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What are quantum materials (QMs) ?

What “knobs™ do we have for controlling synthetic quantum matter
(SQM) ?

QMs designer toolkit:
= Epitaxial stabilization
= Solid Phase Epitaxy (SPE)
= Defects
= Polarity and ways to compensation it
= Geometrical lattice engineering
= Strain

Selected examples - 2D spin and orbit polarized metal and synthetic
Quantum Spin Liquid
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What are
quantum materials ?
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Emerging phenomena in quantum matter

1000 1007 1002 1003 1004
| | | | | . multiplier for the number
Hydrogen Niobium Gallium Uranium Cuprate of compounds
Arsenide Alloys Perovskites
e.g.UPd2Al3, UNi2Al3 Pyrochlores

Spinels

Atomic

physics Super
conductivity
BCS type

S Skyrmions
4s)
&, and
i | H |
9 Fractional eavy electrons,
0/77,0/ Quantum spin-charge
@,\70/ Hall effect separation,
High temperature

Kondo physics
superconductivity



Jak Chakhalian, Rutgers 6

JANUARY 25 - 1963 - 20¢

BLUE SENSITIVE LAYER

GREEN SENSITIVE LAYER

| SPACER Gy
" RED SENSITIVE LATER

... ‘ ».‘_ Ad- o \' i , - " 2 '—‘4‘,,' § ‘, ;

5 000 TrleS ] B oo BASE
Key hemlcals T TIRR

s o1 ) & e

vy @




Jak Chakhalian, Rutgers 7

Rational approach to materials design

Marcel Proust

"The real voyage of discovery consists of not in seeking
new landscapes but in having new eyes.’

In Search of Lost Time
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Broken symmetry and order parameter
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Broken symmetry means the appearance of an ordered phase with a non-zero order parameter
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Interfaces as new phases of quantum matter ?

Landau recipe’ of getting
new collective phases and states —

The sudden disappearance of an element(s) of
symmetry in one phase leads to the occurrence of a
phase transition into a new phase of lower

Lev Landau symmetry.
Nobel prize 1962

Goal: Assume control over symmetry breaking = Devise new designer phases

9
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From thin films to ultra - quantum materials

Randomly doped Ultra-thin superlattice Interface Controlled Quantum Material
bulk crystal

(ICQM)

bulk unit cell

: interface unit cell

ICQM is
A material that has no bulk unit cells

Properties defined by interface/surface
Possess emerging quantum state
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Anatomy of an interface srain due o ltice mismateh °omeal fiusraton” (11

orbital frustration

(LaCa)MnOs3

Interface is a tool
for breaking symmetries

\/

S
Emergent spin frustration (53 char he }nismatch
quantum states I G . ;

energy scales
length scales
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atomic coordination mismatch | \ L3 * ® ¢ 9
JC et al, Rev. Mod. Phys. 86, 1189, (2014) © 0® o @+
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Control of quantum phases: uctures

Interface controlled
guantum materials

Doping Charge transfer aSntc:aliEr:ectrostatlc gating
Pressure
Magnetic Field <:> Magnetic field
Polvmorohs " Designer lattice symmetry
ymorp Quantum confinement

. Enables latent interactions |
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Why creating new quantum materials is hard ?

Growth of complex materials is still poorly understood on
the atomic level = The existing knowledge is largely
phenomenological, often intuition based.

Modern day quantum alchemy’.

For complex matter atomic theory of nucleation and growth
does not exist and unlikely (?) feasible in the near future.

Corollary = Every non-trivial new quantum material (bulk
and film) often requires months or years of “alchemy” work.
This work more often than not is based on experience and
luck.
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Designer's toolkit

for making
synthetic quantum materials



Epitaxial Stabilization 101
or

Why do films grow far away
outside of their thermodynamic

stability range ?

