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Fig. 1. Formation enthalpy of the Mg, Al, system at a given pressure. Thermodynamically stable compounds are indicated by solid

symbols.
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Fig. 2. Pressure-composition phase diagram of Mg, ,Al, compounds, with the black hatched line area indicating that the correspond-

ing phase is metastable within this pressure range.
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Fig. 3. (a) Enthalpy difference curve of the P63/mmc phase of MgAl; relative to the Pm3 m phase within the range of 0-500 GPa;
(b) the enthalpy difference curves of the Pmmb phase and Fd 3 m phase of MgAl relative to the P4/mmm phase within the range of
0-500 GPa; (c) the enthalpy difference curve of the Fm3 m phase of MgzAl relative to the P63/mmc phase within the range of

0-500 GPa.
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e

Fig. 4. Crystal structure of the predicted stable Mg,,Al, compounds: (a) MgAl;-Pm3 m at 100 GPa; (b) MgAly-P6s/mmc at
200 GPa; (c) MgAl-P4/mmm at 40 GPa; (d) MgAl-Pmmb at 95 GPa; (e) MgAl-Fd3 m at 350 GPa; (f) MgyAl-P3 ml at 500 GPa;
(g) MgzAl-P63/mmc at 50 GPa; (h) MgzAl-Fm 3 m at 350 GPa. Orange and blue spheres represent Mg and Al atoms, respectively.
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Mg;Al-P3 ml Z5#4

Fig. 5. Phonon dispersion curves of the predicted Mg, Al, structures under high pressure: (a), (b) MgAl;-Pm3 m at 0 GPa and
100 GPa; (c)—(e) MgAls-P63/mmc at 100 GPa, 200 GPa and 250 GPa; (f), (g) MgAl-P4/mmm at 0 GPa and 40 GPa; (h)—(j) MgAl-
Pmmb at 50 GPa, 95 GPa and 150 GPa; (k)—(m) MgAl-Fd3 m at 150 GPa, 350 GPa and 500 GPa; (n), (o) MgyAl-P3 ml at
55 GPa and 500 GPa; (p), (q) MgsAl-P65/mmce at 0 GPa and 50 GPa; (r)—(t) MgzAl-Fm3 m at 60 GPa, 350 GPa and 500 GPa;

(u), (v) MgyAl-J4/m at 0 GPa and 500 GPa; (w), (x) MgsAl-P3 ml at 35 GPa and 500 GPa.

tH7E 0—5 GPa Fll Fm3m 4514 7F 374—500 GPa
¥y oA . AN, Mg,Al-14/m(0—500 GPa) #il
Mg;Al-P3m1(35—500 GPa) IH &R FF s, &
RHARE.

WY B & 2 T Me-Al K & 7E 0—500 GPa
10 FE N 1 58 R IR AR BT, A LR BR E A AT
.

1) #E M : MgAly-Pm3m (5—102 GPa), Mg
Aly-P63/mme (102—217 GPa), MgAl-P4/mmm (0—
43 GPa), MgAl-Pmmb (43—97 GPa), MgAl-Fd3 m
(229—363 GPa), Mg,AL-P3ml (275— 500 GPa),
Mg3Al- P63/ mme(5—61 GPa),MgsAl-Fm3 m(61—
374 GPa).

2) WA : MgAly-Pm3m (0—5 GPa), MgAl;-
P63/mme (217—250 GPa), MgAl-Pmmb (97—154
GPa), MgAl-Fd3m (154—229 GPa, 363—500
GPa), Mg,Al- P3m1 (55—275 GPa), MgsAl-P6s/
mme (0—5 GPa), MgzAl- Fm3m (374—500 GPa),
Mg,Al-14/m (0—500 GPa), MgAl-P3ml (35—
500 GPa).

