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NEW MATERIALS

e Make materials that are
of interest for PHYSICS

 Use CHEMSITRY
knowledge to create
them

c,‘
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u’nﬁi\\\\\ \\\

Image from https://epd.sutd.edu.sg




WHY MAKE NEW MATERIALS?
EXAMPLE: QUANTUM COMPUTING

IV SOy Can D woer i i Doty Comgary woport

' d @bt oy Pt d f’:ﬂjj'l WY Boronol Sl L abs
* Topological qubits still need to be e Toor eatud pabe. o
invented ' Creaty ssduce oryors

* This requires new materials Longeeity (econc) M °f"' | |
Logic seooes rate MM vl e 80f yat CONNI T

Wersber entangied N/

Science News, Dec 15t 2016



Crystal chemistry and structure

Electronic structure

Properties



THE STRUCTURE OF MATTER




WHAT IS SOLID STATE CHEMISTRY ABOUT?

Traditionally: The structure of matter

98
Crystal structures o [

Bonding 94 b

What are stable structures for 92 p7
compositions? 90 3D

No ALnP.S,
phase

88 CN =6+2
86
I8 Sc Fdd? Na CN=6

72
100 110 120 130 140 150

Electron counting

lonic and atomic radii

s (PT)

Schoop, Eger, Kuhn, Nuss, Kremer, Lotsch inorganic chemistry, 56 (3), 1121-1131 (2017)
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Governed by:

 Electron count

e Sizes of the elements
/\ B Type of bonding
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SOME EXAMPLES

GaAs,CdTe, HgTe Heusler XYZ

3+5=8

As 1+2+5 =8

3+10+5=18

Graf, Felser, Parkin, Progress in Solid State Chemistry 39 (2011) 1. Credit: Claudia Felser and Blnghal Yan




ELECTRON COUNTING AND BONDING

Found new - :
phases LnAuSb E
Known related - | ORI

phases: 18 3+11+ 5 — 19

electrons and
charge balanced

Why are our
phases stable
too?

Au-Au bond!

One electron
localized in Au-
Au bond

Seibel, Schoop, et al . Gold-Gold Bonding: The Key to
Stabilizing the 19-Electron Ternary Phases LnAuSb (Ln=

2.5 s T La-Nd and Sm). Journal of the American Chemical
DOS (sumeseViin) Society, 2014.




ZINTL PHASES

e Zintl lons can make electron counting
complicated

e Polyanions or Polycations

* Example: CaSi,: Ca?* and Si,*
* Si,* is polyanion

* You need to look at the crystals structure
to know how to count electrons!




WHY SOMETIMES MORE AND SOMETIMES LESS
ELECTRONS?

Polycations: bonding electrons don’t
count towards valence electron count

Polyanions: Anions need less electrons to
be closed shell. They SHARE electrons.
Add number of bonds to electron count

VEC(X) > 8 —> Polycations
VEC(X) < 8 = Polyanions

Polycation Polyanion



ZINTL PHASES: COUNT ELECTRONS TO FIND NUMBER
OF BONDS

e Number of bonds in
Polyanions:
¢ b(XX) = 8(0!‘18) = VEC(X) 5 pe r Si

b(Si-Si)=8-5=3




e Number of bonds

ZINTL PHASES: COUNT ELECTRONS TO FIND NUMBER
OF BONDS

+4+6 =14

in Polyanions:
* b(xx) =8(orl8) -
==t 14 per Si
b(Si-Si)=18-14




SIZE MATTERS!

XYZ phases

e ' ) QP4

Ca CuP
Ba AgBi

E
s
-
~
=
=
o}
—
~—
—
D
Q
)
=
o
‘_><

U * U v_.
AuAsCuSb CuBi AuSb  AuBi
: AgAs 3Sh AgBi

250 260 270 280 290 300 310 320
r, +r, framework (Metallic) (pm)

Schoop, Xie, Medvedev, Felser, Cava Solid State Sciences 30 (2014): 6-10.



IONIC RADII — PAULING RULES

* A coordination polyhedron of anions is formed
around each cation, wherein:

* The cation-anion distance is determined by the
sum of the ionic radii, and

* The coordination polyhedron is determined by
the cation/anion radius ratio

r/r,>0.732 cubic coordination
r/r,0.424-0.732 octahedral coordination
r./r,<0.424 tetrahedral coordination

G=foid coordinelon

3-lokf coorgnamtion

http://abulafia.mt.ic.ac.uk/shannon/ptable.php



ELECTRONEGATIVITY DIFFERENCE — IONIC VS
COVALENT BONDING

* Large difference in electronegativity:
ionic bonding. Only charge balance
(salt like) compounds possible

* Small electronegativity difference : °.°‘qe.°‘°°’°°

covalent bonding. Also metallic o‘qe.qc‘o.beb

compounds possible bb
°C°0°0°0°0°0°0 b
00000000

metallic lattice




CONNECT KNOWLEDGE ABOUT STRUCTURE AND
COMPOSITION WITH PROPERTIES

Properties often run in certain
structure types

Famous example: Superconductors

Knowledge about structural stability is
very important!
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FeSe LiFeAs BaFe,As, LaOFeAs

Frustrated magnets

Honeycomb, kagome...

