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Supplementary Fig. 1. Schematic illustration of considered spin configurations for disordered
solid solution MAX phases in a 120 atom supercell.
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Supplementary Fig. 2. Short rang order parameter of the M sublattice as function of coordination
shell distance for different supercell sizes considered when generating SQS supercells.
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Supplementary Table 1. Experimentally reported quaternary 211 M-site solid solution MAX

phases.
Year Phase Reported x values References
1980 (Ti V., ),AIC <0.8 1,2,3,4
1980 (V,Cr,,),AIC 0<x<1 1,2,5,6,7
1980 (TiCr,,),AIC 0.02, 0.25,=0.75 1.8
1980 (TiNb,,),AIC 0<x<1 1,4,9,10, 11
1982 (V. Ta,),AIC 0.65 12
2019 (Hf,Ta,,),AIC x <0.25 13
1983 (Ti,Ta,,),AlC 0.4 12,14
2017 (TiZr,,),AIC <0.2,20.55 15,16
1980 (V,Nb,),AIC 0<x<1 4,12,17,18
2013  (Cr,Mn,),AIC >0.8 19, 20, 21
2014 (Zr Nb, ),AIC 0<x<1 17,22, 23
2018 (Sc,Nb, ),AlC 0.33 2
2018 (Ti,Mo,_),AIC 20.8 25
2017  (V,Mn,,),AIC 0.96 26
2017 (Cr,Fe, ),AIC =>0.98 21
2018 (Cr,Mn,,),GaC 0.5,20.7 20,27,28,29
2015 (MoMn,,),GaC 0.5 30
2009 (TiZr,,),InC 0.5 31,32
2002 (TiHf,),InC 0.47,0.5 31,33
2011 (TiV,,),GeC 0.5 34
2016 (TiCr,,),GeC >0.75 35
2009 (V,Cr,,),GeC 0<x<1 35,36, 37
2013 (Cr,Mn,,),GeC 20.75 35,38, 39,40
2016 (Cr,Mo,,),GeC 205 35
2018 (Cr,Mn,,),AuC 0.5 29
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Supplementary Table 2. Experimentally reported quaternary i-MAX phases with M-site in-plane
chemical order.

Year Phase References
2017 (M0,,5C,5),AIC v
2017 (Moy,Y,;5),AIC 42
2017 (Cr,,;Sc,,3),AIC 43
2017 (Cry,Y,5),AIC 43
2018 (W538€,5),AIC 4
2018 (Wy5Y45),AIC 4
2018 (Cr,3Zr,5),AIC 45
2017 (Vo3Zry5),AIC 42
2019 (V,55C,5),AIC w0
2019 (Mo23RE13)2AIC (RE = Ce, Pr, Nd, Sm, Pd, Tb, Dy, Ho, Er, Tm, Lu) 47
2018 (Mo,,Sc,,),GaC ”
2018 (Moy,Y/3),GaC 8
2019 (Cr,;Sc,,5),GaC 49
2019 (Mn,Sc,,),GaC w
2019  (MozsREs)GaC (RE = Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) 50

Supplementary Table 3. Atomic radius and electronegativity (Pauling scale) considered for M
and A4. 3"

M Atomic Electronegativity Atomic Electronegativity
radius rv (A)  (Pauling scale) radius ra (A)  (Pauling scale)

Sc 1.62 1.36 Al 1.43 1.61

Y 1.80 1.22 Ga 1.40 1.81

Ti 1.47 1.54 In 1.58 1.78

Zr 1.60 1.33 Si 1.38 1.90

Hf 1.59 1.30 Ge 1.44 2.01

\Y, 1.35 1.63 Sn 1.63 1.96

Nb 1.46 1.60 Ni 1.25 1.91

Ta 1.46 1.50 Pd 1.37 2.20

Cr 1.29 1.66 Pt 1.38 2.28

Mo 1.39 2.16 Cu 1.28 1.90

w 1.39 2.36 Ag 1.44 1.93

Mn 1.27 1.55 Au 1.44 2.54

Fe 1.26 1.83 Zn 1.36 1.65

Co 1.25 1.88

Ni 1.25 1.91
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Supplementary Table 4. 92 i-MAX phases predicted stable. Synthesized phases in bold.

A M M’ (meVA/;:)erg? Equilibrium simplex Status

Al Mo Y -100.7 YMoC2, MosAl, YAl2, YAI:Cs synthesized i-MAX
Al Cr Sc -90.3 Cr2AIC, Sc3AIC, Sc2AlCs, ScAlz synthesized i-MAX
Al Cr Zr -58.5 ZrC, CrzAIC, Cr2Al, ZrAl3 synthesized i-MAX
Al V Zr -50.3 VAIC, ZrsAlCs, ZraAls, V2C synthesized i-MAX
Al Mo Sc -38.6 M02ScAIC2(0-MAX), (Sc2isMo1/3)2AIC, MosAl, MosAls - synthesized i-MAX
Al Cr Y -32.2 Cr2AIC, YAlz, Y2Cr2Cs, Cr7Cs synthesized i-MAX
Al W Sc -26.6 ScW-AICz (A), W, ScAlz synthesized i-MAX
Al V Sc -26.2 ScAl, ScsAIC, VZAIC, V12Al3Cs synthesized i-MAX
Al W Y -22.3 WC, W, YAlz, YWC:2 synthesized i-MAX
Al Mn Sc -95.4 Mn3AIC, Sc2Al2Cs, MnAl, ScsAIC