Jak Chakhalian, Rutgers



Nucleation and initial growth

Direct capture
from the vapor

R(cm™2s™") _ POIIIIIID

' Re-evaporation

1 Metastable Critical size  3-D
Thermal cluster cluster 7

accommodation o =

Surface diffusion
Nucleation

“BCRCDCRCRDCRD DR B A A A

this is our goal 3333333333

A A A A A A A A A A A A A

layer-by-layer growth

Growth

Jak Chakhalian, Rutgers 1 6
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How crystals grow and why films are not thin bulk crystals

Surface energy

(+)

r>r*: Stable nuclei
r<r*: Unstable embryos

Free energy
o

)

\
\
\
\
\
\
!

Volume free energy
4/31!!'3 AGV

Cluster radius, r

Total free energy

Formation of a solid spherical crystal inside homogeneous liquid:

Gibbs energy — AG = 47‘[1’2)/ + 47‘[1’3AGV/3 (1)

surface >0 free energy per volume <0

dAG)dr=0 —> 1" =-=2y/AGvy

In modern literature the critical size r* is represented as /* in units of atoms

For the critical radius, the critical energy barrier to the new phase:
k 3 2
AG™ = 16)/7'[ /3(AGv)

X y/AGy and AG*xy*/(AG)?
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For practical purpose we better use the equation from the 1st and 2d laws of thermodynamics :

T 2QV/KTn(Z) Here L= P/Pvp or ¢ :]/va and is known as supersaturation

From the kinetic equation we can get flux: J(cm_2 s_l) — 3.513x10%? P/(m T)l/2

Example of Au growth on NaCl (100) surface
Jis about 1 x 10" cm ?s™' (~ 0.01 ML/s) and m,, = 196.97 amu Ts = 300 K

which corresponds to the deposition pressure Py, ~ 7 X 10™° torr.

The extrapolated vapor pressure P,, of Au at 300 K is ~ 10~30 Torr

Thus, C in this hypothetical experiment is ~ 7 x 10°°

together with Q,, = 12.51 A °> with Au = 12.51 A *° and the energy cost for surface yyic) =
0.014 eV/A ° * with y,, = 0.088 eV/A ° % into Eq. (2)

yields r* = 1.37 A ° which corresponds approximately to i* = 1
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A paradox of thin film growth or why films are not crystals

Consider EuNiO3 perovskite

Bulk EUNiIO3 synthesis requires
T>1400 oC and P>100 Bar (<50 micron in size)

But we grow EuNiOs3 thin films at T=600-700 °C and
P=1.3*10-4 Bar (5 mm x 5 mm in size) !!?

Q: How is it possible at all ?



Growth of single-phase films can occur under
thermodynamic conditions (Po2 - T) where a
compound as
a bulk material is thermodynamically unstable

Phase composition of thin films is
the same as predicted by bulk phase diagrams.

RNiO3 < R203 + NiO
or more generally
ABOyx < AO + BOx.1+ O2

If interface is coherent = a dramatic decrease in contribution to the free energy from the
film/substrate interface.

AE™ — AE° = h[Agl — Agy — ——¢®+ [0%° — 0] | Ag < Ag

< >( 0l << olf

ES /epitaxial stabilization/ is an extension of the P - T - x space of the thermodynamically stable
epitaxial phase with respect to the bulk phase or the phase which is free from the interface

Gorbenko et al, Chem. Mat. 2002, 14, 4026 and A. Kaul et al, Rus. Chem. Rev. 73 (9) 861 (2004); Novoijilov et al, APL, 76, 2041, 2000
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Question: Why do the films grow outside of phase diagram conditions ?

Answer: Because of epitaxial stabilization
meaning
If 2 or more chemical phases compete during the nucleation
the phase with lattice most coherent to substrate wins.

Films, unlike crystals, are metastable phases.

A recommended review:
Gorbenko et al, Chem. Mat. 2002, 14, 4026
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Preparation of atomically flat surfaces

SrTiO, substrate Superlattice

SrTiO; substrate

: 5.00 5.0 nm
AFM image

(SrTiO3),o/(LaTiO5);

2.5 nm

0.0 nm

7.00 "].('.C“
on Section Analysis

0.39 nm in height

* ";*\_“L—J\*Lh_wv

' ' ' '
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»m
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Growth by Pulsed laser deposition (PLD) or Laser MBE

Q: How do we know how
atomic layers we grow ?