Dirac Materials Quantum criticality
High symmetry Borderline to magnetism
Superconductors L
P Topological insulators

Structural families
Heavy elements



* Heavy vs. light elements

CHEMICAL CONCEPTS: GIVE BASIC IDEAS ABOUT
PROPERTIES

NaCl

e Electron count (8 or 18)

* Electronegativity difference

HInREE

Valence
band

Electron energy

metal semiconductor insulator



ELECTRONIC STRUCTURE CALCULATIONS

* The electronic structure can give important
hints for a materials property

 Topological materials: Clearly defined by
their electronic structure

e Superconductivity: van Hove singularity,
steep DOS




First 30 22 T
(Bi1.xSb) e 1

SmBg

New 3D Tis (Z2) Weyl Semimetals
AoTeTe O (TIBiSe2, PoBizTeq (Taks family, WTe2)
quantum wells) and many more)

yy
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(HgTe/CdTe (TIBiSe2, PbBi2Tey (TaAs family, WTe2)
quantum wells) snd meny more)
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3D DIRAC SEMIMETALS

e 3D analogue of graphene

e Linear dispersed bands result in
mass-less electrons

* Exceptional properties such a very
high carrier mobility and extreme
magnetoresistance

e Could find application in electronics
e ultrahigh frequency transistors
* novel electronics

e qubits for quantum computing

Gibson, Schoop, Muechler, Xie, Hirschberger, Ong,
Car, Cava Phys. Rev. B 91 (20), 205128 (2015)



SCHEMATIC BAND STRUCTURE OF 3D
DIRAC SEMIMETALS !

\:>/ iD Dirac
\/ \ semi-metal
Band inversion needed v /

In order to not gap, the crossing bands must //
have different irreps (group theory) ‘ ) ,- , \ /
X l Z X Tnivial or topological

In the presence of SOC double group is normal insulator  gap closing /\/\ Insulator with

. band inversion
needed not point group (reduces number of
irreps) X I L
Only C; C, or C, symmetry allow enough i \
: ' Irre —
Irreps P irrepl

irrepl /\



With SOC - E,,2 /2 0

Higher symmetry allows for more irreps
But crossings are still coincidental!

To find Dirac Semimetals:
ook for highly symmetric charge balanced compounds with not too high electronegativity difference and some SOC



EXAMPLE: Cd.,As, 7

|\ N 74\ 7

* Look for high \\‘ - \ | ‘
symmetry
materials ﬁ / '
!\Ieed F)and 5 \‘/ \
s .-;‘ Ep
balanced
ount
lectro

\

/ VA

| 7 3*2+2*5 =16
3 per As




KNOWN DIRAC SEMIMETALS : Na;BI

Hexagonal: cone along A, C,
rotation

Ey, (Bi) = 2.0 Ey, (Na) = 0.9

SOC much higher than in
Cd;As,

_ Bulk bands GGA+SO

Hdnd touchmgl

Binding F.ncrgy (eV)

e

H AT

Kurshwaha et al. APL Mater. 3, 041504 (2015)
Xu, Su-Yang, et al. Science 347.6219 (2015): 294-298.




MORE EXAMPLES FOR CHARGE BALANCED
COMPOUNDS

BaAgBi (top view)

* BaAgBi family of compounds
e Crystalize in the ZrBeSi structure (hexagonal)

* Crossing along A, C rotation
+11+5=18

Gibson, Schoop, Muechler, Xie, Hirschberger, Ong, Car, Cava Physical Review B
91 (20), 205128 (2015)




THE XYZ FAMILY OF COMPOUNDS WITH 18
ELECTRONS i SUTUCTUTE type

ZrBeSi
TiNiSi1
LiGaGe
MgAgAs
> ZrNiAl
7 not known

* ZrBeSi structure is
preferred for large alkaline
earth elements

* Electronegativity
difference can be tuned

r, spacer (Ionic) (pm)

250 260 270 280 290 300 310 320
Schoop, Xie, Medvedev, Felser, Cava Solid State
Sciences 30 (2014): 6-10.

