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Current Status and Perspective on Anti-perovskite Practical Spintronic Materials with
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Transition metal nitrides such as Fe4N and MnyN thin films,
families of anti-perovskite type compounds with light elements,
were used, and the validity against recent spintronic engineer-
ing is discussed. Inverse tunneling magnetoresistance and in-
verse current-induced magnetization switching were observed
for magnetic tunnel junctions (MTJs) with a Fe4N electrode. On
the basis of first-principles calculation, it was revealed that the
perpendicular magnetic anisotropy for the MngN thin films orig-
inates from not only the spin-conservation process but also spin-
flip process. The anomalous Nernst voltage for MngN thin films
opens a new pathway for thermoelectric devices owing to its low
saturation magnetization. The electrical switching for a (111)-
oriented MnyN single layer was efficient due to its non-collinear
magnetic structure. A recent study demonstrated topological
states such as skyrmions for MngN thin films. These results
show the advantages of light elements for future practical spin-
tronic materials.
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Fig.1 Schematic of anti-perovskite unit cell (A3BX) consisting
of two sub-lattices A and B and light elements X.

Table 1 Chemical characteristics of 2p light-elements that
contribute to bonding with transition metals.

B C N (o}

Electronegativity 2 2.5 3 3.5
First ionization 800 1090 1400 1310

energy kJ/mol
p-d orbital im\»

hybridization | Stond 3 Weak
Electronic 1 5 3 "

<tucture (2p) (@ | @pF | (2p)

Atomic radius 77 pm 75 73 72
Lattice expansion | Long g» Short
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Fig. 2 (a, b) Out-of-plane XRD profiles for sample, MgO
sub./MnyN (30 nm)/Al (2 nm), fabricated at substrate tempera-
tures of 450°C (a) and 400°C (b). (¢, d) Magnetization hysteresis
loops for same samples, where external magnetic fields point in
[001] (c) and [001] (d) directions.
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Fig.3 (a, b) Cross-sectional transmission electron microscopy
(TEM) images and selective-area nanobeam diffraction patterns
for optimum Mny4N film (a) and that with segregation of metal a-
Mn phase (b). [(a) and (b) reproduced from PRMater. 4, 014406
(2020) with permission from American Physical Society].
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Fig.4 Cross-sectional TEM images (a,c,e) and Fourier filtered
TEM images (b,d,f) for 5-nm-thick Fe4N epitaxial films deposited
on MgO, STO, and LSAT substrates. [(a), (b), and (c) reproduced
from Mater. Res. Express 6, 106446 (2019) with permission
from Institute of Physics publishing].
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Fig. 5 In-plane lattice parameters for Fe,N films grown on
MgO (a), STO (b), and LSAT (c) substrates. [(a), (b), and (c)
reproduced from Mater. Res. Express 6, 106446 (2019) with
permission from Institute of Physics publishing].
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|

(a) Density of states (DOS) for Fe,N unit cell. (b) Schematic of partial DOS corresponding to Fig. 6(a) [(a) and (b) reproduced

from PRB 73, 172410 (2006) with permission from American Physical Society]. (c) Stacking structure for magnetic tunnel junction
(MTJ) with FeyN electrode. (d) Bias voltage (Vg) dependence of TMR ratio for Fe,N-MTJ. (e) Schematics showing tunnelling process

with two different V.
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Fig. 7 Dependence of differential conductance (dI/dV) on bias
voltage (Vg) for Fe4,N-MTJ (a,b) and CoFeB-MTJ (c,d)?*.
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Fig. 8 Current induced magnetization switching in CoFeB-
MTJ (a, b) and Fey,N-MTJ (c, d).

OEWEREER, A Y V3L TEIET O RS hEGLBILEEE X
DHoricEv. 2, U 3 U HEERER, 3SR
MgO(100) FHifg ETd 2,8y &) ¥ ZiEic X 2 HAME
VRSN TWE7z0, AEELEV. Led-T, 4%
BEHEICRRZ2 XD TV VALSTUEE % BT
ORECIHOFHRIL S, Z ST 720538
THLIENHfFENS.

