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Robust Half-metallicity and Topological Properties in
square-net Potassium Manganese Chalcogenides



Square Net Geometries
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The ternary manganese chalcogenide having chemical composition KMnX, crystallize in a tetragonal
structure, space group I-4m2 (No.119), with two formula units per unit cell (Z=2).

Synthesis and Structures of New Layered Synthesis and Structures of New Layered Ternary Manganese Tellurides: AMnTe; (A = K, Rb, Cs),
Ternary Manganese Selenides: AMnSe, NazMn4Teg, and NaMn, 55Te;
(A=Li, Na, K, Rb, Cs) and Na;Mn,Se; Inorg. Chem. 1999, 38, 2, 235-242
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Phonon Dispersion

(zH1) ™ Aouanbai4q

all the structures are dynamically stable
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ADb initio Molecular Dynamics Simulation
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-1.14 eV for KMnTe,, -1.98 eV for KMnSez, -2.52 eV for
- KMnSs5 and -3.96 eV for KMnOs. .
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» All the structures are thermodynamically stable.




Spin-polarized Density of States
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/> Mn-d states are mostly occupied in the majority spin channel and empty in the minority spin channel, \
suggestive of a counter intuitive Mn?* nominal valence with d® occupancy.

> In contrast to the essentially non-magnetic nature of X2~ anions, the X-p states are found to be
strongly spin split, dominating the half-metallic electronic structure close to Ef.

» The dominance of low-energy X-p states over Mn-d states progressively decreases as one
moves from Te to Seto Sto O.




MAGNETISM
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» The moment of Mn and X are opposite!
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» Mn should have moment 4Ha(d4 ), but Mn has an average moment significantly larger than 4 |1
for Te,Se and S compounds. Also Te,Se,S have significant moment, opposite to that of Mn.

» There are ligand holes in KMnX,. The ligand hole is prominant for Te, Se and S compounds.




MECHANISM OF MAGNETISM — KINETIC
ENERGY DRIVEN TWO SITE DOUBLE
EXCHANGE
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Two Sublattice Double Exchange Mechanism
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band states

Sarma, Mahadevan, Saha—Dasgupta et. al., PRL 85, 2549

Key concept is the energy gain
contributed by the negative spin

polarization of the non-magn. element
induced by hybridization




Effective double exchange type model Hamiltonian

* Iron: 3d% Hund’s rule: Large (classical) spin S=5/2 : Site-localized.
« Mo: 4d*: S=-1/2: Mobile electron: gives rise to metallic behaviour.

« Ferrimagnet: S~
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Two Sublattice Double Exchange
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» The X-p(up) state is pushed up and the X-p(dw) state is pushed further down by the corresponding

dl

-

KMnS,

)

p:
=

dl
*

KMnO,

TPt
pl

Nature of Splitting

—PT
_PL_ -
T Pl .
Pl
X X Site

Site Mn-d is downfolded

states at Mn site.

» The splitting at X site is renormalised by the large splitting at Mn site and the substantial hopping

coupling between Mn and X.

» For KMnO, the O-p states are not between the Mn-d states, so two sublattice double exchange
mechanism is not possible.

D. D. Sarma, Priya Mahadevan, T. Saha-Dasgupta, Sugata Ray, and Ashwani Kumar Phys. Rev. Lett. 85, 12 (2000)




Exact Diagonalization of Model Hamiltonian

The two sublattice double exchange model Hamiltonian, considering two X atoms and one Mn atom in
the basis, is thus given as follows:
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4 one obtains values 145 K, 116 K, and 58 K for the S, Se, and
Te compounds, respectively.
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[ » The filling corresponding to actual compounds is 4.8, at which all three compounds exhibit stabilization ]
of the ferromagnetic phase.
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TOPOLOGICAL PROPERTIES



Band Anticrossing

f> The crossing at k =(0,0.35,0), between the high symmetry points N and I arises due to bands of two
different orbital characters, pz and py.
» Upon inclusion SOC, a band inversion happens, with the bands interchanging their orbital characters.
» Thus the crossing k=(0,0.35,0) is an “anti-crossing” point.
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Anomalous Hall Conductivity
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(> The Chern number corresponding to the anti-crossing bands is ONE in each of the three compoun@
Thus, the bands forming the anti-crossing, are Chern bands.

