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Table SI. Prototype structure, with corresponding structural information, and calculated total
energy per formula unit for considered competing phases within present paper.

Phase Prototype Pearson symbol  Space group Energy (eV/fu)
Cr Y cl2 Im-3m (229) -9.6430
Cr Cu cF4 Fm-3m (225) -9.2408
Cr Mg hP2 P63/mmc (194) -9.2298
Mn a-Mn cl58 [-43m (217) -9.1582
Mn B-Mn cP20 P4,32 (213) -9.1056
Mn AuCu tP4 P4/mmm (123) -9.1297
Mn CsCl cP2 Pm-3m (221) -9.0107
Sc Mg hP2 P63/mmc (194) -6.3327
Sc Np tP4 P4/nmm (129) -6.2230
Sc Sc hP6 P6122 (178) -6.2006
0-Ga Ga oC8 Cmca (64) -3.0302
Ga Ga oC4 Cmcm (63) -3.0121
Ga Ga mC4 C2/c (15) -3.0119
C C (graphite)  hP4 P63/mmc (194) -9.2246
Cr,;3Cs Cr,;3Cs cF116 Fm-3m (225) -279.3407
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Schematic representation of 12 collinear spin configurations considered for

(M 3 /35¢1 /3) ,GaC, M" = Cr or Mn, where the spin direction at each M" site is represented by a black

arrow.
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Table SII. Identified equilibrium simplex and corresponding formation enthalpy for Cr,GaC,
Mn,GaC and Sc,GaC phases (P6s/mmc structure), and the hypothetical -MAX phases
(Sc,5Cry/3)2,GaC and (Scy3Mny3),GaC. Please note that the former i-MAX phase diverge from an
i-MAX structure upon relaxation, i.e. the phase is not stable for such atom configuration.
Relaxation performed using the PBE exchange-correlation functional.

e . Spin AH,, experimental

Phase equilibrium simplex configuration’ (meV/atom) observation
Cr,GaC Cr;C,, CrGay, Cr,Cs in-AFM1 -19 yes

Mn,GaC Mn;GaC, C, MnGay AFM[0001]4 231 yes

Sc,GaC Sc;GaC, ScGa,, Sc;Cy NM 11 no

(CI'z/3SC]/3)2GaC, SCGaz,

(SCQ/3CI'1/3)2GEIC Sc3GaC, SCQCI'C3 NM -5 no
(SCQ/3M1’1|/3)2GaC (MHZBSCIB)ZGaC’ SC3G8.C, NM +12 no

SCGaz, SC3C4

 Results attained form Ref. [10] for Cr,GaC and Ref. [11] for Mn,GaC.

Table SIII. Calculated energy and corresponding structural and magnetic information for
(Cry3Sc¢1/3),GaC when considering different spin configurations.
PBE exchange-correlation functional.

Relaxation performed using the

f(l))rllltliguration ZII')(?ISS a(A) b(A) c(®) Notes (meV/z?tlanh; m?il jtlccrr:t(())rrrrlgm
NM 63 9.0569 5.1800 12.7669 0 0.00
FM 63 9.0926 5.2088 12.7481 -0.7 0.73
AFM1 goes to the NM state

X2 63 9.0708 5.1951 12.7722 -1.7 0.72
A2 goes to the NM state

X4 12 5.2075 9.0888 12.7550  p=90.0872° -1.0 0.79, 0.80
A4 38 12.7541 9.0600 5.1864 ;?lg(Aolf?ﬁzl -0.7 0.48, 0.61
in-AFM1 goes to the NM state

in-AFM2 goes to the NM state

in-AFM3 goes to the NM state

in-AFM4 goes to the NM state

in-AFM5 goes to the NM state

in-AFM6 63 9.0791 5.1957 12.7547 -2.7 0.63
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Table SIV. Calculated energy and corresponding structural and magnetic information for
(Mn;y/3Sc3),GaC when considering different spin configurations
PBE exchange-correlation functional.