4. 71 UEM Mn, N EROBSTE
S UICHRT I\ DB

Mn,N [ HiHIZ Fe,N #iE04E % Mn & L2 LE/LE
WThHb, HEREOWREEIREINTH S 19, AT
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IR S BRSEA T T & 72, iR 9280 &
7 =) B OBSREESIRE SN D & L H I, Mn O
WA E— A ¥ MASTHEHINC 7 = V) BHERS L, EHERE
RHE (PMA) 22 il b DI A5 & 1 5 MnyN #%
FTiE, 1% BEOIEHREAR (clax0.99) BELTVS
CEDW ST o TV B M50 D) E R R
HFALSZICE N TH 51350 T% L, (111) HEEN X+
7o & &OVSD ) v o) =7 BERU 3 550 S BRI R
ENFz. FORDEEFAEINTVS FRT I H VBl
REF~T ) TIVHESTE~NDISH W EINS. ZD X
I 2 MnyN & Fe,N FHICAE ¥ b o= 27 AEHMEHISE
BT RS D B 720, MREETT N, 2D T E
VAL —=va YHARAATDODNRTW A, RETIE, 4
BT o T & 7 MIE LIV FBEEI, 65 K s,
ZOMOIEHEIHRIE L TREANT 5.

4.1 FEEWKESMHOERERFRA

Mn,N #EREo @b s, EERSER Sy Y v 7
BRI A B 2 ESEL (Q) DR %E Fig. 9(a) 12
Y. AER L2V TV O BRER L, MgO(100) HR L
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: o8 E |
100} 5 =~ m: L
e | 3 [
e 4 X |
E IR
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%% 8 01z ° %
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Fig. 9 Dependence of saturation magnetization (a) and per-
pendicular magnetic anisotropy energy (Ky, Ky1, Ku2) (b) on ni-
trogen flow ratio (Q) in reactive sputtering process for MnyN
films. [(a) and (b) reproduced from PRMater. 4, 014406 (2020)
with permission from American Physical Society].
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Fig.10 Dependence of formation energy (a) and perpendicular
magnetic anisotropy energy (Ky) (b) on c/a ratio for two different
magnetic structures of MnyN films, type-A and type-B. [(a) and
(b) reproduced from PRMater. 4, 014406 (2020) with permission
from American Physical Society].

H/MnyN (20 nm)/Ta (2nm) TH 5. Q ~ 9% Ir % THIFIE
1tiZ~100 mT CTHEKMEZ L ), TOHBTHEITH L
PRTENS., RICEEBIE LA VF— (K, K,
Ku) % PV REIIENSTRE L7548 % Fig. 9(b) IZ7R T
FIFIBILOBA LRI Q = 9% LB THAME RT I &
M5, S 7z Mo, N s bRl innd o

E#Z5N5BY. L1,-MnGa 7 = V) BEHEETEMl S LTw
5H~1MJ/m? & id % & Mo, N #ED K, 13 1 H7FRE N
SWHTH - 7259,

PMA %#/R9 Mn,N 2HD 9 % TV = 7 i SR 13
2°0H1), FNEFN type-A, type-B & L T Fig. 10 D f
TR L7z, Type-AXTHMY A b ETHLY A POE—R
¥ N AGRIBEMEREA LT A M, type-B X
WA LZEHNOE— A Y NS e fil7 NI SR ERLE %
LTV AHERHEETH D, 2 x2 x 2BERFETVZIRK
EL, 2O0DBAMEICHTEIHREZ A NVF—%, KT
EEI cla IR L T7ay b LARHKE% Fig. 10(a) 127K
. cla DEVIZL BHEBIIVT RO AL F— 125
LCHIEFITEETH LI L, type-B D Jihs type-A
FOVBRULTEETHLI LN, ENEFNOHE
Rz ah L CE IS/ K, 1E Fig. 100) 2R &N 5 & 9
2, type-B Tld cla 12X 53 K, = 4 Md/m?® O W EATG
LNz L, type-A Tl K, <0 &%) PMA § 5%
LN WRRE o729, BRI ANVE—WICLE, HO
PMA 2" Nz i %2 EA D &, EBROEBRIZBIT B
MG L type- BB ANTHLEEZONL. EHRTHDS
N7z Ky = 0.1MJ/m? PG X D H /S WERICE LT
1, BRBHIEEA 100% 2 SR T 5 12200, B ED
type-B 7 & OFELN R HINGEEE )T Z 7R T type-A DIEAD
KRELSHEZRIZLTVE LD LHERERSNS.

