materials Research, where they
employed a Quantum Design MPMS-3 system. They obtained
zero field-cooled magnetization as a function of temperature at
an applied field of 0.1 T while sweeping the temperature at a
rate of approximately 0.1 K s~!, and magnetization as a func-
tion of field at temperatures 2.0 K and 300 K while sweeping
the field at a rate of approximately 50 Oe s~! between 2 and
2 T and 100 Oe s~! between 2 (-2) and 7 (=7) T. The sample
comprised several, randomly aligned single crystals totaling a
mass of approximately 14.6 mg.

DFT. Density functional theory calculations were performed
using the Quantum Espresso 6.8 package. Spin-polarized self-
consistent calculations were done using the projector aug-
mented wave method in the scheme of generalized gradi-
ent approximation. The scalar-relativistic Perdew—Burke—
Ernzerhof pseudopotentials used are generated by A. Dal
Corso and can be found on the Quantum Espresso ready-to-
use PSlibrary [47]. An automatically-generated Monkhorst—
Pack k-point grid of size 6 = 6 4+ 6 and energetic conver-
gence threshold of 10~ Ry was used for calculating mag-
netic moment and cohesive energy. For the final self-consistent
calculation preceding a density-of-states (DOS) calculation, a
10 £ 10 £ 10 k-point grid was used instead and with the same
energetic convergence threshold.

3. Result and discussion

3.1. Structure

The reaction produced a high yield of small (=~0.1-0.2 mm on
each side) crystals of indefinite shapes. The original goal was
to grow single crystals of the cubic Heusler alloy Mn,CrAl,
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however, the shape of the crystals hinted at a different
compound. EDS confirmed that the elemental composition
was not that of the expected Heusler alloy. EDS results taken
on several crystals of various sizes and shapes revealed molar
ratios of Mn:Cr:Al to be 17:9:74 on average, to within 1—
3 atomic percent. Clearly, the ratios do not match that of
Mn,CrAl but rather indicate a (Mn + Cr): Al ratio of approx-
imately 1:3 (/25:75) of which Mn is about twice that of Cr
for a final Mn:Cr: Al atomic ratio of approximately 2:1:9.

X-ray diffraction collected on single crystals showed that
this compound crystallizes in a triclinic space group. A search
in the Inorganic crystal structure database [48] revealed no
matching ternary structures with the approximate molar ratios
as given by EDS and with a triclinic structure. After a care-
ful refinement of the x-ray diffraction data, it was clear that
this compound is a mixed-site isostructure of the binary com-
pounds MnyAl;; and CryAly [4, 5, 36, 37, 41, 49]. X-ray dif-
fraction was collected on three different crystals with varying
final compositions. We report here the full diffraction data and
structural analysis for one of them. This specific compound
crystallizes in P1 (#2) with lattice parameters a = 5.11920(3)
A, b =891768(6) A, c = 5.06184(5) A, o = 89.4217(7)°,
B = 100.5735(7)°, and v = 105.6830(6)°. See table 1 for a
complete list of parameters and diffraction data.

Both transition metal sites in this compound are disordered,
and in unequal amount: for this particular crystal, while site
1 (M1 = Mnll and Cr12) has an Mn site occupancy factor
(SOF) of 0.64(2) and a Cr SOF of 0.36(2), site 2 (M2 = Mn21
and Cr22) has an approximately equal split: 0.49(2):0.51(2)
for Mn:Cr. The SOFs of the six Al sites were also relaxed
in subsequent refinements but displayed negligible deviations
from full occupancy. Close attention was paid to the Al6 atom
which was reported as approximately half-occupied by Kontio
etal [37]in MnyAl;;. We, however, do not observe this and nor
was it observed in CryAly; [41] and Re4Aly; [40]. The SOFs
for all Al sites were therefore fixed to full occupancy in the
final refinement. Additionally, trying to fix either of the trans-
ition metal sites to fully occupied Mn or Cr while relaxing the
SOF of the other site resulted in worse refinement residuals
and with atomic ratios that deviated too much from the EDS
results. We therefore conclude that both transition metal sites
are mixed. We also tried Al mixing into the metal sites, but
this resulted in negative Al SOFs. The final stoichiometry was
refined to Mn2.26Cr1.74A11] (MII4_XCI'XA1] 1, X = 174), yleld-
ing the approximate molar ratios 15.1:11.6:73.3 for Mn:Cr:Al,
not quite matching the averaged EDS result but is within
a few atomic percent. Table 2 lists the final SOFs and the
atomic coordinates for this crystal. The final stoichiomet-
ries on the two other crystals refined to Mng g3Cr3 17Al;; and
Mn (7Crp.93Al;;. The transition sites in the x = 3.17 crystal
have Mn:Cr ratios of 0.34:0.66 for site 1 and 0.08:0.92 for site
2, while in the x = 2.93 crystal, the ratios are 0.41:0.59 for site
1 and 0.13:0:87 for site 2.