. Relaxation performed using the

fggiguration :II‘)(?:I:; a(A) b(A) c(®) Notes (meV/aAt]:;II% m(iggn/e ;\l/fnnzla(t)(r)rlﬁ)m
NM 63 8.9901 5.1385 12.5482 0 0.00
M goes to the NM state
AFM1 63 8.9900 5.1419 12.5850 -1.1 0.72
X2 goes to the NM state
A2 goes to the NM state
$=90.0032°
X4 12 5.1397 8.9914 12.5611 mix of A2 -0.2 0.24,0.50
and AFM1
A4 goes to the NM state
in-AFM1 goes to the NM state
in-AFM2 goes to the NM state
in-AFM3 goes to the NM state
in-AFM4 goes to the NM state
in-AFMS5 goes to the NM state
in-AFM6 goes to the NM state

Table SV. Calculated energy and corresponding structural and magnetic information for
(Cry3Sc¢y/3),GaC when considering different spin configurations. Relaxation performed using the
PBE exchange-correlation functional with +U method, where U= 1 €V.

fgtilgiguration Zf;f; a(A) b(A) c(®) Notes (meV/aAt];:)II\lllh; m?pg]gitl(grrzgnme)m
NM 63 9.0533 5.1824 12.7838 0 0.00
FM 63 9.0995 5.2364 12.8101 -24 1.29
AFM1 63 9.1256 5.2570 12.8569 -23 1.57
X2 63 9.1169 5.2460 12.8462 -31 1.56
A2 63 9.1105 5.2521 12.8189 =22 1.37
X4 12 5.2422 9.1015 12.8323 [3=90.0220° -28 1.30, 1.54
A4 38 12.8135 9.1030 5.2444 -24 1.29, 1.36
in-AFM1 63 9.0833 5.1917 12.7655 -1.5 0.55
in-AFM2 63 9.0572 5.1995 12.7896 -0.6 0.54
in-AFM3 goes to the NM state

in-AFM4 63 9.0748 5.2260 12.7770 -5.7 1.00
in-AFMS5 63 9.0598 5.2282 12.8228 -29 1.06
in-AFM6 63 9.1202 5.2123 12.7778 -29 1.06

S5



Table SVI. Calculated energy and corresponding structural and magnetic information for
(Mn;y/3Sc,3),GaC when considering different spin configurations. Relaxation performed using the
PBE exchange-correlation functional with +U method, where Ugr= 1 €V.

fggiguration ijﬁg a(A) b(A) c(®) Notes (meV/aAt]iI]\lllh; m(iin/e ;\I/}:nn:t)(r)rlﬁ)m
NM 63 8.9848 5.1348 12.5553 0 0.00
FM 63 9.1086 5.2834 12.7238 -25 2.16
AFM1 63 9.0510 5.1932 12.7282 -39 1.90
X2 63 9.0618 5.2280 12.7330 -31 2.07
A2 63 9.1072 5.2792 12.6762 -26 231
X4 12 5.2438 9.0707 12.6985 90.2385 -28 2.05,2.21
A4 38 12.6983 9.1109 5.2807 -26 2.34,2.40
in-AFM1 63 9.0407 5.1684 12.6277 -4.2 1.27
in-AFM2 63 8.9809 5.2704 12.8601 -25 2.24
in-AFM3 63 9.1208 5.1892 12.7721 -22 2.10
in-AFM4 63 8.9605 5.2779 12.8983 -2.8 2.29
in-AFMS5 63 9.0087 5.2494 12.7079 -15 1.92
in-AFM6 63 9.0231 5.2354 12.6943 -16 1.84

S6



(@)

(b)

(c)

e o

Cr,GaC
P63/mmc (#194)

© 0 0000O0O0

©Q 00 0 0 00 O
G O . B . . O O
0 . D O. . OG
9 00000 0O

© © ¢ 0 0 0 0 0
@ o o o

o o e
© © 0o o 0 ¢ 0 0
© 0000 000

@ © 0 ¢ 0 0 0 o
Q 00 0 0 000

-------------

0000000000000
0000000000000
0000000000000
0000000000000
0000000000000
cococo0000000000
0000000000000
0000000000000
0000000000000
0000000000000
0000000000000
0000000000000
0000000000000
0000000000000
0000000000000
0000000000000
0000000000000

0000000000000

aaaaaaaaaaaaa

uuuuuuuuuuuuu

0000000O0CDO0OD0O0QCQO0CO
0000000000000
0000000000000
0000000000000
0000000000000
c000c00c00000
0000000000000
0000000000000
90002000 0COQO0QCOO0OCO
0000000000000
0000000000000
0000000000000
6000000000000
0000000000000
0000000000000
0000000000000
0000000000000