K, OB IHFET 2720, LKLl S 518 2 REBIH
ATV ~60 2T, A URAFEBEDO AL 5T, AU
PO DL % Mn 4 MEIZHEEL TAHA (Fig. 11).
Mn(D) I3 TEEY A b, Mn(II) i 6 2@ Mn 51 % X/Y/Z )i
PSR L7203 A b &Rd. IE (F) OffiidmeE (1
W) BREFUANOHGZRT. FTAYE MREHIZB W
T, TWOHA P XY/ZOXFNZES T 121 BLU =)
W OB PMA IZH 535 2 &dbh ol EIITH
LIEAY 4 o Mnd) 1Z, |=>| O#fETPMAICHEST5
B DGFAET B 00, HNERARAELZRT 121 LD
2 LY & TAY VRFEE T PMA (2H 549, — k5T
|=1 BREORAYE  EHE, S OFSPHETH 72 7
O Mn(IDX R A Y v KIRIHA LR TH S 2 &
25, Mn QT3 A MIKGF L2 A ¥ iEHL PMA
OFFHRFE L THERTE LW 2L ME
DIFFTRE RN F A MR L 72 IRBH Lo, S b
FHHTEB.
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42 RERERIVVA MR, EER—IVHNROENR
Fig. 2(c) DEALBREDI /R T L ) IC@FBAE L M EL
72 Mn,N #iFlE, K, ~0.1 MJ/m® ® PMA, # 1T O
71, %100 mT O LE b o, SRIRILA LR/ S
{, BEBLOREEILELENLAY Y PO=F AT
NAZZLE S THAED LW ROVDLEDOTHL -0, Z
ZTIE, BE AV YA MR X B BRI EA~ O ] g
PEZRRT. BEARIL A MR E FEGEH L L7 AEL R
FTFOHIIE, R ISR S S — VARSI E S 7z
bOVDH L. MBY v F I %2 L %S 5wk
RS OIFMRIELC X WA EVEHTE L LY, #
Wit v W e EREALTT I OB AN Ao AL B BRI REASSEAE
163250, ZD7-08HFEALDONSVHEHIEZE L.
F RS EEA S B L, REISKE W
Mn, N AR ORLFEEE, BERTF 2 B0 FCoHfET 5
72DIIIHE D L.

TG 5 [ O 5 1S5 6§ 2 2 AV 2 A MEBETO
v 27 ¥ AM#RE Fig. 12(a) IR 3. Wit bl
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Fig. 11 Second order perturbation terms for MngoNg super-
cell. [Reproduced from PRMater. 4, 014406 (2020) with permis-
sion from American Physical Society].
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LhZbN5, 22T, fHBoE—FHHE MK p,, &
WEERK a,, ORTHZONLERE ANV VA MH, $
T H I BHE A — VIRPUER o, EHEABIRE a. OWTH 2
LNLEER—NVEHERT. WEINHEE Eq. (9 O
2ODIITTTHITL72b D% Table2 12F & 7. £
T Purr Payr U BHDHE 3ODHF VTN IICBIT HED
FEIXFE A 20%FETH Y, S DEEHIAT 2008 L
V. ZRUCH L, sample-2 @ a,, (X 15 11 O 2 f5E Vil
BB ENTWEZEhs, BER—IVIH (pha.) £
L LAREAN Y A MH (pray) 75, MnN #EEO 2
BEREZ LR L TWD I Edbho 7262,