HE— 2L W AR LS R ST R, S2J7 Pm3 m A
1) MgAly (25 [ 221) 2HHAYE AuCuy 1 B3 Y

L1, %5#4 (Pearson symbol: cP4), H:H¥E 100 GPa
ff, AlJEF5 44> Mg Fil 8 AMIE4R Al JE+ 1 E 2
¥k 2.46 A, BLAECH 12, W 6(a) Fizs. 755 P6y/
mme A1) MgAly(Z5 MR 194) HAG NigSn 7l 09 45
¥4 (hP8), AlJEF[FFES 4 4 Mg il 8 4~ Al i+
B R B A3, A0 6(b) BTk, 200 GPa F Al-Mg
AT AL-ALBEES 2051 0 2.30 AR 2.31 A, PUJ5 P4/
mmm A MgAl(%s [|] #f 123) 2 CuAu B Ky L1,
45K (tP2), anf&l 6(c) Bizn, 40 GPa F AlJRF5
8 I~ Mg Hll 4 4~ Al JE T 1 FE B 80 (40510 2.69
AR 2.65 A). IE3E Pmmb i MgAl(ZS a1 B 51) 2
B B-AuCd 258 59 (oP4), 95 GPa F Al-Mg (8 4
Mg) 1 AI-AL (4 4~ Al) BEES4510k 2.50 AR 2.46 A,
WA 6(d) fiR. 37 Fd3m Al MgAl(%s [al#f 227) K
B32 Al NaTl 4544 51(cF16), W& 6(e) FI7R, 350 GPa
T AR 0—2.5 AJEBINA 14 Bifz (4 4 Mg
44~ ALJEFFE 211 A, 6 4> Mg JRFE2.44 A). &
Mg AH S FRAE ARSI H: =7 P3ml A
Mg, Al(%5 [HJHE 164) i Ag,F 162 2544, W[El 6(f) fir
N, AR T S28E 14 BE 47 (500 GPa i 12 4~ Mg 7
2.17 A, 24~ AL 7 2.01 A). 7N P6y/mme Hl MgzAl
WAL AL 12 4 Mg JEFEA (50 GPa B i
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6 Mg, AL, L& Wi 56 BB B 7 14

(a) 100 GPa ) MgAly-Pm 3 m £5#4; (b) 200 GPa Y MgAly-P65/mme 45#4; (c) 40 GPa

1 MgAl-P4/mmm 4514 ; (d) 95 GPa i) MgAl-Pmmb 4544 ; (e) 350 GPa ) MgAl-Fd3 m 5 %4 ; (f) 500 GPa [¥) Mg,Al-P3 ml 4544 ;
(g) 50 GPa Y MgsAl-P6;/mmce 454 ; (h) 350 GPa [ MgszAl-Fm 3 m 454

Fig. 6. Histograms of interatomic distances for Mg,,Al, structures: (a) MgAls;-Pm 3 m at 100 GPa; (b) MgAls-P6;/mmc at 200 GPa;
(c) MgAlL-P4/mmm at 40 GPa; (d) MgAl-Pmmb at 95 GPa; (e) MgAl-Fd 3 m at 350 GPa; (f) MgyAl-P 3 ml at 500 GPa; (g) MgzAl-

P63/mme at 50 GPa; (h) MgzAl-Fm 3 m at 350 GPa.

BN 2.65 A), 1325 Fm3m A MgyAl(%S 8] B
225) 4 BiF; BIZ5 ), P AE7E AP AN SE M 1 Mg
J5F, dRicoh Mgl Fi Mg2, 435l 5 4l 8¢ Fil 4b i,
ALTE da fi7. BEH AL RRE H 5 14 4> Mg JEF#k,
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et oe 1T Mg- ALK F 9 B fir ey Sl o . 18 7 B
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mme, MgAl-Pmmb, MgAl-Fd3 m, Mg,Al-P3ml