r, + r, framework (Metallic) (pm)



HOW DOES ELECTRONEGATIVITY EFFECT THE BAND
STRUCTURE?

states/'eV/'iu,

-
-
o

’

DOS at I;', states’'eV'Eu
o

“.~\
-
Tz
-
s

Gibson, Schoop, Muechler, Xie, Hirschberger, Ong, Car, Cava Physical Review B 91 (20), 205128 (2015)



New 30 Tis (Z2) Weyl Semimetals
masﬂe (TIBiSe2, PbBizTes (TaAs family, WTe2)
quantum wells) snd many more)
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3D DIRAC vs. WEYL

Only 2 fold degeneracy

Weyl points appear much more easily

But are often off the high symmetry lines and hard to
find

Chemistry not so helpful here

Except: break time reversal symmetry!

Lv, Ding PHYSICAL REVIEW X 5,
031013 (2015)



First 30 25 ) Comelated T

(Biq.xSby) SmBg
(HgTe/CdTe (TIBiSe2, PbBi2Tey (TaAs family, WTe2)
quantum wells) snd meny more)

5\ 4 4



3D DIRAC LINE NODES

* |f two bands cross and no crossing gaps

e 3D Dirac line nodes that are stable towards
SOC are rare

* Need very highly symmetric materials with
low SOC

normal msulator

Bian, Guang, et al. Nature communications 7 (2016).
Chan, Chio, Chou, Schnyder Physical Review B 93.20 (2016): 205132.

3D Dirac
semi-metal

Trivial or topological
Insulator with
band mversion

o~ &

/, — \ N \\
/ \

/

E=-0.25eV

“drumhead” SS
Se-term. Surface
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DIRAC SEMIMETALS FROM NON-SYMMORPHIC
SYMMETRY

Non-symmorphic space groups contain glide mirrors or
screw axis

Symmetry elements do not conserve spatial origin

Causes enlargement of the unit cell in comparison to
symmorphic space groups

Symmaorphic Non-Symmorphic



~ Trivial insulatc
- (even e7/site)

»
-

Non-trivial Dirac metal
(odd e’/site)

->
-
-

X'

* Enlargement of unit cell causes folding of k-space

e Forced band touching, SOC has no effect

e Canresultin Dirac semimetals

Young, Zaheer, Teo, Kane, Mele, Rappe Phys. Rev. Lett. 108,
140405 (2012)



NON SYMMORPHIC SYMMETRY => NEW FERMIONS?

Example: New Fermions in Non-symmorphic materials
e 3-fold, 6-fold, 8-fold = New Fermions?

¢ ® FASLANCH ART™ IR

Beyond Dirac and Weyl fermions: Unconventional
quasiparticles in conventional crystals

X I P X r R
199 and 214 198 and 212
| .
®
|
|
X I A Bradlyn, Cano, Wang, Vergniory, Felser, Cava,

e.g. space group
130 and 135

Bernevig. Science, 353(6299), aaf5037. (2016)



EXPERIMENTAL CHALLENGES FOR REALIZING NON-
SYMMORPHIC SEMIMETALS

“conventional DSM” “non-symmorphic DSM”

Cd;As,

| » Trivial insulator
® ® (even e /site)

Non-trivial Dirac metal

- (odd e7/site)
EF 8 per As

Y J X'
Na;Bi

8
X T 7 * Require odd electron count (per
| formula unit) Gibson et al.

Physical Review

* Chemically unstable! B 91 (20),
3* +5=8 205128 (2015)



THE PROBLEM WITH THE HALF-FILLED BAND:

a T> Tc 2a T< Tc
- D Sy
* Isolated half-filled bands often unstable \EF / \/ \/ \/ \/
L] LI
* Peierls distortion (i.e. TaSe,) / \
Momentum Momentum  Momentum
* Charge density wave
Metal Mott Insulation
 Mott insulators (i.e. NiO, CoO...)
DOS

DOS

e Electron localization (antiferromagentism)




FIRST PREDICTION: BIO,

o |
74ARNRVAW,
> o N/
/S | AN/

s\ | YN

@g‘g{g!‘ Q < -
LN SN

Young, Zaheer, Teo, Kane, Mele, Rappe Phys. Rev. Lett. 108,
140405 (2012)



WHY NO BIO, ? IONIC RADII

ry/ry > 0.732 cubic coordination
ry/ry 0.424-0.732 octahedral coordination
/Iy <0.424 tetrahedral coordination

erysen ™ 1.4

rSi/ro <0414
ry/ro = at least 0.53 > 0.414

Radil for S

C ocoromanan Crystal Radvan

Radil for Bl

Cooramenan Cryseal Razves

http://abulafia.mt.ic.ac.uk/shannon/ptable.php  R. D. Shannon Acta Crystallographica. (1976). A32, Pages 751-767




WHY NO BiO,? - THE INERT PAIR EFFECT &
Repulsion
\\\ Quter

/ electrons

* Bi** does not exist:
* 65 Orbital very low in energy!