Figure 1 shows the unit cell with the two transition
metal sites colored according to the mixing ratios of
Mn; 56Cry 74Al1: M1 with 0.64 Mn (magenta) and 0.36 Cr

Table 1. Single crystal x-ray diffraction data and parameters for
Mny 26Cry 74Al;1, collected at room temperature.

Parameters Mny_ Cr Al (x = 1.74)
Stoichiometry Mny »6Cry 74Al
Molecular weight (g mol~™") 511.41

Space group P1 (#2)

a(A) 5.11920(3)
b(A) 8.91768(6)
c(A) 5.06184(5)
a(®) 89.4217(7)

B (°) 100.5735(7)

v () 105.6830(6)

v (A% 218.509(3)

V4 1

pealc (g cm™?) 3.886
Absorption coefficient z (mm™) 6.330
Absorption corrections T'min, T'max 0.33,0.58

Crystal size (mm?)
Data collection range (°)

0.086 x 0.137 x 0.146
2.374 < 6 < 68.887

h range -13<h<13
k range 23 < k<23
[ range -13 <1< 10
Reflections collected 69404
Independent reflections 8154
Parameters refined 57

Apmin, Apmax (€ A7) -0.99, 1.25
Rim 0.024

R (F) for all data® 0.0172
WRy(Fo?)° 0.0535
Goodness-of-fit on F> 1.0000

CSD # 2272254

YRy = ZlIFol-Fclll ZIFoll.

YWRy = [Sw(Fo? Fc2) Lw(Fo?)?]"?, w = 1/[c?(Fo*) + (A P)?> + B P],
P = [2Fc? 4+ Max(Fo?,0)]/3 where A = 0.01 and B = 0.23.

(blue) and M2 with 0.49 Mn and 0.51 Cr. Figure 2 shows the
local Al environment around M1 and M2. Each metal site is
ten-coordinated by Al atoms in a non-obvious symmetry but
was described as bicapped distorted cubic arrangement for the
binary MnyAly; [37]. M1 is surrounded by Al of all six differ-
ent crystallographic sites (three All, three Al2, one Al3, one
Al4, one AlS, and one Al6) while M2 is surrounded by five of
them (one All, one Al2, three Al3, three Al4, and two AlS).

As has been mentioned, the discovered compound of
Mn; 56Cry 74Al}; 18 not a unique stoichiometry in this MngAly;
isostructure: a range of compositions have been mapped out
in the Al-Cr-Mn ternary phase diagrams and this particu-
lar phase appears in the 800 °C and 900 °C ternary phase
diagrams, labeled as the v-phase, or Al;;Mny(LT) [42, 50].
The 800 °C phase diagram has been reproduced from [50] in
figure 3, showing that the v-phase ranges from 100% Mn in the
transition metal site (MngAl;;) to approximately Mn3Cry; Alys
(Mnyg 1,CrpgsAl3). As has been shown by x-ray diffraction
refinements on two other crystals, we have formed a range
of compositions within this v-phase range. The composition
Mn, »6Cry 74Al;; has been marked with a red dot in the tern-
ary phase diagram in figure 3.
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Table 2. Atomic coordinates, and equivalent displacement parameters of Mnj 26Cr 74Al;;.