» Berry curvature peaks around the anti-crossing points. AHC arises solely out of the majority spin
channel. Chern metal in one spin channel and insulator in other spin channel.

g )




Monolayer limit: Cleavage Energy Calculation
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0 4 _ 8 12 | respectively). This strongly suggest that these
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* Dipayan Sen et al. PHYSICAL REVIEW B 102, 054411 (2020)



CONCLUSION

e Robust half-metallicity in these compounds is driven by two-sublattice double exchange mechanism that
arises due to positioning of essentially non-magnetic X-p levels within the strongly spin-split levels of Mn

S=5/2.

e These compounds are topological half-metals, with a metallic character of nontrivial topology in
one spin channel and an insulating character in the other spin channel.

Chern half-metals - Route to Topological Quantum Spintronics

Dimensionality reduction may open up exotic physics!

PHYSICAL REVIEW B 107, 155115 (2023)
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PART Il

Giant Rashba Effect and Non-linear Anomalous Hall
Conductivity in 2D Janus MXene
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Materials Today Bio

Volume 4, September 2019,

Pharmaceutics 15(2):423
100033

Janus 2D structures
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https://www.nature.com/nnano
https://www.researchgate.net/journal/Pharmaceutics-1999-4923?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoicHVibGljYXRpb24iLCJwb3NpdGlvbiI6InBhZ2VIZWFkZXIifX0
https://www.sciencedirect.com/journal/materials-today-bio
https://www.sciencedirect.com/journal/materials-today-bio/vol/4/suppl/C

MAX and MXenes
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Yy g B muel I. Rashba (1927-)
Spin degenerate Zeeman splitting Rashba splitting E

e T
Ey = ak? By =ak®ta, Ey = ak? i a’lel

Ref: Rashba, Sov. Phys. Solid State (1960)

d. TR & IR symmetry intact
b. TR broken , IR intact
c. TR intact , IR broken

The momentum-dependent spin splitting (2DEG) subjected to
a perpendicular electric ﬁel?

H =a (kyox - kloy)
g = (hk2m*) = ak
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The Rashba Scale: Emergence of Band Anti-
crossing as a Design Principle for Materials

with Large Rashba Coefficient
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TRS / Linear response regime, AHE vanishes Non-linear Response

ﬁ"{:k} = -ﬂ"{ k} Berry curvature is ODD
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Observation of the nonlinear Hall effect under time- . .
reversal-symmetric conditions Perspective: Nonlinear Hall Effects

Nature 565, 337-342 (2019) Z. 7. Du.b? Hai-Zhou Lu,b2 " and X. C. Xie* 9

Phys. Rev. Lett. 115, 216806 — Published 20 November 2015
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Can one achieve NAHE
in absence of external field ?

Applications:

- Berry curvature memory

Experiments on non-linear Hall effect device
- Piezoelectric device

Input current  Tnput current  Qutput voltage Carrier density . .
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(Hz) (1A) (2V) (em™*) in 3D
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Strained monolayer WSes [40] 2 50-140 17.777 G 20 ~10"
Twisted bilayer WSes [42] 2 1.5-30 4.579 0.04 20000 ~ 10" , ,
Corrugated bilayer graphene [41] 2 1515 ™ 0.1 9 ~ 10" Z.Z. Dy, Hai-Zhou LuM & X. C. Xie
BigSe; surface [45] 2 2-200 0-263 1500 20 ~10"

Nature Reviews Physics 3,744-752 (2021) |




Evolution of Wannier Charge Centers along TR-invariant plane kz=0 line

@ Mo,cos ®) " mocose  ©  BemocoTe
eSS R ==l =g
0.6 0.6 0.6 -r r_/'}
0.4 04K 0.4} i .
L L - | I
0.2L . N PR B 0,2\'._';\ P P 0.2 Ef/.kl [P
8 0 0.2 0.4 0 0.2 0.4 0 0.2 0.4
f
S (d) AA-Mo,COTe (€) Mo,COBr ()
1.0@,.:.._ e e Sy e | LDM 1110

0.8

| 0.8

0.6 0.6 0.6
0.4 : : 0.4 T Y . | 0.4 -
0 0.2 0.4 0 0.2 0.4 0 0.2 0.4
i 2 e k (/a)
Non trivial Trivial
j v = ## discontinuities of z(k,) in [0, 7] mod 2.

The interspace fn intersects
WCCs even no of times

] |
m 2m Y

WCCs change branch



A.  AA-Mo,COTe BB-Mo,COTe Mo,COI
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CONCLUSION - II
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