Fl Mg3Al- P63/ mme W i 18] B A7 AR A 25 1

P ff SRy SRR, () A (R B A7 F g 40 A WA, 3%
B 6 P25 M 32 i T A9, % 1H1H T Mg
AL RTINS, RIBTERA 1SQ AR R £ 1SQ
(1) L 7 5. Bader HLfaf 40 7 22 B, 7E T 43 45 44 v
Mg JR FH R BIEL2A A (RIK 7). Bk
T fE MgAly-Pm3m #5812 MEM Y 1SQ JR
W N H BB, Mg 57/ AlLJEF R 1E 240
AR +1.48 F+1.01, F4> ISQ 45 1Y H 17
4 0.39¢. 7E MgAly-P65/mme Z5F 0 B4~ Mg Jit
TR 145 DA, A ALRTR D 1.65 PHLF,
My L TAE SRS BT BRIE BL T 4 RS TR Y 1SQISQ,
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(a)MgAl; (Pm3m)-100 GPa (b) MgAl; (P63/mmc)-200 GPa  (c) MgAl (P4/mmm)-40 GPa (d) MgAl (Pmmb) 95 GPa
I1SQ1 ISQ2 ISQ31SQ4
| 3

1SQ1

(e) MgAl (Fd3m)-350 GPa  (f)  MgeAl (P3m1)-500 GPa (g)MgsAl (P63/mmc)-50 GPa (h) MgszAl (Fm3m)-350 GPa

.
‘.0(4‘\«0 A\Z']

fyr’ \'\',,.'
\,f\&‘;. ’

o\,l \J
b ‘.))

¢ c
al—o b a

B 7 iR Mg, Al, fb A ¥ H T )R AL B (ELF) [/ (a) 100 GPa i MgAly-Pm 3 m 454, ELF Z:{f 1 4 0.65; (b) 200 GPa
) MgAly-P6; /mme 54, 25 {H T 4 0.70; (c) 40 GPa [ MgAl-P4/mmm Z5 ¥, %5 {H 1 4 0.70; (d) 95 CGPa A MgAl-Pmmb Z5 ¥4, %
BT 4 0.70; (e) 350 GPa i MgAl-Fd3 m 5%, 25 {51 M 0.70; (f) 500 GPa ) Mg,Al-P3 ml Z5#4), %1 4 0.70; (g) 50 GPa
MgsAl-P6,/mme 257, % {H T 4 0.60; (h) 350 GPa Y MgsAl-Fm 3 m Z5#, S5 {H 10 N 0.65. #8 Bk Al @ 5Kk 2 B0 % Mg J8 1 i
ALBT, B /N ER AR 2 18] B o Jit 1 s

Fig. 7. Electron localization function (ELF) isosurface of stable Mg,,Al, compounds: (a) MgAls;-Pm 3 m structure at 100 GPa, ELF
isosurface is 0.65; (b) MgAly-P6;/mme structure at 200 GPa, isosurface is 0.70; (c) MgAl-P4/mmm structure at 40 GPa, isosurface
is 0.70; (d) MgAl-Pmmb structure at 95 GPa, isosurface is 0.70; (e) MgAl-Fd3 m structure at 350 GPa, isosurface is 0.70;
(f) MgyAl-P3 ml structure at 500 GPa, isosurface is 0.70; (g) MgsAl-P65/mmc structure at 50 GPa, isosurface is 0.60; (h) MgsAl-

Fm 3 m structure at 350 GPa, isosurface is 0.65. Orange and blue spheres represent Mg and Al atoms respectively, and pink small

spheres represent the center of interstitial quasiatoms.

F1 HEEWT MgAlyPm3m, MgAly-P6s/mme, MgAl-P4/mmm, MgAl-Pmmb, MgAl-Fd3 m, MgyAl-P3 ml,
MgsAl-P63/mme Ml MggAl-Fm 3 m 1 Mg, Al TN [RIBRAER IR AR (e/site) FLEMY RIS R (e/cell)
Table 1.  Valence state of Mg and Al atoms and the charge quantity per site (e/site) of interstitial quasiatom, as well as
the total local charge quantity per cell (e/cell) in MgAls-Pm 3 m, MgAls-P65/mme, MgAl-P4/mmm, MgAl-Pmmb, MgAl-
Fd3 m, MgyAl-P 3 ml, MgsAl-P635/mmc and MgzAl-Fm 3 m at given pressure.