Atom SOF Site x y z Ueq (A
M1 0.64(2) Mn + 0.36(2) Cr 2i 0.39103(1) 0.13371(1) 0.33691(1) 0.0052(1)
M2 0.49(2) Mn + 0.51(2) Cr 2i 0.85724(1) 0.40322(1) 0.70032(1) 0.0074(1)
All 1 2i 0.53337(5) 0.12502(3) 0.84648(5) 0.0082(1)
A2 1 2i 0.89627(5) 0.12517(3) 0.48745(5) 0.0084(1)
Al3 1 2i 0.33311(5) 0.37307(3) 0.57533(5) 0.0082(1)
Al4 1 2i 0.71916(5) 0.36904(3) 0.18271(5) 0.0095(1)
Al5 1 2i 0.16997(5) 0.31883(3) 0.05623(5) 0.0109(1)
Al6 1 la 0 0 0 0.0100(1)
Al

Figure 1. Unit cell of Mn; 56Cr) 74Al;; viewed along the c-axis. The
mixed metal sites are colored blue and magenta and display the
mixing ratios where Mn is represented by the magenta and Cr by the
blue color. M1 comprises 0.64(2) Mn and 0.36(2) Cr while M2
comprises 0.49(2) Mn and 0.51(2) Cr. The Al atoms are colored
gray. The inset shows a single crystal of no particular shape, which
was typical for this compound.

(b)

Figure 2. Local atomic environment around (a) M1 and (b) M2
viewed along the (111) axis. Each metal site is surrounded by ten Al
atoms. The anisotropic displacement ellipsoids are drawn at the
95% probability level.

3.2. Magnetism

The magnetism of the binary MnyAl;; has been explored
previously [39] but—as far as we can tell—no magnetic study
has been performed on the CrsAl;; and Re4Al;; binaries, nor

i

A\

oY

Jo
<0

f\,
Atomic Percent Manganese

Figure 3. Ternary Al-Cr—Mn phase diagram at 800 °C in the
Al-rich region. Adapted from [50], with permission from Springer
Nature.

on any sample in the (Mn,Cr)4Al;; phase range described in
[42, 50]. It was shown that MnsAl;; has a one-dimensional
magnetic character evidenced by a smooth cusp at around
100 K in both magnetic susceptibility and electric resistivity
[39]. In addition, the authors reported no long-range mag-
netic order below that temperature based on neutron diffrac-
tion collected at 4.2 K. A plausible explanation for the one-
dimensional character was given based on the crystal struc-
ture in which the Mn atoms arrange themselves roughly in
...AABBAABB... chains where A and B are the two metal sites
and with distances 3.188 10\, 3.198 A, and 3.053 A for AA, AB,
and BB, respectively.

Figure 4(a) displays our structure again but without the
Al-atoms to highlight the transition metals and the distances
between them. The view is along the a-axis and in perspect-
ive mode. We have an M1-M1 distance of 3.216 A (altern-
ating gray and green and equivalent to the AA distance in
[39]), an M2-M2 distance of 2.980 A (alternating gray and
red and equivalent to the BB distance), and an M1-M2 dis-
tance of 3.199 A (solid gray and equivalent to the AB dis-
tance). These three distances define the chains while the
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Figure 4. (a) View in perspective mode along the a-axis of the Mnj 26Cr; 74Al;; structure but without the Al atoms. The atom colors are as
in figure 1. The alternating gray and green ‘bond’ defines the M1-M1 distance of 3.216 A, the alternating gray and red bonds define the
M2-M2 distances of 2.980 A and 3.381 A (roughly along the c-axis), and the solid gray defines the M1-M2 distance of 3.199 A. (b) View

along (110).