3Ot Tl L THETREIE, BF¥ ALY
A PHERFEFR—NVHOFGHPWIZ R o TV D RIIH 5.
X o TEMNRAERE Savg 1, Eq.(9) TREND EIHIC
LGN ROME D, FROMERLHL T2
LI hD. REDOHIEIIBWT, Mn O—i#% Ni Tt
LTl BRER—VREOHEH R 5 BIG A
HBENRTVREHD, RIZZ O MaNIN AT BRIV~ A
MEOEA Mn,N & A& ThE, BEs—LzikeoR
REDLEIZL 5T, HICHWAEREI B S NS & HifFs
nas.
CCCHEFHEETE O N, ALFREBHAL Mo, N
2B 5 0K TORW A — VEEE (0,,) & 300K TO
BAGERE (a,,) %ZNZN Fig. 13(a) & 13(b) IR T,
FERCIER S N2 A EA type-B (M) THH I LIX
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Fig. 12 (a) Anomalous Nernst voltage as function of applied field for three MngN films fabricated under different substrate tem-
peratures. (b) Relationship between thermoelectric power (Spng) and saturation magnetization (Ms) for various magnetic thin films
reported to date*?60:69~79 Data for present MnyN is shown by star symbol. [(a) and (b) reproduced from APL. 118, 092407 (2021)

with permission from American Institute of Physics].
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Table 2 Magnetic, electric, and thermoelectric properties for
the three MngN films.

Samples Sample-I | Sample-II | Sample-II1
(Tsup) (400°C) (450°C) (500°C)
pxx (HQ cm) 240 190 230
pry (uQ cm) 2.6 2.8 3.8
0xy (S/em) -50 -80 -78
-10(4 K) | -100 (4 K) -98 (4 K)
OanE (%) 11 15 1.65
Ssg (uV/K) -14 -9.7 -11.8
SAHE = -0.15 -0.15 -0.19
Ssgtanfsgr (MV/K)
axyx [A/(m-K)] 5.7 5.1 -5.0
axy [A/(m-K)] 0.16 0.34 0.21
Pxxxy (UV/K) 0.38 0.65 0.49
Pxyxx (HV/K) -0.15 -0.15 -0.19
Sang (uV/K) 0.23 0.50 0.30
<
_ @ ' £
5 < 4
%) 2
= 500 1
5 H )
e $ 7 {
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£ ot , g R VR
= \/ N g T VR
T Yo S 2l o
2 v E b ¥
g -500- FE 2 2 Y
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Chemical potential, s (eV) Chemical potential, x (eV)

Fig. 13 Dependence of anomalous Hall conductivity (syxy) (a)
and transverse thermoelectric coefficient (ayy) (b) on chemical
potential (u) for two different magnetic structures of MngN: type-
A and -B. [(a) and (b) reproduced from APL. 118, 092407 (2021)
with permission from American Institute of Physics].

4. 1S TERR o ) TH 575, KD 7230 type-A (BEHE)
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BoONLY Y 7FNV) ®-100 S/em & LT, 5, #
SHEE 12 type-B DR & AN R L 2705, 2,
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o TWnad I eRs, BHAKICES 7 2V IENODLT
PHEBT o, WRKECELZZLABFHELTEZD
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(type-A) & 720, EERTH LN/ E WL L THFZIZR T
THH M TH o7z, TN o, DY L FERICHHIEED
100% THRWZ & T, EBDO 7 )b I A FHEME & —3
LTWiaWnWZ e FERPEEZ HNS. MnyN OFRHF—
WRIRCB T B IR CTIEEBAEATL, S Cf—5a
B L OFERIIIT DN T I b o7z, REFZETH L2 E L

72E ), BERVY A MROBERE AT S 0, X
ay ¥, 7V IAOEETHWE =7 Lo TWE DN
Mn,N O THH LS o TI v, Ko TR DY
WX o Tl EL MM LB s c& 2 %2505,

Fig. 12(b) 3/ %+ OREPERC B % BV i 2 fafimifbic
WLTEEDZHDTHDH. My~ 1T REO BB
FTLMEDPREHTH D5, M, D3/ MngSn R
ETHMEDR 2 ENTWS, 72 VRO MoN &, &b
LICHBERWIEE LT, vy 7 LORBHEBZMEL
TV D EMFFEh 5.