Phase Mg/atom Al/atom ISQ/(e-site!) I1SQ/(e-cell t)

Pm 3 m MgAl; (100 GPa) +1.48 +1.07 0.39 4.68
1SQ1: 1.69; ISQ2: 1.57;

P63/mme MgAly (200 GPa) +1.45 +1.65 1SQ3: 1.60: 1SQ4: 1.56 12.81
P4/mmm MgAl (40 GPa) +1.47 -1.47 — —
Pmmb MgAl (95 GPa) +1.44 -0.40 ISQ1: 0.53; 1SQ2: 0.51 2.09
Fd3 m MgAl (350 GPa) +1.36 +1.53 1.44 23.07
P3ml Mg,Al (500 GPa) +1.32 +0.70 1SQ1: 0.35; 1SQ2: 0.26 3.33
P63/ mme MgszAl (50 GPa) +1.37 -3.96 0.15 0.30
Fm 3 m MgsAl (350 GPa) +1.31 -3.95 — —
I4/m Mg,Al (300 GPa) +1.23 -4.91 — —
I4/m Mg,Al (350 GPa) +1.23 -1.76 0.79 6.32

BU/NT 2,62 AAE, DMESIE BRI Al R ¥ B HL AT 3 AT B UL 75 MgAlL-Pmamb AHH, Mg
3p FUE ML FRERETE Al JE 71y B S . SR MI7E JRF k% 144 T (R hr+-1.44), Ho 0.40 4
MgAl ) PA/mmm A, AL-ALEEES N 2.65 A, & BB R AL T (b r-0.4), 12 T3
REZARUE, KO Bader HLf 4T TG AE I BT T HAEJ; A 2 IR Y R AL RRAE : 1SQL

217102-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 21 (2025) 217102

(0.53e) LIEFEIFEAIASE AL JF+, 17 ISQ2(0.51€)
W 5¢ 42 JRy B T S AT B 76 MgAl-Fd3 m A, 4
W 1.44e 1 ISQ LAMRIRIE 534 TAHSE Al JiF2Z
SRS TE SR S YNEER GV S B Juib N RN
gL F. 7 Mg,Al-P3ml A, Mg Fil Al i+
P2 2553 90 +1.32 F140.70, 8] BR7E R T 1SQ1
(0.35¢) Jaybl T E kAL Y AL JEF-2Z 18], Az 2540
WAFAEAIR A 1) 1SQ2(0.26€).
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Mg-Al & R B HL T2 BEHL ] 2 Mg £E A5 B 74t
T, HeR PO Se . AL AR I Fe Ak 2 A T L,
PEMTIE R i Meg—Al-ISQ BB R Bk A%, 5
— 7, MRS TE AVIRE, 1 Mg 7R
MR8 2 BT AF, AL R 2 i) ] B $2 1L
T, FEORSEAE AL JEF[R1IE B ARUATR S 1 1] il sk
SR RSB, AL B A=A R S Mg/Al H Bl
BIEAHRE, 24 Mg:Al = 3 0F, AV U E SRk
fr. Meg-Al R Z v AL JET 0 L T 35 18] Bt ey ek
A LIRS Mg X)), R FILEGWRES
S H NS AAAE YR N . T8 R R A4 L
i, WS ML G L A A R T AR R
AR N IREM BRI & A Y 7 1)

T A s R TR e T R B S
TR, 1M 1SQ 5l s fr R B B T E M, R
WL T 5 B T B WA AR AR L. xRl Ry
P4 FEL A 3 AT R AIE B A A% IR 5 1SQ Z MRl K
T P22 R AR FH 20 8K 5 i) % IR 3 11 L 06 &R
SCHik [64] FERFSE fee-Li HLFALAIRT, M3 5%
Gl (LO-TO) 8L 7 24 1B 24 (LA-
TA) &, ¥R T 1SQ X &k sh J1 22 B JE 4/
FEL Tk A W0 i 4 5 ) B . 36 T b A, ]
M Mg-AlfbA 9 Bz B AFFE LA-TA 5554