A: In-situ “eyes’ for thickness and
symmetry
RHEED = Reflected High

Energy Electron Diffraction

movie courtesy of D. Blanck, U. Of Twente
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Laser MBE deposition sequence (not a simulation!)

After a series of laser pulses
an AFM scan is performed

Movie courtesy of University of Twente, D. Blank group
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vVwhat Is
strain ?

and how to use It



Strain defined

lattice mismatch € = (afim - @sub) / @sub

When two dissimilar materials are clamped across interfaces
compressive strain €<0

E D>
? . !
T

* /YN
Pa

Negative pressure

symmetry mismatch

orthorhombic (Pbmn)
aact

rhombohedral (

aaa

R3¢)

Jak Chakhalian, Rutgers 26
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Strain in complex oxide materials
@ altered covalency and hopping
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Geometric lattice engineering /GLE/

Geometrical lattice engineering of complex oxide heterostructures: a
designer approach to emergent quantum states

Xiaoran Liu, S. Middey, Yanwei Cao, and M. Kareev, Department of Physics, University of Arkansas, Fayetteville, Arkansas 72701, USA
J. Chakhalian, Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08854, USA

MRS Communications (2016)

(111) stacking

\\ A\
(111) plane (111) stacking (111) superlattice
(001) plane

(001) stacking  (001) superlattice

N\

~—

‘Conventional’ (001) stacking




New Phases by Geometric Lattice Engineering """ &2

3D pyrochlore lattice A2B207

2 unit cells of perovskite A=03 Monolayer of a Kitaev magnet

B

= y

e

<111>

Theory:
S. Okomoto, Phys. Rev. Lett. 110, 066403
Di Xiao et al, Nat. Comm. 2011

Experiments:
Xioran Liu, JC, MRS Communications 6, 133—-144 (2016)

Xiaoran Liu, JC, et al, Nano Lett. 2019, 19, 12, 8381-8387
Xiaoran Liu, JC et al, Nano Lett. 2021, 21, 2010-2017
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High symmetry directions like [111] are often polar

Polar Mismatch
or
avoided ‘polar catastrophe’
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Polar mismatch and avoided catastrophe problem from the polar interface

Physics 4, 106 (2011)

AZ

@ Sr
e Ti
0O
@ La
o Al

Potential developed across a unit cell of perovskite
structure:

ABOs3 which is ../A3*02-/B3+02/A3+Q%/B3+0OZ/..

the answer is few 10 of eV per u.c.!
Recall gap in insulators is about 1-5 eV.

Theoretically: Conduction band will “run” into valence
band resulting in rapid metallization of thin films

Experiment suggests much more complex picture
JC et al, Scientific Report, 4:6819 (2015)
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Polar mismatch can be avoided by substrate choicé

Initial growth of a correlated oxide metal LaNiOs3

on polar (111) surface on non-polar (111) surface

3+ 3+

3- 3-

3+ 3+

[111]

3- 3-

4+ T 3+

substrate { 4 5
_ Polarity issue

SrTiO3 LaAlO3

polar jump no polar jump
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Substrate
T 1)

©

Middey et. al., Scientific Reports 4, 6819 (2014)
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Chemistry and structure of Honeycomb NdNiO3

[111]
STEM imaging l/ e
o ' Nd

&N

Middey et. al., Phys. Rev. Lett. 116, 056801 (2016)




Jak Chakhalian, Rutgers

Two Examples

1. Spin and Orbit 2D electron gas
2.Quantum gapless spin liquid
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Examples
Orbital and spin polarized

synthetic 2D metal



Constituent layers - bulk RETiO3 phase diagram

37
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Zhou & Goodenough JPCM 17, 7395 (2005)
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distortion Jak Chakhalian, Rutgers



Designer tri-color superlattice with controlled interactions o

Mott
d' insulator "‘ %, YTiO3(YTO) 2
o') 5> interface A
-
- do Band Y :
=5 AN Sl SI’TiO3 STO
o Insulator ",“ '_:. (STO) 5
(@)
> interface :
[ o~ ’
d1 Mott :
insulator plio LaTiOs(LTO) :
@