4.3 MmN [CKD2EMEMERE, MROIADIVRR

~DEE

TV YN EDEEAT HICoN, KBEA ML -V D
FEIISHLTTETHALTCWL. ZOL0ETOHE
W% T THIR L 7% 28 5 SRR AL 3 2 Bt SN 1] R 72 D
X, RERDPSFHLRETH S, RBMBILE PMA &\ o
72 MnyN 7 =V @R O AR A & — R Ic D 5 2
T, EOX ) IRROEICHMN T X 2 0 RE F R
T 5.

R ORIGET/ v 3) = 7 A S % b o mkRE % /)
S BILEE TR R HIH T 5 FHIFER; T Tn 5.
Hajiri 51X Mn;GaN/Pt #&ICBWTLER /) v 3 ) =T
S CH 5 MngGaN O LK iE% 105 Alem? ADE
MEETEILTWSE ™, Takeuchi 5 & Mn,;Sn HIE D
HA T NVEEERMEE PLEOAY VR — VAR TAR SR
LA VHTHEHHTX 22 2WMELTWVWE™, &
NHId, BRGS0 LT TRz LI < WIgGU T
HoThH, B THRWICHIETELZILETEL AT
L—2aryLl7zbDThb.

ZIZTHAITZ 7 =) M MnyN OS2 a) =7
BHps ) ya) = 7 RANLE S, HNEAAERIC X
HE R A4 VIR % RA ™. Fig. 14(a) (& Mn,N
OFMEZ (111) W& L7z & 2285 2 bt % R
T EANTEM TR [110] & [112] @ 2 Hlicx L
THMELZZEZA, WINB L —HTDHLRT) VAH
Bohi., WE [111] FAclELeE 2 A, mNER
WIEHETe AT Y ARHBICR Z 25, BV
WCRERZFIEDON Lo ZoORELY, (001) K
[0 MnN #ETH S T2 THE 5 N OBALE 5 il
&, (111) RN S04, WEo [111] FicidfF
ELRWZ EDbh o7z, Tk Fig. 14(b) DR S K IZR
FTEH1IE, (111) WA TSR TEE L, RREE2STH N
6 X FRIZ 7 5 72 Z & TRALZEE S i %2 & DO &G sl A33 % 72
CEIGERT A Z b o . WERE L OB X
FHHEE L TR INTWAED, VRO M N 28w
TRER ¥ =TSRG HE— B TORENT
WD LS R TR X L7z MngN O FEA
SEHREDSHER SN A A D L, FEEIRE O RS
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WELTC/va )= TRBENEEZDDONRRZNETHD.
Fig. 14(c) ¥ (111) FA) Mn,N ¥ % 8 Wi R — L /3 —
HERE RN LU 72 BB & RhIe 9 2 TH NS 5 o BIFR
ZRT. HAOREREZHE->T05s DERAIOLZ DC
Wi (J,) ZWL, B FXA AL YEEOZLE OV AR
RN CTHET 2B — VEFERET L LTIt L7
Fig. 14(d) \&#l5E 347 50 10l & & 12 J, O % 5z
SR EEORER-—NELEZ Ty LD THS.
o B BCHE O BE T & R BOER AN S 7z st BRI
29k o PMA %7833 (001) P Mn,N #E T3 Rk
FErEIT o728 25, Fig. 14(e) & 14D 2R TLH1IZ, &
W5 7 R B S M Ze o 72, SIS TEANY 72 BCHE I fl oo
BIEIZB VT, (111) B MngN #0520 TH -

L ERTHERTHL. W—Dy N7 v 7Lk
KXo THRONZZ2O0DREERET 2 L, BRHIEIIH
WTWLDIEPMAZRTa)=7HIYVELA, /2
o TR EOBEBETHLLEEZLN, ORI,
ARHi OB Tk X7z MnsGaN X MnsSn SCo g AR o %
BEEMMIZ—H LTS,