K 8 B/ TR HE T & MgAls-
Pm3m W F O Z (& R R FEIE),
A ULAE TS B 1 75 2 3 rp 5 3] 3 1) B 2

80 — 7
\ o ,

- i a
60F - rol 7

Kl 8 100 GPa & J3F MgAly-Pm3 m Z5 M B T (i £k, 1B i G SO A5 B M B TR R 2520, AL G R 5B T
Bader FLHT L BIE S T~ /1SQ A &L HL AT 5 1R 19 -G AR A BAE FT S 20 LA-TA BF 2L

Fig. 8. Phonon dispersion curves of the MgAls;-Pm 3 m structure at 100 GPa. The blue dotted lines in the figure represent the res-

ults without considering the influence of interstitial electrons, while the red dashed lines show the LA-TA splitting induced by the

long-range interaction of approximating Bader charges of atom/ISQ.
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Fig. 9. Electronic projected density of states (PDOS) diagrams of stable Mg,,Al, compounds: (a) MgAl;-Pm3 m at 100 GPa;
(b) MgAly-P6s/mme at 200 GPa; (c¢) MgAl-P4/mmm at 40 GPa; (d) MgAl-Pmmb at 95 GPa; (e) MgAl-Fd3 m at 350 GPa;
(f) MgyAL-P3 ml at 500 GPa; (g) MgsAl-P63/mmc at 50 GPa; (h) MgsAl-Fm 3 m at 350 GPa.
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(a) MgAls (Pm3m)-100 GPa  (b) MgAls (P63/mmc)-200 GPa (c) MgAl (P4/mmm)-40 GPa (d) MgAl (Pmmb)-95 GPa
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Fig. 10. Band structure of stable Mg,,Al, compounds: (a) MgAl;-Pm 3 m at 100 GPa; (b) MgAls-P6;/mme at 200 GPa; (c) MgAl-
P4/mmm at 40 GPa; (d) MgAl-Pmmb at 95 GPa; (e) MgAl-Fd3 m at 350 GPa; (f) MgyAl- P3 ml at 500 GPa; (g) MgsAl-P63/mme
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fiysx A

Al

MgAls-Pm 3 m, MgAls-P63/mmec, MgAl-P4/mmm, MgAl-Pmmb, MgAl-Fd3 m, Mg,Al-P3 ml, MgsAl-P65/mmc,

Mg, Al-Fm 3 m, Mg,Al-I4/m Fl Mgz Al-P 3 ml 76452 K38 T B A% S B0 R T-hr &

Table Al.

Lattice parameters and atomic coordinates of MgAly-Pm 3 m, MgAls- P63/ mmc, MgAl-PA/mmm, MgAl-Pmmb, MgAl-

Fd3 m, MgyAl-P3 ml, MgsAl-P63/mme, MgsAl-Fm 3 m, Mg Al-I4/m and Mg;Al-P 3 ml at given pressure.

Phase Lattice Atom Site Atomic coordinates
parameters/A
Pm3m MgAl, o= b= o= 3.4807, Mg la (0.00000 0.00000 0.00000)
(100 GPa) a=F=7=9 Al 3¢ (0.50000 0.50000 0.00000)
P fmme MgAl, o b= 46192, ¢ = 37511, Mg 2d (0.33333 0.66667 0.75000)
. _ _ o _ o
(200 GPa) a=[F=090°7=120 Al 6h (0.16575 0.33150 0.25000)
P4/ mmm MgAl a=b=2.6468, c = 3.8356, Mg 1d (0.50000 0.50000 0.50000)
(40 GPa) a=pF=7=090° Al la (0.00000 0.00000 0.00000)
Pmmb MgAl a = 4.0475, b = 2.4798, ¢ = 4.3490, Mg A (0.25000 0-50000 0.33732)
(95 GPa) a=p=7=9 Al % (0.25000 0.00000 0.83940)
Fd3m MgAl b b o 4837 Mg 8a (050000 0.50000 0.00000)
(350 GPa) a=p=7=9 Al 8b (0.50000 0.00000 0.00000)
P3ml Mg,Al o= b 3.3248, ¢ — 2.0003, Mg 24 (0.33333 0.66667 0.49763)
(500 GPa) a=p=90°7=120 Al la (0.00000 0.00000 0.00000)
Py fmme Myl o= b 5.3384 ¢ — 4.3022, Mg 6h (0.16784 0.83216 0.25000)
(50 GPa) a=p=90°7=120 Al 2d (0.66667 0.33333 0.25000)
ab (050000 0.50000 0.50000)
3 Mg