M2-M2 distance of 3.381 A (also alternating gray and red)
links the chains together along the (113) direction. The chains
are along the (110) axis as can be viewed in figure 4(b) (into
the page). While it is clear what Dunlop and Griiner [39] meant
by one-dimensional chains, in our structure the interchain
M2-M2 distance 3.381 A is not very much longer than the
intrachain distances, plausibly resulting in a two-dimensional
arrangement of metal sites instead. The next shortest inter-
chain distance is approximately 4.63 A. An argument for one-
dimensional character could be regarding the locations of the
Al atoms (not shown in figure 4). Al5 and Al6 atoms separ-
ate the chains from each other in the [001] plane while AlI3
atoms separate the chains from each other in the [110] plane;
the other Al atoms are located roughly within the chains. The
presence of the Al5 and Al6 atoms in the plane separating the
chains could be why Dunlop and Griiner declared the presence
of one-dimensional chains. They did not specify the nature of
the ordered state, whether the coupling between neighboring
Mn-atoms along the chain was of ferro-, antiferro-, or ferri-
magnetic nature; however, one can surmise from their suscept-
ibility plot (figure 1 in [39]) that the interaction seems to be of
antiferromagnetic nature.

We performed magnetic measurements on our mixed-site
sample comprising several randomly oriented crystals of vary-
ing composition as discussed above in connection with the
ternary phase diagram. Figure 5 displays the magnetization
as a function of temperature from 2 K to 300 K, obtained at
an applied field of 0.1 T. The curve looks paramagnetic or
possibly ferromagnetic down to the lowest temperature [51],
and we observed no smooth cusp and therefore no evidence
for a low-dimensional character. It is possible that the Mn/Cr
mixing at the two metal sites in Mny_,Cr,Al;; and the mix of
crystals with different Mn:Cr disorder removed or smeared out
the low-dimensional magnetic character, especially since Mn
and Cr couple differently to each other (parallel vs. antiparal-
lel). The situation is also more complex since the two sites are
mixed in unequal amounts and differ from crystal to crystal.

Looking at the inverse susceptibility as a function of tem-
perature (figure 5 inset), however, reveals a hyperbolic curve,
a signature of ferrimagnetism [52-55]. Ferrimagnetism in this

35
3.0
2.5
2.0
15
1.0
"~ 05

(10° mol f.u./emu)

150 200 250
T (K)

100

150 200 250
T (K)

0 50 100

Figure 5. Magnetization as a function of temperature at an applied
field of 0.1 T. Inset: Inverse susceptibility as a function of
temperature. The hyperbolic trend is a sign of ferrimagnetism. The
red line is a fit to equation (1).

material is plausible with the two different metal sites com-
prising different mixings of Mn and Cr. The addition of Cr
into a Mn site will change the magnetic moment of that site
so that—if the two sites originally had equal and antiparallel
magnetic moments—the moments now become unequal.

Assuming two sublattices for simplicity (the situation is of
course more complex with different mixings at the two sites
and with a sample comprising crystals of varying compos-
itions), the inverse susceptibility can be expressed with the
molecular field theory as [52-55]

1 T 0 ¢ !

X C T o ey
where C is the Curie constant and related to the effective
moment fegr via C = Napg pi2/3kp, 0 is the Curie-Weiss tem-
perature, and ¢ and 6’ are parameters containing information
about the magnetization of the two sublattices. The parameter
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Figure 6. Magnetization as a function of applied field at 2 K (black
circles) and 300 K (red squares). The inset focuses on the low-field
region showing essentially zero hysteresis.

0’ defines the hyperbola asymptote and should therefore have
a lower value than an actual transition temperature (see figure
3in [53]). The experimental data fits quite well to equation (1)
and is shown as a solid red line in the inset to figure 5.
The fitting parameters are fiery  1.012~0.004 g /f.u., 6

136 ~3K,( 6641~ 548K xmolemu~! and 6§’ 4.7 ~
0.7 K. The low effective moment is an indication of site-
mixing and ferrimagnetism in this compound. Furthermore,
0 < 0 and ¢ > 0 point towards ferrimagnetic ordering below
the transition temperature (¢ < 0 and ¢ = O for antiferromag-
netism and 6 > 0 and { = O for ferromagnetism). Since the
magnetic measurements were performed on a sample contain-
ing several randomly oriented crystals of varying composition
(as discussed above), the two-sublattices approximation is the
best that can be done. To include the different site-mixings in
the model would require magnetization measurements to be
performed on a single crystal, which is not feasible due to the
small size (low mass) of the crystals, or on multiple crystals
all confirmed to have the exact same stoichiometry.