* |n general: watch out for preferred oxidation states

Electron shielding:s>p>d>f

6p

6s Easy to oxidize

2 Bi** = Bi3* + Bi**
Hard to oxidize

Inert pair effect: Tl > Pb > Bi



“FAKE” HALF FILLED BANDS: EXAMPLE: BaBiO,

Appears to have half filled s band by simple electron counting
Bi**: 6s! configuration is unstable = disproportionation Bi3* and Bi>*

Bi4+ Bi4+ Bi4+ Bi4+




“FAKE” HALF FILLED BANDS: ZINTL COMPOUNDS

e Zintl lons can make electron counting
complicated

* Polyanions or Polycations

* Example: CaSi,: Ca?* and Si,*
* Si,* is polyanion

e All bands are filled!




EXAMPLES FOR COMPOUNDS WITH HALF FILLED
BANDS

SrlrO;: Orthorhombic form predicted to
be non-symmorphic line node material

2 + 9+ 3x6 = 29 electrons = half filled Ir d
band

Stable from however is monoclinic and
has Ir-Ir dimers

Orthorhombic form can only be made as

thin film or as powder with high pressure
synthesis Orthorhombic

monoclinic



SrirO5: PREDICTION VS. EXPERIMENT

Prediction (DFT) Experiment on a thin film

Carter, Shankar, Zeb, Kee PRB 85 115105 (2012) Liu, Li, Shen et al scientific reports 6:30309 (2015)






A WAY OUT WITH LESSONS FORM ORGANIC

C H E I\/I | ST RY ? Radical stability increases in the order methyl < primary < secondary < tertiary
?H; CH3 ?H;

. ’ < -
H™H S CH, HyC~C CH,

Molecules with Half filled orbitals

are called radicals Methy radical Primary radical  Secondary radical  Tertiary radical

Least stable Most stable

Highly reactive

But: stable radicals do exist! Radical stability increases if stabilized by resonance

<

ey, =
H,CP C,
© H

Most stable

Stable at room temperature



Cluster compounds

Have molecular orbitals

Can delocalize an electron

Partially filled bands!

HOMO-1, 4a’

HOMO-2, 2a,”
b

HOMO-3, 3a,

Example: Chevrel phase PbMo_S,
Mo, cluster, 12 edges
Cluster is filled with 24 electrons

PbMoS,: Cluster has only 22 electrons
(=3.66 electrons per Molybdenum)

superconducting



NON SYMMORPHIC CLUSTER COMPOUNDS?

(Mogy Xogl

Chevrel, Gougeon, Potel, Sergent, Ternary molybdenum
chalcogenides: A route to new extended clusters. Journal of
Solid State Chemistry, 57(1), 25-33 (1985).



NON SYMMORPHIC CLUSTER COMPOUNDS?

AX'Mo, X/Mo Compound Cluster unats VEC/kluster VEC/Mo =6~ VEC

X 133 M Mo X, IMoc XalP*4- M2 3-8 20-24 ¢ 3334
1.6 1.26, In ;Mow.Scy
2In*' —= 1 In" (Mo, X HMoy X,y
In; Mo,sSeyy = (Mo X)? =% + (Mo X ) % 20-24 ¢ 3.33-4
Bai Mo, Sey 30-36 ¢ 3.33-4
AgiMoySe Moy X4
(Mo,Se )+ S56e 3.95
TEMoS,, (Moy X Moy, Xy
= (Mog Xg)>~* + (Mo Xy =%  20-24 ¢~
4448 ¢
C*:MO.;SC“ |M0|:SCMF- 46 ¢
RbMoSey MO Sex* e
Cs Moy Sey IMOsSea* 98 e

T1;Mo,Scq IMOy:Scqnle

Chevrel, Gougeon, Potel, Sergent, Ternary molybdenum chalcogenides: A route to new extended clusters. Journal of Solid
State Chemistry, 57(1), 25-33 (1985).




BAND STRUCTURE OF TI,Mo,Se,

2\

TI,Mo.Se,

Gibson, Schoop, Muechler, Xie, Hirschberger, Ong, Car, Cava Physical Review B 91 (20), 205128 (2015)