Al VvV  Hf -29.1 V2AIC, HfsAIC2, HfAl2, V3AI

Al Ti Zr -28.0 Ti2AIC, Zr3AlIC2, ZrsAls, Zr2Als

Al Cr Hf -24.7 HfC, CrzAIC, Cr2Al, CrsAl2

Al Nb Y -24.7 YAlz, Nb12Al3Csg, Y3AIC, Nb2C

Al Sc W -24.6  (W23Sc13)2AIC, ScsAIC, ScoAlzCs, ScAls

Al Mn Y -24.0 Mn3AIC, YMnsAls, YAl2, Y10Mn13C1s

Al Mn Zr -22.8 MnAl, ZrC, MnsAIC, C

Al Cr Nb -20.4 Cr2AIC, Cr2Al, NbAlz, Nb12Al3Cs

Al Cr Ta -14.5 Cr2AlC, CraAl, Ta2Al, Ta12Al3Cs

Al W Zr -10.5 WC, C, ZrC, ZrAlz

Al Mo Zr -9.3 ZrC, MosAl, C, MosAlg

Al Ti Y -2.6 TisAICz, YAz, Y3AIC, YAl

Al V Y -0.7 YAl Y3Al, V12AlsCs, V2C

Au Ti Zr -10.8 TiCo.75, ZrAuz, ZrCo.g7s, TisAu

Cu Mn Sc -43.0 Cu, ScCuz, ScsCs, Mn23C

Cu Cr Sc -3.5 Cu, ScCuz, Cr7Cs, Sc2CrCs

Cu Mo Sc -1.1 Mo2C, ScCuz, Cu, ScsCa

Ga Mn Sc -98.8 Mn2GaC, (Scz3Mni3)2GaC synthesized i-MAX
Ga Cr Sc -80.5 Cr3C2, ScGaz, (Sc3Cri3)2GaC synthesized i-MAX
Ga Mo Sc -49.2 Mo2ScGaCz, ScGas, MosGa, (SczisMo113).GaC synthesized i-MAX
Ga Mo Y -47.2 Mo2C, YGaz, (Y2:3Mo13).GaC, C synthesized i-MAX
Ga Sc Mo -72.2 (Mo23Sci3)2GaC, Sc2MoGaCz, ScaGaC, ScGa:z

Ga Cr Zr -62.4 ZrC, ZrGas, Cr2GaC, Cr/Cs

Ga Sc W -53.8 Sc2WGaC,, ScGaz, W, Sc11Gaio

Ga V Sc -43.9 ScGay, VeCs, V2GaC, Sci1Garo

Ga Mo Zr -35.6 ZrC, Mo2GazC, MosGa, MoGas

Ga V Zr -31.3 V2GaC, ZrGa, Zr;GaCz

Ga Mn Zr -30.7 ZrC, Mn2GaC, Mn3Ga, MnGas

Ga Y Mo -24.7 (MozsY13)2GaC, YsGaC, YGay, Y4Cs

Ga Y w -23.5 YWCz, YGaz, W, Y3GaC

Ga Cr Hf -18.6 HfC, CrGas, Cr23Cs

Ga V Hf -17.1 V2GaC, Hf2GaC

Ga Sc V -13.2 (Va3Sci3)2GaC, ScsGaC, ScGaz, ScaCa

Ga Zr Mo -10.4 ZrC, MosGa, ZrGas, ZrsGaCs

Ga Cr Nb -6.5 CrGaC, Nb.GaC

Ga Mn Y -4.9 YGaz, C, Mn23Cs, Y10Mn13C1s

Ga Sc Cr -4.7 (Crz3Scu3).GaC, ScGaz, ScaGaC, Sc2CrCs

Ga Ti Sc -3.3 TisGaCz, ScGaz, ScsGaC, Sci11Ga1o

Ga Zr W -3.1 ZrC, W, ZrGas

Ga Nb Y -1.8 YGaz, Nb2C, NbeCs, YsGas

Ga Cr Ta -0.5 Cr:GaC, TazC, CrGas, Cr23Cs

Ga Fe Sc -0.1 C, ScsFeCa, ScGasFes, FesGa

Ge Sc Mo -45.3 ScoMoGeC», ScGe, ScoMosGes, C

Ge Sc W -25.6 ScGe, ScoWGeC2, WC

Ge Sc V -11.8 ScGe, C, ScsGeC, VeCs

Ge Cr Sc -9.5 ScCrGez, CrsCz, ScGe, C

Ge Sc Cr -5.2 ScGe, ScCrCy, CrsCo, C

In Sc W -9.7 Sc2WInCz, W, Sclns, SciInC

Ni  Mn Sc -12.1 _ScNiz, C, ScaNiC4, MNn23Cs

Pd Sc Y -29.6 ScPd, Y4Cs, ScaCs, Y2C

Pd Ti Y -0.4 TiCo.75, YPds, Y

Pt Ti Zr -22.2 TiCo.s75, TiPt, Zr9Pt11, TisPt

Pt V Zr -0.8 V2C, VeCs, ZrPts, Zr9Pt11

Si Sc W -44.1 ScaWSICo, SiC, ScoWaSis, ScsSis

Si Cr Sc -29.9 C, ScCrCz. Sc2CrsSis, CrsSi

Si  Mn Sc -13.4 MnSi, ScsCs, Mn3Si, C

Si  Sc Mo -4.0 Sc3Cs, Sc2MosSia, C, ScsSis

Si Sc V -1.2 ScsSisCo.s, SiC, VeCs, C

Si V Sc -1.2 SiC, VeCs, ScaV3Sis, ScsSizCo.s

Zn Mn Sc -99.8 Sc3Cs,Sc3Zni7, Mn23Ce, ScZns

Zn Mo Sc -58.6 Mo2C, /Sc23Mo113)2ZnC, C, ScaZniz

Zn Cr Sc -57.4 ScZns, Cr7Cs, Sc2CrCs

Zn Fe Sc -52.9 Fe, C, ScsFeC4, ScaZni7

Zn V Hf -52.7 V2ZnC, HfC, HfsZn3C, V2C

Zn V Zr -45.5 V2C, ZrC, ZrZns
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Mo