Figure 6 displays the magnetization as a function of applied
field at 2 K and 300 K. In both cases, saturation is not
reached, and essentially no hysteresis is observed (inset). The
non-saturation and linearity of isotherms have been observed
in other ferrimagnets, such as the half-metallic fully com-
pensated ferrimagnets (CrFe)S [56] and Mn,; sFeVsAl [57],
and the Co-Mn-V-Al [23] and (CoCrFeNi);_,Mn, [58]
alloys. This non-saturation is a typical behavior of the para-
magnetic region, confirming that we have not yet reached the
transition temperature to the ferrimagnetic state.

3.3. DFT

DFT calculations are by definition performed for a mater-
ial system at zero kelvin, i.e. thermodynamics is ignored in
the Kohn—Sham equations. As such, even though our mag-
netization measurements have not reached past the transition

temperature, we may still expect ferrimagnetism to result from
DFT calculations of a reasonably accurate crystallographic
model of our sample. In order to corroborate our experimental
results, we performed DFT calculations on a set of theoretical
samples with increasing Cr content starting from pure Mn to
pure Cr: MnyAl;;, Mn3CrAl;;, Mn,Crp Alj, MnCrs Alyq, and
Cr4Aly;. The results are summarized in table 3. Due to com-
putational power limitations, the calculations were performed
on a single unit cell; therefore, Mn and Cr substitutional and
antisite disorders at the M1 and M2 lattice sites have not been
considered. For these single-unit-cell crystal structures, inver-
sion symmetries about the center of the unit cell ((1/2,1/2,1/2) in
crystal coordinates) allow for atomic swapping between cer-
tain pairs of M sites with no changes to calculation results.
Therefore, in terms of the replacement of Mn by Cr atoms,
there are two distinct configurations that contain one Cr, three
configurations that contain two Cr, and two configurations that
contain three Cr. Furthermore, each configuration may support
more than one magnetic ground state: the M1 site magnetic
moments can be parallel or antiparallel, and likewise for the
M2 site moments; this further leads to four possible magnetic
states for each of the configurations listed. To exhaust the list
of possible magnetic states for each atomic configuration, mul-
tiple calculations with different starting atomic magnetizations
are performed where appropriate. We opted not to report the
formation energy of our results; instead, as is the convention in
the literature, we will only be comparing the cohesive energies
between configurations that have the same molecular formula.
The magnetic ground state for any given configuration is thus
the one with the lowest cohesive energy.

We observed that a general statement can be made based
on the atomic moments and cohesive energies of converged
calculations: for those configurations i.e. placement of Mn
and Cr atoms on the two M1 and M2 sites, in which the res-
ulting structure respects the inversion symmetry of the base
MnyAl;; structure(these configurations are where exactly one
atomic species occupy two M1 sites or two M2 sites as in
Mn-Mn-Mn-Mn, Mn—-Mn—Cr—Cr, Cr—Cr-Mn-Mn, and Cr—
Cr—Cr—Cr), their magnetic ground states are also ones that
respect this symmetry. For instance, we found two magnetic
states for the Mn—Mn—Cr—Cr configuration. In one, the M1
sites are identical in both atomic species and magnetic moment
(Mn;  0.0283 up); likewise, for the M2 sites (Cr; 1.4655
us). On the other hand, in another calculated convergent mag-
netic state for this configuration, each of the four M sites
instead have a different magnetic moment—therefore, this
magnetic state does not possess the inversion symmetry as
does the atomic lattice. We observed that calculations for the
latter magnetic state yielded a higher cohesive energy, i.e.
less thermodynamically stable. The above would suggest that,
for the magnetic ground states of this material system (which
includes all atomic configurations), the magnetic moment of
any one M-site atom couples strongly to the moments of its
(nearest-)neighboring M-site atoms, that the symmetries of the
atomic lattice becomes important to the magnetic properties of
the compound. Naturally, those (nearest-)neighboring M-site
atoms should also include the M-site atoms of the adjacent unit
cells; thus, the need for a supercell—to establish a complete
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Table 3. Magnetic moment results from DFT calculations on a single unit cell with different atomic configurations of Mn and Cr. The
configuration order refers to the metal sites M1-M1-M2-M?2. Multiple entries of the same configuration are convergent magnetic states;
those which have the lowest cohesive energies of their respective configuration are bolded. Italic numbers indicate negative atomic magnetic
moments while regular numbers indicate positive atomic magnetic moments. Positive moment is along the positive direction of the crystal