9000000000000
P e 0 0 000 0 e e 0 e

o

© 0 0 o 0 o

@ 6 0 0o 0 0 0 O
e e Gl et b e e s

(Crz/3Scq3)2GaC
Cmom (#63)

e e e s

00 00 00 00 00 00 00 00

cooo0oo0oco0oe (Cre 800898080
‘e’ ’c 0’0’00 Sce 8 868808888
© 00 0 0 0 00 00 00 00 00 00 00 00 00
Bo.oao,oﬂoﬂo_oaoaGa" 8888 E0 8 8
o 06 0 0 0 0o 0 0 C 8 86 6 886 8 8

808980800

009099000000,
co0oo0o00c00O0O0
S4sfustentuu?
000g00g00g00,
0 0000O0°O0O
©00%900%00%00@
0900008000,
900000000
©00%900%00%009
09080080080,
9 00000 © 0
0000000000000
000000,80500,
0©0000C0O0OO
0009009009009
009090060500,
ceoo0o®0o00000
S2s000Ves00e?

0606600000040
00000 O0CO0OO0
©00%00%00%00%
.°..°..°..°.°°
0O 00©®O0O0OOoOObDO e
0900%00%00%00?
°..°..°O.°..°.
0 0000000
©00%00%00%00%
.°..°..°..°..°
e ©®© 00 00©0©OO0O®O
0900%00%00%009
°0.°..°..°°.°0
9 000000 ¢
900%00%00%00%
.°.0‘..¢..‘00‘
o ©® 00O OOOO O
0900900009009

Figure S2. Schematic representation of the Cr,GaC MAX phase and (Cr,/3Sc¢y/3),GaC i-MAX phase
when viewed along a) [100], b) [010] and c) [110] zone axis. The primary structural difference
between the MAX phase and the i-MAX phase is the in-plane chemical order within the M-layer,
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to allow formation of a honeycomb pattern where the larger elements approach the A-layer. The
A-layer, in turn, change its structure into Kagomé-like ordering, altogether resulting in an
orthorhombic crystal structure of space group Cmcm for the herein reported phases. Based on
previously reported theoretical analysis of structure, bonding, and related stability, we suggest that
the formation of i-MAX is favored for increasing size difference between the two metals, and with
decreasing size of the A-element.
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Figure S3. Selected area electron diffraction (SAED) of (Cr3Sc¢y/3),GaC along the [100] (a) and
[110] (b) zone axis, and of (Mn;,/;Sc;/3),GaC along the [100] (¢) and [110] (d) zone axis.
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Figure S4. Rietveld refinement of XRD data for the (Cr,3S¢3),GaC sample.
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Figure S5. Rietveld refinement of XRD data for the (Mn,/3Scy/3),GaC sample.
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Table SVII. Cell parameters and atom coordinates obtained from XRD Rietveld refinement at RT.
Upon attempted change in occupancy (from 1.0) as well as Ct/Mn intermixing, there was no
improvement in the refinement.

Space group Cmcm (#63) Cmcem (#63)
System Cr-Sc-Ga-C Mn-Sc-Ga-C
1 13.0 10.1
a(A) 9.05649(34) 8.99827(60)
b (A) 5.21497(20) 5.19006(36)
c(A) 12.76932(40) 12.62758(46)
a=pB=y=90°
M Cr, 16h Mn, 16h
0.8364(2) 0.8364(14)
0.3269(17) 0.3251(30)
0.5771(3) 0.5761(4)
Sc 8f 8f
0.0000 0.0000
0.1671(23) 0.1815(31)
0.3914(5) 0.3910(5)
Ga 4c 4c
0.0000 0.0000
0.6799(16) 0.6762(18)
0.2500 0.2500
8¢g 8¢g
0.7655(5) 0.76362(9)
0.4071(11) 0.43975(13)
0.2500 0.2500
C 8e 8e
0.8410(30) 0.8590(32)
0.0000 0.0000
0.0000 0.0000
4b 4b
0.0000 0.0000
0.5000 0.5000
0.0000 0.0000
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Table SVIII. Phase purity obtained from Rietveld refinement in wt.%

System Composition

Qe (. (Cr2/3Sc1/3)2GaC CI‘zGaC 80203 CI‘G34
Cr-Sc-Ga-C 86.8% 6.1% 4.1% 3.0%

QeCin (Mny3Sc;3),GaC  C (graphite) Sc,0C Mn;GaC Ga;Sc
Mn-S¢-Ga-C 61.4% 25.1% 6.8% 3.2% 3.5%
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