Nb
Cr

Mo
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Zr
Sc
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Sc
Hf
Nb
Mo

Zr
Sc

Zr
Nb

-42.4
-41.1
-38.7
-31.5
-31.5
-30.1
-27.5
-26.7
-18.4
-13.4
-11.8
-10.2

-8.3

-6.3

-5.5

-3.1

-0.4

(W213Sc1/3)2ZnC, ScZnz, ScaCs, W
(Mo23Y113)2ZnC, YZn, Y2C, Y4Cs
Mo2C, YZns, (Y23Mo1/3)2ZnC, YMoC2
TiCo.75, ZraZnaC, TizC, TiaZnaC
ZrC, ZrZn1s, Cr23Cs, Cr7Cs

ScZnz, ScZn, V2C, VeCs

Zn, ZrC, Mn23Cs, MnZn3

Co, C, Sc3C4, ScaZniz

HfCo.s75, TisZnsC, Ti2C, Ti2Zn
Vzc, NbZns, NbeCs, VsCs
(Mo2s3Y113)2ZnC, YZn, Y2C, Y4Cs
Fe, C, YZn3, Y3C4

ZrC, Mo, Mo2C, MoZns

WC, W, (Sc23W113)2ZnC, ScZns
YZn, YWC2, W, YZn3

Nb2C, ZrC, ZrZns

Zn, NbeCs, Cr7Cs, Cr23Cs
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Supplementary Table 5. 291 stable MAX phases with solid solution of M"and M"’. Synthesized
phases in bold.

AHeisorder AGd\sorder

A M M’ (meV/atom) (meV/atom) Equilibrium simplex Status

Ag Ti Hf 46.4 -8.4 TiAg, HfC, TiCo.7s, Ag

Ag Ti Zr 48.5 -6.3 TiCo.rs, ZrAg, Ag

Ag Zr Ti 54.1 -0.7_ZrAg, TiCo.75, ZrCo.s75, Ag

Al Ta Ti -18.3 -73.2 TazC, TaTi2AICz (0-MAX), TiAlz, TaAls synthesized
Al Ti Ta -16.5 -71.4 Ti2AIC, TaTi2AIC2 (0-MAX), TazC, TiAlz synthesized
Al Ti Nb -9.1 -64.0 NbTi2AIC2 (D), Ti2AIC, Nb2Al, NbAl3 synthesized
Al Nb Ti -8.5 -63.4 TiNb2AIC:2 (0-MAX), Nb2Al, NbTi2AIC2 (D), NbAl3 synthesized
Al TiW -6.4 -61.3 WTIi2AIC2 (C), C, TisAICz, TiAls

Al V Ti 1.8 -53.1 V2AIC, Ti:AIC synthesized
Al Ti V 2.8 -52.1 Ti2AIC, V2AIC synthesized
Al Ta Hf 4.8 -50.0 HfTazAIC: (C), HfAlz, Ta2C synthesized
Al V Cr 4.9 -50.0 V2AIC, CrAIC synthesized
Al Cr V 8.1 -46.8 Cr2AIC, V2AIC synthesized
Al Nb Zr 11.2 -43.7 NbsAIC3, ZrsAls, Nb2Al synthesized
Al Hf Ta 11.4 -43.5 HfAIC,, HfAIR, TaC

Al Nb Ta 12.5 -42.4 NbAIC, TazC, TaNb2AIC: (0-MAX), NbAlz

Al VW 14.8 -40.0 W, WAIs, WC, V12Al3Cs

Al Cr Mn 15.0 -39.8 Cr2AIC, Mn3AIC, MnAl, C synthesized
Al Zr Nb 16.7 -38.2 ZrNb2AIC2 (0-MAX), ZrsAlCs, ZrAlz, Nb2Al synthesized
Al Mn Cr 16.8 -38.0 Cr2AIC, Mn3AIC, MnAl, C

Al Ta V 19.6 -35.3 TaAlC, V2AIC

Al Nb Sc 221 -32.8 ScsAIC, NbAls, Nb12AlsCs, Nb2AIC synthesized
Al V Ta 22.8 -32.0 V2AIC, Ta:AIC synthesized
Al Ta Nb 25.1 -29.8 TazC, NbAl;, TaNb2AIC: (0-MAX), Ta12AlsCs

Al Ti Hf 25.8 -29.1 Ti2AIC, H3AIC, TiAl

Al Nb Hf 26.1 -28.7 Hf2Nb2AIC3, Nb2Al, NbAl3

Al Ti Mo 27.9 -26.9 TisAICs, MosAl, MozAls

Al Cr Ti 28.4 -26.5 TiCrAIC2 (0-MAX), Cr2Al, TiAls, TiC synthesized
Al Ta Zr 29.6 -25.2 ZrAlz, ZrC, TaxC, Tai2AlsCs

Al Hf Ti 30.1 -24.7 Hf:AIC,, TiAl, Ti:AIC

Al Zr Ta 30.2 -24.7 TazC, ZraAICs, ZrAlz, ZraAls

Al Nb V 31.2 -23.6 Nb2AIC, V,AIC synthesized
Al Ta Sc 33.4 -21.4 ScTa2AlC2(C), ScAlz, Ta2C