N e

M. Kareev. et al. APL 103. 231605 (2013) Jak Chakhalian, Rutgers
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Interfacial charge and “spin” transfer

Yanwei Cao et al, PRL 116, 076802 (2016)
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Charges across the interfaces 40

Collaboration with Lin Gu

E T ' ' bE M | | | e and Jiandong Guo, IOP China
: ; ; | superlattice i
: 1_8__//\/\_18 bulk |

3717 : \ - :
. E i—/\/- \\...,,,,....g]g | 1 localized non-

2 E/\f\ i o | mobile magnetic
e AT N 13 - <:7 electrons
. £k N ]

2 5 10 ST ]

o 1.2 9|

o 3.8 — 8

» :__/ \Naif 7| ] < .

o ER X i mobile electrons
X i M " 2D electron gas
% g 3 \ gg "

: ;_/\/\/J\,1 _ _
.. ; Titte ; — —
.: —EI | \Ti4+| | |§ [ ! | ! | ! | ! | ! -

X 450 455 460 465 470 00 02 04 06 08 1.0

" Loss Energy (eV) Tid+/(Ti3+-+Ti+)

Jak Chakhalian, Rutgers



Tid+/(Ti+4Ti+)
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0.3F
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Interfacial charge and “spin” transfer 1
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Jak Chakhalian, Rutgers



Orbitally selective Kondo effect e

Confined 2D e- very mobile in dxy band

Bulk crystal Interface crystal
field—cubic field—tetragonal
e PR /
9 P I d3z2_,2

- ﬁ

/ — \

' — e
Tidd ¢

, 1D e- slow but propagate deep; dy; band

The spatial separation of dxy and dxz/dyz is the combined effect of electrostatic energy and crystal field splitting.

Coey, Ariando, and Pickett, MRS Bulletin 2013 Jak Chakhalian, Rutgers



)

orbitally selective interactions: 2DEG + magnetic e- ] s
: 0.3 ] i
. : 5 1% 8
3YTiO3 n SrTiOs 3LaTiO; 3 - g
(@] . - ~
localized spins itinerant electrons |’ 15:;,
“Kondo lattice” 2DEL | o] s ~0
: 0 1 2 3
: SrTiO; thickness (unit cells)
heavy .
1D chains ] 04 50 o4
“spin” transfer light 2D dyy charge transfer
L X
=0 : N¢ (i)/nSTO E i=n -<;.4 00 o.V4_ |
: ; k<o10> (A7)

. Chang et al., PRL 111, 126401 (2013)
Jak Chakhalian, Rutgers T. C. R'odel et al, arxiv 1705.10755v1



FM interaction between localized and itinerant electrons

Electrons from 1D “chains’” interact F\Vl with YTiO3 electrons

1D chains
itinerant e-

dxz/ dyz

localized e- near
YTO interface

exchange

44

Jak Chakhalian, Rutgers



Fractionalized
fermions, topological
order and all that



WHY QUANTUM SPIN LIQUIDS (QSL) ARE 46

INTERESTING ?

1. Most QSLs are flat band systems, if doped
may result in hight (room ?) Tc SC.

2. for D>1 fractional excitations interact with each
other through emerging gauge fields, giving
rise to string- and loop-like nhon-local
excitations.

3. QSLs sustain a new type of non-local order,
called “topological order” without Landau
broken symmetry.



ARE THERE REAL QSL MATERIALS ?

o
()
©e
)
@ s
_ Herbertsmithite
3He on graphite
surface P - NazlrOs,
| V (aIBIX)-
|_i2|I’O3 ‘
O(-RUC|3
. . xt4e
Kitaev materials organics

/ Figure from L. Balents presentation /

For D>1 crystals ALL real compounds order magnetically
(‘proximal’ QSL) or defective or not verified below 1.5K

47



DESIGNER EXTREMELY FRUSTRATED  “¢
MAGNETS: A WAY TO LIQUIFY ORDERED SPINS

We start from a normal spinel oxide AB204, e.9.CoCr204

A sublattice B sublattice

Spinel Diamond Pyrochlore

Claudine Lacroix Philippe Mendels Frederic Mila, Introduction to Frustrated Magnetism, Springer (164)