c-axis.
M-site magnetic moment (ug)
Atoms Configuration M1-M1-M2-M2 Cohesive energy (Ry) Atom1 Atom2 Atom3 Atom4 Total moment (ug/cell)
4 Mn Mn-Mn-Mn-Mn —1580.913 624 —0.4298 —0.4298 1.4170 1.4170 1.75
—1580.901 632 —0.196  0.1961  0.9875 —0.9875 0.00
3Mn + 1 Cr Mn-Mn-Cr-Mn —1542.585 911 —0.1629 —0.4518 1.1969  1.4962 2.01
Cr-Mn-Mn-Mn —1542.577 125 —0.1749 —0.5472 1.5891 1.4614 2.08
2Mn +2Cr Cr—Cr-Mn-Mn —1504.236 578 —0.526 —0.5261 1.7456 1.7454 2.08
—1504.219 578 0.2814  0.4482 —1.4916 1.3787 0.62
Cr-Mn—Cr-Mn —1504.246 549 0.2608 —0.4175 1.5711 1.6197 3.00
Mn-Mn—Cr—Cr —1504.254 758 —0.0283 —0.0283 1.4655  1.4655 2.99
—1504.246 790 0.1096 —0.1100 0.6810 —0.6797 0.00
1 Mn + 3 Cr Mn-Cr-Cr-Cr —1465.912 694 —0.0747  0.3136 1.492 1.5444 3.47
Cr—Cr—Mn-Cr —1465.904 344 0.2801  0.4848  1.7504 1.555 3.99
4 Cr Cr—Cr-Cr—Cr —1427.568 214 0.5246  0.5246  1.4457  1.4457 4.11

description of the magnetic ordering in this material system—
becomes apparent.

In addition, we noticed a disagreement between our pre-
diction of a ferrimagnetic ground state in MnyAl;; and the
results reported by Dunlop and Griiner [39], which resembled
one-dimensional spin chain with antiferromagnetic coupling.
The reason behind this conflict is quite possibly that, again,
our DFT calculation is performed over a single unit cell,
which would not have captured for instance the antiferro-
magnetic chains suggested by Dunlop and Griiner. In fact,
that single-unit-cell calculation yielded a ferrimagnetic ground
state while antiferromagnetism was experimentally observed
in [39], may even suggest an alternative explanation in which
MnyAly; is actually a fully-compensated ferrimagnet. Mn-
containing fully-compensated ferrimagnets are not unheard of:
their characteristic ultralow coercive field at the compensation
temperature [59] has been observed [23, 26, 57].

Additionally, all our calculated total moments are larger
than the experimentally obtained effective moment fies
1.012 ~0.004 pug of our Mny_,Cr,Al;; samples, save for a
total of three magnetic non-ground state for the configur-
ations Mn-Mn-Mn-Mn, Mn-Mn—Cr-Cr, and Cr-Cr—Mn—
Mn. It should be emphasized that the effective moment was
obtained by fitting the inverse susceptibility to equation (1).
The calculation for a Mng_,Cr,Al;; compound (with varying
x), in which site-mixing is necessary, will likely result in a
lower total moment that is more agreeable with the experi-
mental result.