Al Hf Nb 33.5 -21.3  Hf4AICs, Nb2Al, NbAl3

Al V Nb 33.7 -21.2 V2AIC, Nb2AIC synthesized
Al Cr Mo 35.6 -19.3 CrsC2, MosAl, MosAls, C

Al Zr Hf 36.0 -18.8 HfZrAlC2 (0-MAX), Zr2Als, ZrAl

Al Mn Fe 38.7 -16.1 Mn3AIC, C, FesAIC, FesAls

Al Ti Cr 39.8 -15.0 TiC, Cr2Al, TiAls, TisAlC3 synthesized
Al Hf Zr 40.8 -14.0 Hf4AICs, Zr2Als, ZrAl

Al Mo V 41.4 -13.5 C, MosAl, VeCs, MoAl12

Al Mo Cr 41.5 -13.3 C, MosAl, Cr2Al, MosAlg

Al Zr Ti 441 -10.8 ZrsAlCy, Ti2AIC, ZrsAls, ZraAl3 synthesized
Al V Mo 45.5 -9.4 MosAl, VeCs, MosAls, V12AlsCs

Al Mn Mo 47.7 -7.2 C, Mn3AIC, MosAl, MosAlg

Al Mn V 47.9 -7.0 MnAl, C, V12AlsCs, V6Cs

Al Cr Fe 49.4 -5.5 Cr2AlC, Fes;AIC, C, FesAls

Al W Ti 50.2 -4.6 C, Ti2W2AIC3 (0-MAX), WAIs

Al Mo Mn 50.9 -4.0 C, MosAl, Mn3AIC, MosAls

Al Cr W 52.8 -2.0 CrAlC, WC, W, WAIs

Al Mo Nb 54.6 -0.3 C, MosAl, NbeCs, MozAlg

Au Nb Ta 1.1 -53.8 NbAuz, Ta2C, NbsCs, Nb2C

Au Ta Nb 3.7 -51.1 Taz2C, Au, NbAuz, NbsCs

Au V Ta 17.8 -37.1 V2AuC, Taz:C, Au

Au Ta V 18.8 -36.0 TazC, Au, V2AuC

Au Nb V 23.8 -31.1 Nb2AuC, V2AuC

Au Ti Nb 24.6 -30.2 TiA2, TisAuCz, NbC

Au V. Nb 24.7 -30.1 V2AuC, Nb2AuC

Au Ti Ta 27.9 -27.0 TiAug, Ti2AuCz, Ta:C

Au Nb Ti 28.6 -26.3 TiAuz, Nb2C, NbsCs, TizAuCz

Au Ti V 31.2 -23.6 TiAuz, TisAuCz, V2C

Au Zr Hf 324 -22.4 HfC, ZrCo.s7s, ZrAuz, ZrAu

Au Ta Ti 33.1 -21.7 TiAuz, Ta2C, TasCs, TizAu2C2

Au V Ti 34.6 -20.2 TiAuz, V2C, TizAu2C2, VeCs

Au Ti Hf 38.1 -16.7 HfC, TisAuCz, HfAuz, TisAu

Au Zr Ti 38.9 -15.9 ZrCo.s7s, ZrAug, TiCo.7s, TisAu

Au Hf 2Zr 41.6 -13.2 HfC, HfAu, ZrAuz, Zr.Au

Au Hf Ti 46.3 -8.6 HfC, HfAuz, TisAu, TisAuC2

Au V Cr 49.7 -5.2 Au, Cr, V2C, Ve6Cs

Au V Mo 51.3 -3.5 Au, Mo, V2C, VeCs

Au Hf Nb 51.9 -2.9 HfC, HfAuz, HfAu, Nb2C

Au Ti Mo 52.0 -2.9 TisAu2C2, Mo, Mo2C, TiAua

Au Ta Mo 52.5 -2.3 Au, Mo, TasC3

Au Zr Nb 52.7 -2.2 ZrCo.s7s, ZrAuz, Nb2C, Zr2Au
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Au Nb Mo 53.1 -1.7 Au, Mo, NbeCs, NbAu2

Ga Ta Ti -36.9 -91.8 TaxGaC, Ti.GaC

Ga Ti Ta -35.3 -90.2 Ti,GaC, Ta:GaC

Ga Ti W -24.7 -79.5 W, TisGaCz, WC, TiGas

Ga Ti Nb -19.1 -73.9 Ti2GaC, Nb2GaC

Ga Nb Ti -18.9 -73.7 NbyGaC, Ti.GaC

Ga Sc Ta -14.3 -69.2 TaC, ScGaz, ScsGaC

Ga Ta Hf -13.6 -68.4 TaxGaC, HfG2, Hf;GaC2, Ta:C

Ga Nb Sc -13.0 -67.9 (ScaisNbus).GaC, Nb,GaC

Ga Hf Ta -10.9 -65.8 HfGaz, HfsGaCz, Ta:C

Ga Ti Mo -8.0 -62.9 TisGaCz, TizMoGaC: (0-MAX), MosGa, MoGas

Ga Sc Nb 7.7 -62.6 (Nb23Sc13)2GaC, ScsGaC, ScGaz, Sc3Cq

Ga Nb Zr 2.9 -57.8 Nb2GaC, ZrGa, Zr3GaC:2

Ga Ti V -2.6 -57.5 Ti.GaC, V.GaC

Ga V Ti -2.0 -56.8 V2GaC, Ti.GaC

Ga Ta Nb -2.0 -56.8 TaxGaC, Nb.GaC

Ga Nb Ta -1.9 -56.8 Nb.GaC, Ta.GaC

Ga Nb Hf -1.8 -56.7 Nb2GaC, HfsGaC2, NbsGas, NbsGa13

Ga Zr Nb 1.6 -53.3 Nb2GaC, ZrGa, Zr3GaC:

Ga Ta Sc 6.2 -48.7 ScGaz, (ScasTas)GaC, TazC, TasCs

Ga Hf Nb 6.4 -48.4 Hf;GaCa, Nb.GaC, NbsGas, NbsGai3

Ga V Cr 6.5 -48.3 V2GaC, Cr:GaC

Ga Cr V 8.2 -46.7 Cr.GaC, V2GaC

Ga VMo 8.9 -46.0 VeCs, V2GaC, MoGs, MosGa

Ga Ta Zr 10.7 -44.2 Ta4Cs, Zr3Gas, TazC, Zr:GaC:

Ga Zr Ta 10.7 -44.2 Zr3GaCg, TazC, ZrsGas, TasCs

Ga Mn Cr 11.9 -43.0 Mn2GaC, Cr.GaC synthesized
Ga Cr Ti 14.2 -40.7 CroGaC, TisGaC2, CrGaa, Cr2sCs

Ga Mo V 14.2 -40.7 Mo2GazC, MosGa, VsCs, Mo2C

Ga Cr Mn 14.8 -40.0 Cr.GaC, Mn2GaC synthesized
Ga Ta V 16.7 -38.2 Ta.GaC, V.GaC

Ga Hf Ti 18.8 -36.0 Hf:GaC, Ti2GaC

Ga V Ta 18.9 -36.0 V2GaC, Ta:GaC

Ga Ti Hf 19.0 -35.8 Ti.GaC, Hf2GaC

Ga Ti Cr 19.1 -35.7 TisGaCz, CrGas, Cr, Cr3Cs

Ga Mo Nb 22.8 -32.0 Moz2GazC, NbsGaCs, Mo.C, MosGa

Ga Cr Mo 24.8 -30.1 Cr2GaC, Mo2GazC, Mo.C

Ga Nb Mo 25.2 -29.7 NbsGaCs, MosGa, MoGas

Ga Mo Cr 26.5 -28.4 Mo2GazC, Cr.GaC, Mo2C

Ga Mn V 26.6 -28.2 MnyGaC, V2GaC

Ga V. W 26.8 -28.0 V2GaC, WC, W

Ga V. Mn 27.0 -27.9 V2GaC, Mn2GaC

Ga Nb V 28.5 -26.3 Nb2GaC, V2GaC

Ga V. Nb 30.6 -24.3 V2GaC, NbGaC

Ga Mo Ti 31.6 -23.2 Mo:TiGaCz (0-MAX), (TizzsMo13)2GaC, MosGa, MoGas

Ga Zr Hf 32.6 -22.2 ZrGa, HfC, Zr:GaC:

Ga Mn Mo 32.9 -21.9 Mn2GaC, Mo2GazC, Mo2C synthesized
Ga Mn Fe 34.2 -20.6 Mn;GaC, C, Fe3Ga, FeGas

Ga Mo Mn 34.3 -20.6 Mn2GaC, Mo2GazC, Mo.C synthesized
Ga Ti Zr 36.8 -18.0 ZrGa, TisGaCy, Zr;GaCz

Ga Hf 2Zr 40.7 -14.1 ZrGa, HfsGaCs

Ga Zr Ti 421 -12.8 ZrGa, Zr:GaCy, TisGaCz

Ga Ta Mo 45.6 -9.2 Ta4Cs, MosGa, MoGay

Ga Mo Ta 46.7 -8.1 TaC, Mo2GazC, MosGa, MoGas

Ga Nb W 494 -5.5 Nb2GaC, WC, W, NbsGa13

Ga Ta W 49.7 -5.1 Ta:GaC, WC, W, Ga

Ga Hf V 53.8 -1.0 Hf:GaC, V2GaC

Ge Sc Nb -21.3 -76.2 ScGe, C, NbsCs, ScsGeC

Ge Ti Ta -18.9 -73.8 TiGeC, Ta:GeC

Ge Ta Ti -12.5 -67.3 TaxGeC, Ti2GeC

Ge Sc Ta -9.4 -64.2 ScGe, TaC, ScsGeC, C

Ge Hf Ta -1.6 -56.5 Hf.GeC, Ta.GeC

Ge Ti Nb 0.0 -54.8 Ti.GeC, NbGez, NbsGesC

Ge Ta Hf 2.4 -52.4 TaGeC, Hf:GeC

Ge Nb Sc 25 -52.4 (SczisNb1s).GeC, NbsGeCs

Ge Nb Ti 25 -52.4 Nb2GeC, TisGeC2, NbGez, NbsGesC

Ge V Ti 5.8 -49.1 V2GeC, Ti2GeC synthesized
Ge Ti V 6.2 -48.6 Ti.GeC, V.GeC synthesized
Ge Zr Nb 8.9 -45.9 ZrGe, ZrC, ZrGez, NbeCs

Ge Ti Mo 10.2 -44.6 TisGeC2, MoGez, Mo2C, Mo3Ge

Ge Nb Zr 10.3 -44.5 ZrGe, ZrGe2, NbsCs, Nb2GeC

Ge Nb Ta 11.4 -43.5 TaC, Nb2GeC, NbGez, NbsGesC

Ge Cr V 11.6 -43.3 Cr2GeC, Ge, CrsGe, V6Cs synthesized
Ge V Cr 11.9 -43.0 Ge, Cr3Ge, V2GeC, VeCs synthesized
Ge Ta Sc 14.3 -40.5 ScGe, Ge, TasCs