J va1) =78 Mn,N #EOXEFEERIZB VT, 6
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TS, TV TN OMBR T H % Bk T oI
PRI ZEELBRSH L E VR 5L, FIZIE, KB
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VD BV, Hriwv MR YA VEE & LT Mo N
HEAOMFIIRE W, BETIE, E@ErohvE - kE
NEBEE RN, B1H [ELolic] TlRiza e 7 b
Wi -> TRICHEBIEIC X 2l flf 2Bk LT3
A5, SINIMTTOBAFRCTEHIZE Lz FERMICER L THSH
BOE SN L RBR (BF) A ML —YEHRIZE > T,
A 7 CHEE LBRT T AN [ MHBRTEES A E
BaIE RV R 2 ERMEHEMHIC 2 NUEENTH 5.
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Fig. 14 (a) Magnetization hysteresis loops measured for three
directions, namely, perpendicular to film plane [111] and in-
plane [110] and [112], for 23-nm-thick Mn4N single layer de-
posited on (111)-oriented MgO substrate. (b) XRD pole figure
of MngN (111). (c, d) Photograph of 8-terminal Hall-bar device
(c) and anomalous Hall resistivity (pxy) measured at interval of
writing current pulses (Jy) (d) for (111)-oriented MnyN single
layer with non-collinear magnetic structure. (e, f) same as (c,
d), but data for (100)-oriented Mn4N single layer with collinear
magnetic structure™.

#oHz (T)

Fig.15 Anomalous Hall resistivity (pﬁfE) and topological Hall
resistivity (pI}V{E) for (111)-oriented 23-nm-thick MnyN single
layer measured at 300 K.
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X =B, C, N) OMHMAHECHEE MM Z 8 L CEICHEOB
HMbfREZER L, ZDOREKTH S FeuN (A =B =Fe,
X=N) &£ Mn,N (A=B=Mn, X=N) Zdul& L7zgH
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Fe,N 1353 2p L #k 4s, 4p & OIROILE TR O 5%,
7 )V IHEAIT BT 3d #LiE @ down spin RIEAL L
e, AECUYWMEFALLZLIE#MEALL. R
¥y hbu=7 ZTldEkdIBHIICE Y TMR 22 08 %
Fe,N/MgO/CoFeB-MTJ THE M L, Z Ot =R T -75%,
4K T-105%TH -7z, [ L MTJ I TERH LBz
ZRAE A, A VEATIH T B BALES O )57
HEF D CoFeB/MgO/CoFeB-MTJ & #il27 % 4 Y )N— A&
AR LRI R A EN L, ZoJ# L LT Fe,N Ik
9 % field-like PV BERTHLZ ExFEm LI 2
NS OE L, 1 2 OS RS R FIM &R O AT
WL, HH AR 2 FEICIRSNL I EICo%h 5D
7o, PHEBERHINICEMRN T X 5. EBICHE - FEV AL
L—3 3 v L7 4logicICIEF0—fFITH-7-. F72H
WIZELAMC D, BESRAIE R ORI A ¥ v R
SVEVTIZE DAY VAR R R HEREL 7.

Mn,N 13 7 = ) @A oK iaflgt (~100 mT) &
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ATIC X DR L, MM A Y S AEERDANC, A~
MG D S OFLGIERTE LW b oz, B
AN YA MRIRIT X B R W BB RE S BII & 72 a8,
FUR R — VERIR R IR L7230 Of5 R, WS4 5 OBk
WCEYHAPHBEEINTWEZ EDbh ol BERLY
A MHEMFEL 205, RES—NVHOFFEZHIZTEN
R MRS s L7, L/
vay =7 HOmEMEEE LD Mo N 2L, &
MHRBALEIER R L 728 25, FAAERFNIG U7z
R VEEDRIRZZZ B—BIC TR L7z, L72FM
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NHDTEY, HLWEEOXBEZ b L — VI 6
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OB ARIEIZ L OMEBILDOEREWIII L -
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EHK, KIEBRZK, FEABEIER, SEKICIE 5
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PR 7ERERE  #3K—>F K, Nagalingam Rajamanickam
K, BEARLTIC, MBI, S RER, DR
K, BEMTRIS, HEEIS, RAREBIFIG, =Z8ERIC
IO TS RN, FERREIE O W CTIRTH W 2. RS
HMRLK, MBS ANHEEFRIII TR T3

BIEW 2, REF%ED—ERIZ JSPS BHiFE  (No. 22810021;
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