We would also like to point out that the range of cohes-
ive energies across different atomic configurations (of the

same Mn:Cr ratio) is exceedingly small. The largest cohes-
ive energy difference of 0.04 Ry is between two specific mag-
netic states of different atomic configurations of 2 Mn + 2
Cr; however, within the other four Mn:Cr ratios, the difference
between lowest and highest cohesive energy differences are no
more than 0.01(2) Ry. Since for a given Mn:Cr ratio the vari-
ous atomic configurations can be interpreted as site-swaps of
each other, dividing those cohesive energy differences by the
Boltzmann constant provides us with an estimate for the tem-
perature regime in which M-site antisite disorder are relevant.
This number ranges from 0.03—0.06 eV per M site per unit
cell, which translates to 0-2 orders of magnitude lower than
the ampoule temperature (in Celsius). This implies that any
atomic configurations of a given Mn:Cr ratio are likely equally
accessible during the formation of the sample. One can see
this as a sign that site-mixing is a necessary factor to consider
for an accurate description of this compound. Another (sim-
pler) justification for performing future DFT calculations with
site-mixing is as follows: since XRD shows that the M site of
our samples are sufficiently disordered, we do not know of the
concentration of unit cells with a particular Mn:Cr in a partic-
ular atomic configuration. Therefore, shall we want to average
the calculation results of different atomic configurations and
Mn:Cr ratios to simulate the results of a realistic sample (if
one can even considered this a sound approach to employ), we
will have to face the issue that we would not know the appro-
priate statistical weights for averaging.

We will now return to the discussions regarding magnetic
moments of our DFT results. Due to the prevalence of integer
moments in our calculated magnetic states, we suspect high
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spin-polarization character in these compounds, on the basis
of the generalized Slater—Pauling rule. Even though we have
stressed the importance of M-site-mixing to the accuracy of
calculated results, there is still knowledge to be gained from
exploring the electronic behavior of these ‘base’ single unit-
cell magnetic states. This is because we have performed pre-
liminary DOS calculations for the magnetic ground states of
the two stoichiometric endpoints, Mn4Al;; and CryAl;;; the
two compounds exhibit striking similarities in broad DOS fea-
tures and a spin-up bandgap (both compounds are metallic in
the spin-down channel). Based on this observation, we posit
that a spin-up bandgap appears in each other fractional Mn:Cr
ratios (2:2, 3:1, etc) as well.

To explore this possibility, we selected the magnetic ground
states for each possible Mn:Cr (1 Cr to all Cr) for DOS cal-
culations. The spin-polarized DOS, plotted in figures 7(a)—
(d) respectively, confirmed our suspicion (the spin-up gap
shaded in grey): Mn—-Mn-Mn-Mn (no Cr), Mn—-Mn—-Cr—Mn
(1 Cr; magnetic ground state), Mn—-Mn—Cr—Cr (2 Cr; magnetic
ground state), and Cr—Cr—Cr—Cr (4 Cr). Of note, ‘3 Cr’ is not
shown, as we did not observe meaningful differences between
the DOS for the magnetic ground states of ‘3 Cr’ and ‘4 Cr’,
especially regarding the position and width of the spin-up gap.

We observed two phenomena that seemed to correlate with
the addition of Cr atoms: (1) a general energy shift of DOS
features towards higher energies, and (2) the gradual widening
of a bandgap in the spin-up channel near the Fermi level. The
energy shift of DOS features can be explained as a shift in the
Fermi level towards lower energy due to a decrease in total
number of valence electrons per molecular formula.

Regarding the bandgap, while a thorough understanding
of its emergence with the introduction of Cr requires band
structure calculations and likely some form of a molecular
orbital hybridization model, we can nevertheless acquire some
basic information simply from atom-specific projected DOS
(PDOS) data (figure 8).

Near the Fermi level (~2 eV), the M-site PDOS are dom-
inated by d-orbital states regardless of atomic configurations
(figures 8(a)—(f)); only a vanishing small number of states
are associated to s- and p-orbitals (not shown). Similarly, Al
PDOS are majorly p-orbital states (figures 8(g)—(j)). For each
compound, one finds a high degree of similarity between the
general shapes of M-site d-orbital and Al p-orbital PDOS: in
both spin channels, a lobe below and above the Fermi level,
joining near the Fermi level with the presence of a small spin-
up gap. When comparing the total DOS (figure 7) and all
atomic PDOS for each compound, one sees that both the lower
and upper band edges of this spin-up gap consistently com-
prise a fair mixture of M-site and Al valence states. We under-
stand this as a sign that extensive p—d hybridization is present
between M-site (Mn and/or Cr) d-electrons and Al p-electrons.
Thus, it is understandable that when one replaces a given Mn
atom with a Cr atom within a unit cell, one would also alter
the observed bandgap.