Ge Ti W 15.9 -38.9 Ti.GeC, WC, W, Ge

Ge Ta V 16.3 -38.6 Ta:GeC, V2GeC

Ge V Ta 175 -37.4 V2GeC, Ta:GeC

Ge Mo Ti 18.0 -36.9 Mo2C, MoGez, TisGeC2, C

Ge Ta Nb 18.4 -36.5 NbGez, TasCs, Ta2GeC, NbsGesCs
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Ge Hf Ti 19.6 -35.3 Hf2GeC, Ti2GeC

Ge Ti Hf 19.8 -35.1 Ti.GeC, Hf2GeC

Ge Cr Ti 243 -30.5 Cr2GeC, TisGeC, Ge, CrisGe
Ge Sc Zr 24.3 -30.5 ScGe, ZrC, Sc3GeC, C

Ge Zr Sc 24.6 -30.3 ZrC, ScGe, ZrGe

Ge Nb V 28.4 -26.4 Nb2GeC, V2GeC

Ge V. Nb 29.3 -25.5 V2GeC, Nb2GeC

Ge Nb Hf 29.5 -25.3 HfC, NbGez, NbsGesC, Nb2GeC
Ge Zr Ta 30.1 -24.8 ZrGe, TaC, ZrC

Ge Cr Mn 30.7 -24.1 MnGe, Cr3Co, Ge, C synthesized
Ge Zr Mo 315 -23.3 ZrC, ZrGez, MosGe, MoGe2

Ge Nb Mo 31.9 -23.0 MoGez, NbsCs, Nb2GeC, MosGe
Ge Sc Ti 32.0 -22.8 ScGe, TiC, ScsGeC, C

Ge Ti Cr 34.5 -20.4 TisGeCz, Ge, CrsGe, Cr.GeC synthesized
Ge Hf Nb 35.3 -19.6 HfC, NbGe:, Hf2NbsGes

Ge Zr Ti 39.9 -15.0 ZrGe, ZrC, TisGeC>

Ge Hf Zr 40.6 -14.2 HfC, ZrGe, Hf2GeC

Ge Zr Hf 42.4 -12.5 ZrGey, HfC, ZrC

Ge V. Mo 42.6 -12.3 MoGey, V2GeC, VeCs, MosGe
Ge Mn Cr 43.1 -11.7 MnGe, C, CrsCz, Mn;GeC

Ge V. Mn 43.7 -11.2 MnGe, V2GeC, VsCs, Ge

Ge Mo Nb 441 -10.8 MoC, MoGe2, MosGw, NbsCs
Ge Mo Zr 45.1 -9.8 ZrC, MoGez, Mo2C, MosGe

Ge Ti Zr 48.7 -6.2 ZrGe, TizGeCy, ZrC

Ge Sc Hf 50.8 -4.1 ScGe, HfC, ScsGeC, C

Ge Ta Zr 51.2 -3.7 Ta4Cs, ZrGe, ZrGe2

Ge Hf Sc 52.3 -2.6 ScGe, HfC, Hf.GeC,

Ge Ti Sc 52.7 -2.1 ScGe, TisGeCs

Ge Nb Cr 53.2 -1.6 Nb2GeC, NbGe2, CrsC2

Ge Mo V 54.4 -0.5 MoGe2, Mo2C, VsCs, C

In Nb Sc -15.5 -70.4 Nb2InC, Sclnz, ScsInC, NbeCs

In Nb Ti -12.9 -67.7 NbzInC, Ti2InC

In Ti Nb -11.9 -66.8 Ti2InC, Nb2InC

In Nb Hf -4.9 -59.8 Nb2InC, Hf2InC

In Ti Ta -3.5 -58.3 Ti2InC, TazC, In

In Hf Nb -2.6 -57.5 Hf2InC, Nb2INC

In Nb Zr 2.5 -57.3 NbzInC, Zr2InC

In Zr Nb -0.2 -55.0 Zr2InC, Nbz2InC

In Sc Mo 0.2 -54.6 (Mo213Sc13)2InC, ScaMolnCa, ScalnC, Scins
In Zr Hf 0.5 -54.4  Zr2InC, Hf2InC

In Hf Zr 0.5 -54.3 Hf2InC, Zr2InC

n Ti V 2.1 -52.8 Ti2InC, V2C, In

In Sc Nb 3.0 -51.9 ScslInC, Sclns, NbsCs, C

In V. Ti 7.0 -47.8 V2C, In, Ti2lnC

In Ti Mo 15.0 -39.9 In, TisInC2, Mo, Mo.C

In Hf Ta 15.6 -39.2 Hf2InC, TazC, In

In Sc Ta 15.7 -39.1 TaC, ScsInC, Sclns, TasCs

In Zr Ta 16.2 -38.7 ZranC, TaxC, In

In Hf Ti 171 -37.8 HfanC, Ti2InC synthesized
In Ti Hf 17.3 -37.5 Ti2InC, Hf2InC synthesized
In Ta Ti 18.1 -36.7 TazC, In, Ti2InC

In Nb Ta 20.5 -34.4 NbzInC, TazC, In

In Nb V 24.0 -30.9 NbzInC, V2C, In

In Zr Sc 26.6 -28.2 Zr2InC, ZrC, Sclnz, ScsInC

In V. Nb 27.5 -27.3 V2C, In, Nb2InC

In Zr Ti 28.8 -26.1 Zr2InC, Ti2InC synthesized
In Ti 2Zr 29.4 -25.4 Ti2InC, Zr2nC synthesized
In Ta Sc 30.4 -24.4 Sclnz, TasCs, Ta2C, SciInC