DESIGNER FRUSTRATED MAGNETS

Lattice viewed
along 111

triangular B

triangular A

Kagomi B

o3a

Xiaoran Liu et al, Appl. Phys. Lett. 106, 071603 (2015)
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NEW SYNTHETIC QUANTUM STRUCTURE /CCO111/

B
Triangle Co Kagome Cr Triangle Cr
plane (T) plane (K) plane (T")
[ o
c Co sublattice Crsublattic
_ T '.:"" o‘..‘:.'\o [111] T—CCO . g:é
unit cell o T’ O.Q. ' O D—Cr T [1-10] Kﬁ:é
1QL=TT'TK T T s ° %00
@ wf' - '.J AlO spacer / [0001] c. 2
=4.9A - | : | '
— KO%d ? %.‘30 nu.c.CCO [1-100] seg s
AlO spacer 0% .0
.. ‘ o) ‘ .. AlO °o oo

TEM work by Lin Gu (IOP,CAS)




PERFECT CHEMICAL QUALITY OF CCO111

A

Co XAS (a.u.)
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MAGNETIC PROPERTIES OF CCO111

Spin polarized neutron

X-ray magnetic diachroism Co and Cr L edge .
reflectivity

XRMS (a.u.)

XRMS (a.u.)

O— Co
= Cr
4QL
Tc=62K
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1 1 1
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10L
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TORQUE MAGNETOMETRY

1QL
a L 30mK .,
== (.03 .
1.4 — 0.3 ‘
m—— ().6
- m—().9 -
> 10 1.4 =
L Torquet 2 L == Sybstrate
ql')' — ;5 ; m—= Sybstrate + Film
S 06 =SB
s V—2s5 2
0.2 T = Ay(uoH)?
|
0 20 40 60 80 )
2 2
(HOH) (T2 toH (T)

/Collaboration with Lu Li, Michigan U/

CCO111 - No long-range spin order down to 30 mK and 8T (!)

53



WHAT KIND OF QSL ?

2_ _ .
4QL / n_oye! Yafet-Kittel / 1QL = QSL
* sbulk /spiral/ |
7006" 1 o !
PM @NaalrsOg E
600f Coo .
v
o B i ‘® ‘
@ i ZnCus(OH)Cl
g_ EtMGSSb[Pd(det)?]z @ -
& -
. (@)
asL? : k-Hs(Cat-EDT-TTF); 1
$ oo ~ - —
100 1000

Frustration, f

Frustration factor f = Ocw/Tc around - 100-1000
best candidates for QSL



QSL ARISES FROM INTERACTIONS DUE TO INTERFACE! 2

(0001) AlO3
Wide band gap .

' Q’\/
Without Jnnn gi}:lnc Cr—Cr

Ny
%
the system is 2D (‘Q

,"“ii ‘! dagome
______ - plane

<111>

gqome

1QL

(0001) Al203

Interface ‘kills’ Z’;ﬁc,, term and amplifies frustration



IDEAS and CHALLENGES 56

more in Chapter 9 in the lecture notes

1. If you replace a nano-seconds UV laser with a femtoseconds one, what synthesis
regime can we reach? The intrigue here is in the femtosecond regime. There is no time
for heat dissipation as phonons are too slow / pico-seconds timescale /.

2. What happens if you combine different topological classes and antagonistic orders
e.g. Dirac electrons with Cooper pairs or Cooper pairs and magnetic monopoles of a spin-
ice?

3. Can you think of a design approach for structures that can ‘zoom in’ on a specific term
of a Hamiltonian?

4. Can you create structures holding quantum chaos?
5. What about structures that reach quantum hydrodynamics?

7. What designer structures can directly reveal the entanglement of fermions ?
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Q: Is there unseen universe hidden in the interface ?

A: “ There is no question there is an unseen universe.
The question is: how far is it from midtown, and how late is it open ?”
Woody Allen