Fm 3 m MgsAl a=b=c=4.8981,
(350 GPe) o g 8¢ (0.75000 0.75000 0.75000)
Al 4a (0.00000 0.00000 0.00000)
I/m Mg, Al o= b= 44643, ¢ = 3.2322, Mg 8h (0.09518 0.70193 0.50000)
(500 GPa) a=pF=7=090 Al % (0.00000 0.00000 0.00000)
2d (0.66667 0.33333 0.31434)
P3ml Mgl 4= b= 83192 ¢ = 40870, Mg 2d (0.66667 0.33333 0.81145)
(500 GPa) a=[F=090°7=120 la (0.00000 0.00000 0.00000)
Al 1b (0.00000 0.00000 0.50000)
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Abstract

Magnesium and aluminum are abundant metals in the Earth’s crust and widely utilized in industrial
engineering. Under high pressure, these elements can form elemental compounds into single substances, resulting
in a variety of crystal structures and electronic properties. In this study, the possible structures of magnesium-
aluminum alloys are systematically investigated in a pressure range of 0-500 GPa by using the first-principles
structure search method, with energy and electronic structure calculations conducted using the VASP package.
Bader charge analysis elucidates atomic and interstitial quasi-atom (ISQ) valence states, while lattice dynamics
are analyzed using the PHONOPY package via the small-displacement supercell approach. Eight stable
phases(MgAl;-Pm3 m, MgAls-P63/mme, MgAl-P4/mmm, MgAl-Pmmb, MgAl-Fd3m, Mg,Al-P3 ml, MgsAl-
P65/mme, MgzAl-Fm3m) and two metastable phases (Mg Al-I14/m, MgsAl-P3 ml) are identified. The critical
pressures and stable intervals for phase transitions are precisely determined. Notably, MgAl-Fd3 m, Mg,Al-P3 ml,
Mg Al-14/m and MgsAl-P3ml represent newly predicted structures. Analysis of electronic localization
characteristics reveals that six stable structures (MgAls-Pm3 m, MgAls-P65/mme, MgAl-Pmmb, MgAl-Fd3 m,
Mg,Al-P3ml and MgzAl-P6;/mmc) exhibit electronic properties of electrides. The ISQs primarily originate
from charge transfer of Mg atoms. In the metastable phase Mg,Al-T4/m, Al atoms are predicted to achieve an Al>
valence state, filling the p shell. This finding demonstrates that by adjusting the Mg/Al ratio and pressure
conditions, a transition from traditional electrides to high negative valence states can be realized, offering new
insights into the development of novel high-pressure functional materials. Furthermore, all Mg-Al compounds
display metallic behaviors, with their stability attributed to Al-p-d orbital hybridization, which significantly
contributes to the Al-3p/3d orbitals near the Fermi level. Additionally, LA-TA splitting is observed in MgAls-
Pm3m, with a splitting value of 45.49 c¢cm!, confirming the unique regulatory effect of ISQs on lattice
vibrational properties. These results elucidate the rich structural and electronic properties of magnesium-
aluminum alloys as electrodes, offering deeper insights into their behavior under high pressure and inspiring
further exploration of structural and property changes in high-pressure alloys composed of light metal elements

and p-electron metals.

Keywords: magnesium-aluminum alloys, high-pressure structure and phase transition, electrides, density

functional theory
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