In Mo Sc 36.6 -18.3  (ScasMo1s3)2InC, Mo2C, In

In Ta Hf 36.8 -18.0 TazC, In, Hf2InC

In Ta Zr 37.4 -17.4 TaxC, In, Zr2InC

In Zr Mo 38.7 -16.1 ZrC, In, Mo, Zr2InC

In Hf Sc 39.0 -15.9 Hf2InC, HfC, ScsInC, Scin:

In Mo Ti 39.9 -14.9 In, MozC, TizInC2, Mo

In V Ta 40.0 -14.9 In, V2oC, Ta2C

In Ta Nb 441 -10.8 TazC, In, Nb2InC

In Sc Zr 49.9 -4.9 ZrC, Sclnz, ScsInC

In Hf V 52.2 -2.7 HfInC, VoC, In

In Nb Mo 52.5 -2.3 In, Mo, Nb2InC, NbsCs

Pd V Cr 36.5 -18.3 VPds, V6Cs, Cr23Cs, Cr

Pd Cr V 39.9 -15.0 VPD3, Cr3Ca, Cr7Cs, VeCs

Pd Ti V 42.4 -12.5 TiCo.75, TiPdz, V2C, TiCo.s75

Pd Ti Ta 43.7 -11.1 TiPdz, TiCo7s, TazC, TiCo.s7s

Pd Ti Nb 46.8 -8.1 TiCo.7s, TiPd2, TiCos7s5, Nb2C

Pd V. Mo 47.8 -7.1 _VPds, Mo, Mo2C, V6Cs

Pt V Cr 14.5 -40.4 VPts, VeCs, Cr7Cs, Cr3C2

Pt Cr V 23.6 -31.3 VPtz, CrsCz, V6Cs, Cr7Cs

Pt V W 46.1 -8.7 WPt2, W, VeCs, VPt2

Pt V. Ta 54.2 -0.6 TaPts, V2C, VeCs, Ta:C

Si Ti Ta -0.2 -55.1 TisSiC», TaSiz, TasSis, TasCs
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Si V. Ti 1.4 -43.5 VSiy, TisSiC2, VeCs, VsSis

Si Ta Ti 14.6 -40.3 TaSiy, TisSiC2, TasCs, TAsSis
Si Ti V 20.4 -34.5 TisSiCz, VSiz, VsSis, VeCs

Si Ta Sc 22.4 -32.4 TaC, TaSiz, ScsSi3Co.s, TasCs
Si Sc Ta 32.2 -22.7 TaC, ScsSi3Cos, SiC

Si V Ta 41.0 -13.8 VSiz, TasCs, VeCs, VsSis

Si Ti W 52.7 -2.1 TisSiCs, WSi2, W

Sn Sc Nb -20.5 -75.4 ScSny, Sc2SnC, ScaSnC, NbeCs
Sn Zr Sc -16.1 -70.9 ZrSnC, ZrC, ScSna, ScsSnC
Sn Sc Zr -13.1 -67.9 ZrC, ScSny, ScsSnC

Sn Nb Ti 2.2 -57.1 Nb2SnC, Ti>SnC

Sn Nb Sc -2.1 -56.9 (SczisNb13)2SnC, Nb2SnC

Sn Ti Nb -1.9 -56.7 Ti2SnC, Nb2SnC

Sn Zr Hf -0.2 -55.1 Zr2SnC, Hf2SnC

Sn Hf Zr -0.2 -55.0 Hf2SnC, Zr2SnC

Sn Sc Ta 0.0 -54.9 TaC, ScSnaz, ScsSnC

Sn Hf Nb 5.6 -49.2 Hf2SnC, Nb2SnC

Sn Nb Hf 6.5 -48.4 NbznC, Hf2SnC

Sn Zr Nb 7.6 -47.3 Zr2SnC, Nb2SnC

Sn Nb Zr 8.4 -46.5 Nb2SnC, Zr.SnC

Sn Sc Mo 12.4 -42.4 ScaMoSnCa, ScSnz, Mo, ScsSnC
Sn Hf Sc 12.8 -42.1 HfC, Hf2SnC, ScsSns, ScSn2
Sn Hf Ti 16.3 -38.6 Hf2SnC, Ti2SnC

Sn Ti Hf 17.3 -37.6 Ti2SnC, Hf2SnC

Sn Ti V 19.1 -35.7 Ti2SnC, V2C, Sn

Sn Sc Ti 19.5 -35.4 Sc2SnC, TisSnC2, ScSn2, ScsSnC
Sn Ti Ta 19.6 -35.3 Ti2SnC, TazC, Sn

Sn V. Ti 19.9 -34.9 V2C, Sn, TizSnC

Sn Nb V 24.2 -30.6 Nb2SnC, V2C, Sn

Sn Sc Hf 25.2 -29.6 HfC, ScSnz, ScaSnC

Sn Zr Ti 28.6 -26.2 Zr,SnC, Ti2SnC

Sn Ti Sc 28.9 -26.0 TizSnCz, ScSnz, ScaSnC, ScsSns
Sn Ti Zr 30.1 -24.8 Ti2SnC, Zr.SnC

Sn V. Nb 31.0 -23.8 V2C, Sn, Nb2SnC

Sn Ti Mo 31.8 -23.1 Sn, TisSnC;, Mo, Mo2C

Sn Nb Ta 325 -22.3 Nb2SnC, TaxC, Sn

Sn Hf Ta 36.8 -18.0 Hf2SnC, TazC, Sn

Sn Zr Ta 38.4 -16.5 Zr.SnC, ZrSnz, TazC, TasCs
Sn Zr Mo 53.4 -1.5 ZrSnC, Mo2C, Sn