The presence of a gap in only one spin channel defines
a half-metal. Half-metallicity entails fully spin-polarized
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Figure 7. DOS for (a) MH4A11 1s (b) MH3CI'A11 1s (C) MI]QCI‘QAI] 1
and (d) CrsAly;. The solid gray line is the Fermi energy while the
grey box is a guide-to-eye for the majority-band gap. In each figure,
the upper (lower) curve represents the spin-up (spin-down) channel,
where the positive z-direction is defined as the direction of the total
magnetic moment. Zero energy is set at the Fermi level.

conductance, which has non-volatile memory applications.
Half-metallicity was first predicted in Mn-containing Heusler
alloys [20], and has been subsequently predicted in many
more Mn-containing Heusler systems. On the other hand, the
experimental observation of half-metallicity requires a more
elaborated setup: the direct probing of a fully spin-polarized
Fermi surface can be done by spin-polarized photoemission
spectroscopy; less direct ways involve the observation of high
magnetoresistance due to spin—orbit torque transfer in a half-
metallic ferromagnet tunnel junction, or high spin-current gen-
eration in nonlocal measurements. It has been proposed that
the resistivity of half-metals features a characteristic temper-
ature scaling due to the inhibition of spin-flips [60]. This
has been observed in at least one study, of the disordered
Mn-containing Heusler alloy CoMnVAI [23]. Another Mn-
containing alloy (not Heusler), Mn3;Al, has been calculated to
feature half-metallicity [26, 28]; In [26], magnetic properties
of Mnj3Al thin films were studied, though its half-metallicity
were not characterized. Based on our DFT results, we can
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Figure 8. PDOS of the (a)—(c) Mn-d orbitals, (d)—(f) Cr-d orbitals, and (g)—(j) Al-p orbitals for MnsAl;;, Mn3CrAl;;, Mn,CryAlyy, and
CrsAly;. The solid gray line is the Fermi energy while the grey box is a guide-to-eye for the majority-band gap.

surmise that our mixed Mn; 56Cr; 74Al} | may be half-metallic
at the temperature regime where it is a ferrimagnet; however,
more in-depth DFT studies and thin film characterization are
needed.

3.4. Conclusion

We have grown single crystals of Mny_ ,Cr,Al;;, a mixed-
sited version of the binaries MnsAl;; and CryAl;; that crys-
tallizes in the space group P1. This specific phase exists in
a range of compositions as can be seen in the AlI-Cr-Mn
ternary phase diagram and single crystal x-ray diffraction on
one crystal yielded Mnj 56Cr 74Al;; (Mng_Cr Aly, x = 1.74)
with lattice parameters a = 5.11920(3) A, b = 8.91768(6)
A, ¢ = 5.06184(5) A, a = 89.4217(7)°, B8 = 100.5735(7)°,
and v = 105.6830(6)°. This structure has two transition
metal sites and, in our compound, both are mixed: while
one site has Mn:Cr SOF of 0.64:0.36, the other site has
an approximately equal split, 0.49:0.51. Magnetic measure-
ments reveal a ferrimagnetic compound, likely arising from
the site-mixing with an effective moment of piey 1.012 ~
0.004 pp /f.u.. This is in contrast to previous magnetic meas-
urements on pure MnyAl;; which exhibited an antiferromag-
netic transition. DFT calculations on a single unit cell of
Mn4A111, MIl3CI'A111, MIIQCI‘QAIH, MI’ICI’3A111, and CI‘4A111,
show a ferrimagnetic ground state in MngAl;;, Mn3CrAl,,
and Mn,Cr,Al), and a ferromagnetic ground state in CryAly;.
Further DOS calculations show an energy shift towards higher
energies and the opening of a bandgap in the spin-up chan-
nel near the Fermi level, hinting at a possible half-metallic

ferrimagnet. Further studies are underway in exploring a
range of Mn-Cr mixings and their magnetic and electronic
behavior.
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