Sn V. Ta 54.7 -0.1 Sn, V2C, TaxC

Sn Ta Ti 54.8 -0.1 Ta2C, Sn, Ti2SnC

Zn V. Ti 15.4 -39.4 V2ZnC, TisZnsC, TiC, V2C

Zn Mn Fe 15.5 -39.4 C, Fe, FeZn1s, Mn23Cs

Zn Ti V 25.4 -29.4 V2C, TiC, TisZnsC

Zn Ti Nb 29.3 -25.5 TiCo.s7s, Nb2C, TisZnsC, NbZns
Zn Fe Mn 29.6 -25.2 FeZni3, Mn23Cs

Zn Nb Ti 33.1 -21.7 Nb2C, TiCo.s75, NbZns, TisZnsC
Zn Mn Cr 33.9 -21.0 Zn, Cr3Cz, C, Mn23Cs

Zn 'V Ta 35.4 -19.5 V2ZnC, TazxC, Zn

Zn Ti Ta 36.9 -17.9 TiC, TisZn3C, Taz:C

Zn Ti Mo 41.9 -12.9 TiC, Mo, TisZnsC, MoZns

Zn Mn Co 43.8 -11.0 C, CosZnC, CoZn13, Mn23Cs,
Zn Ta Ti 44 .4 -10.5 TazC, TiC, TiZns

Zn V. Cr 47.5 -7.4 Zn, Cr, V2ZnC, VeCs

Zn Nb Ta 51.6 -3.2 NbZns, Taz2C, Nb2C, NbeCs

Zn Nb V 52.5 -2.3 NbZns, V2C, Nb2C, NbsCs

Zn Cr Mn 53.3 -1.5 Cr3C2, Zn, MnZns, Mn23Cs
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Supplementary Table 6. Statistics of the known and predicted quaternary i-MAX phases and solid
solution MAX phases, categorized by the calculated thermodynamic stability, AH;.max or AGsolid
solution, and energy difference between order and solid solution phases, AH;.max - AGsolid solution, at
2000 K. Metastable phases are categorized by their formation enthalpy above the convex hull.
Units is in meV/atom.

Quaternary Stability criteria Previously Newly
(M'2/3M”1/3)2Ac phases AHi-max or AGsolid solution AHi-max - AGsolid solution known Predicted
Stable i-MAX AHivmax < 0 <0 13 79
Nonstable or metastable i-MAX 0 < AHi.max < +60 meV/atom <0 0 163
Stable solid solution MAX AGsolid solution < 0 >0 34 257
Nonstabl tastabl lid

onstable or MEtastable SOt 4 < AGuia solstion < +60 meV/atom >0 1 255
solution MAX

800

hypothetical MAX i

/\ synthesized i-MAX :
[0 synthesized disorder MAX :
600 - !
i

|

i

1

L

400

200

Formation enthalpy AHc, (meV/atom)

_200 T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

Formation energy AE; (eV/atom)

Supplementary Fig. 3. Calculated formation enthalpy as function of formation energy for
(M’"23M""13)24C phases. Experimentally reported i-MAX phases are represented by green triangles
and MAX with disorder by orange squares.
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at given M" and M"" with i-MAX represented by black triangles or solid solution MAX by green
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at given M" and M"" with i-MAX represented by black triangles or solid solution MAX by green
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AG at (a) 0 K and (b) 2000 K for (M"23M""13)2AuC. Symbols represent chemical order of lowest
energy at given M” and M"" with i-MAX represented by black triangles or solid solution MAX by
green circles. Experimentally reported phases are marked by green (i-MAX) or black (solid
solution MAX) squares
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Supplementary Fig. 16. Calculated energy difference between relaxed i-MAX and MAX phase
generated by Vegard’s law structure as function of a,b atomic size difference of M and M’ and
¢,d electronegativity difference of M and M"’. Experimentally known i-MAX phases are indicated
by black triangles and solid solution MAX phases by green circles. The coloring represents the
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Supplementary Fig. 18. Energy difference between i-MAX and solid solution MAX at 0 K as
function of a,b atomic size difference of M" and M"" and ¢,d electronegativity difference of M" and
M’"". Experimentally known i-MAX phases are indicated by black triangles and solid solution
MAX phases by green circles. The coloring represents the atomic radius (a,c) or electronegativity
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Supplementary Fig. 19. Calculated energy difference between relaxed i-MAX and MAX phase
generated by Vegard’s law structure, b interlayer distance between M and M"" for relaxed i-MAX,
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Supplementary Table 7. PBE potentials for considered elements in this work.

Element PBE potential Valence states
Sc Sc_sv 3s3p4s3d
Y Y_sv 4s4p5s4d
Ti Ti 4s3d

Zr Zr_sv 4s4p5s4d
Hf Hf _pv 5p6s5d
\% V_sv 3s3p4s3d
Nb Nb_pv 4p5s4d
Ta Ta 6s5d

Cr Cr_pv 3p4s3d
Mo Mo_pv 4p5s4d
w W 6s5d

Mn Mn_pv 3p4s3d
Fe Fe pv 3p4s3d
Co Co 4s3d

Ni Ni 4s3d

Al Al 3s3p

Ga Ga_d 4s4p3d

In In_d 5s5p4d
Si Si 3s3p

Ge Ge d 4s4p3d
Sn Sn_d 5s5p4d
Cu Cu 4p3d

Zn Zn 4p3d

Pd Pd_pv 4p5s4d
Ag Ag 5s4d

Pt Pt pv 5p6s5d
Au Au 6s5d

C C 2s2p
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