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I - sites

1
H=— Z L Cipe 5 Z UlqudC;GC;G/CibaCida’ abcd - orbital index
ijc ab ioco’abcd O, o - SpinS
Orbital ordering
KCuF3
Cu2t (3d°)

KCuF3: AFM S=1/2 chains!

K. Kugel, D. Khomskii, JETP 37, 725 (1973)

A. Liechtenstein et al, PRB 52, 5467 (1995)
1. Leonov et al., PRL 101, 096405 (2008)
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ijc ab

“Mott materials”

Mott insulators,
Hund’s metals, ...

Cluster Mott
magnets

iooc’'abcd

S

Impurity center: a single 1on

Degrees of freedom: « charge
* sSpin
* orbital

+ site

Impurity center: a cluster of 10ns

abcd - {orbitals, sites} index

[ - sites
abcd - orbital index
0,0 - spins
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Typical geometries of cluster max
(on examples of MeLs octahedra

7) Geometry - Y o

h
Electrons are localized at sites
Common
corner No cluster magnets with this geometry
d = xz/yz
Common
edge
d=e,™
Common
face
d - + Typically there are two types of orbitals:
c = f— molecular orbitals and site-localized
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NaTiSi2O¢ Ti3* (3d!, S=1/2)

chain Streltsov et al.,
S PRL 96, 249701 (2006)
E | 7
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Yy JESS 11, 1423 (2002) -
00 100260300460560560?60
T(K)
. Valence bond solid: Valence bond liquid:
Li2RuO3 Ru4 (§=1) q

T <540 K T>540 K

0.001

&
£

5SS

Dimers flow
over the lattice

_ s

0.0005k

Kimber et al.,
PRB 89, 081408
(2014)

X (emu/mol)
50 SI\J
(wo-gy) d
N
&
%j
»
GRS 858aa 5680
alalalaleleisfabs ol
& =B
— = < i
T e e
SO 550 SO Ses
2
Q

307
PR A A 80"
N 656
0 200 400 60 ° . il ,
T (K)

19 20 zh S0 =5 &N
&)



Linear trimers: e.g. BasNb(Rh,Ir);01>  [r3.66+/Rh3.66+ 153
ionic — 2 A8up/f.u.
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0.2 Ba4Nb|r3012 3} Ba4Nth3012. J
< H=0T = x /
g 4+ g 01l ‘Tf Eoz
g <2 [e) 2 'Qn.
S [© ¢ =30m/molk S -
~— 00
G2F 9% R 2 i “amik T @ j"/. .
T(K) o "
F (d)
(b) J
o “ : - o 0 2 4 6 8 10
T (K) T (K)
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Spin liquid?

Nguyen, Cava, PRM 3, 014412 (2019)



Triangles: LiV(0,S,Se)2, L1Zn2Mo30sg, Nb3Clsg

LiV(S,0,Se)>

V2+(3d2) or 6 electrons per V3

MI/H (10‘6 emu/mol)

800 H
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nonbonding
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Temperature
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—
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)
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metal

Vd-Xp transfer

Pen et al.,
PRL 78, 1323 (1997)

Katayama et al.,
PRL 103, 146405 (2009)

Kojima et al.,
PRB 100, 235120 (2019)



Tetramers: GaVsSg

v Ruffetal., Sci. Adv.
1,e1500916 (2015)
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Nikolaev, Solovyev PRB 99, 100401 (2019)




Spinel AIV,0, Mechanism:

Peierls-like transition

1.1 V (rheV) 340 '

. 320
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Y. Horibe et al A. Uehara, H. Shinaoka, and Y. Motome,
Phys. Rev. Lett. 96, 86406 (2006). Phys. Rev. B 92, 195150 (2015).

Orbitals reduce dimensionality: 3D — 0D



Culr:Sq: spinel Nominally: Ir3-5F (t25-5)

T<230 K:

1) charge ordering
Ir3* (t2e®) and Ir#* (t2g°)
2) tetragonal elongation
c/a>1
3) dimerization
[r4 — Ir** dimers

Radaelli et al., Nature 416, 155 (2002)

What is the reason for such complex distortions?



echanism

1. There are structural clusters
(dimers, trimers, ...)

2. Charge density wave instabilities /
Peierls transitions

3. Orbitally induced distortions /
Peierls transitions




Peierls transition: 1D chain

doubling of the u.c.!
Half-filling
(1 electron/site) ’_’_H > <P---0<D
—p . >
a a
E(k)
: : >
I T
a a
Instability at |q| = 2kr Gain in kinetic energy: ~ —|A[*In|A]
™ s |
Half-filling (1 electron/site): [kr| =5, lg| = p Loss in elastic energy: ~ |A|

Lattice deformations are possible for other fillings!



Peierls transition: 1D chain

Instability at |Q| = 2KkF 2 | T | | l T I
quarter-filling (1/2 electron/site): 10 |
kp| = L q| = L 5 S

FIZ e 17 9,

E(k)
"""""""""" K
T
4a 4a
quadrupling of the u.c.!
—_— — — *--9--9--0><P
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a a 17



magnets:
Peierls transit

Spinels: AB>Oy4

Assumption:

the most important is a
direct overlap between
d-orbitals
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Natural formation of 1D bands due to orbitals...
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Culr:S4: spinel

3+

3+

4+

xy-band ;
=~ 7X,yz-bands da
4+
Y 3
\ / 7 X / 4+
3+
tetragonal xy-band shortest <,
elongation 1s 3/4 filled bonds “intermediate”
@ (dimers) bonds
Tetramerization? Khomskii & Mizokawa, PRL 94, 156402 (2005)

Orbitals reduce dimensionality: 3D — 0D 19



MgTi204: spinel

T<260 K:

Superstructure

X

X

Schmidt et al.,
PRL 92, 56402 (2004)
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y \
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Khomskii & Mizokawa, PRL 94, 156402 (2005)

yz

Orbitals reduce dimensionality: 3D — 1D 20



ster Mott

1. Formation of molecular orbitals

2. Orbital-selective behaviour

susceptibility (arb.
s 9o 9

3. (Cluster) spin-state transitions ﬁ ﬁ —> ﬁ =
: 3 : e
4. Suppression of a long-range o A
magnetic order Eoom

5. [oV)



An isolated dimer
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AFM Bonner-Fisher
chain (insulator)
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Dynamical Mean Field Theory (DMFT)
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different orbit

e e et

Isolated dimer
(e.g. 1.5 elsite)

B—3 d _I_ —_—
c — ; —
5 ‘l -tc
“Double exchange” “Molecular-Orbital state”
Sed2 — Swr=1/2
Competition
3d transition metal 4d-5d tran_sition
oxides J}@ metal oxides
= Jg
EDE = —tc — JH EMO = —2t. —tg — ?

The double exchange (maximum Si.t) State can be suppressed! 24



different orbit

Exact diag. (T=0) for a dimer

/—\
d___J \_ Dimer: 2 orbitals/site;
Cc - ' .
o 1.5 electrons/site
\
-t
¢ Model: H = Hy + Hy
| ' | ' | ' | ! | ! |
, : H() = tccTcl + tddel + H.c.
05 | 2 2
: 'Max- S DE state, S, =3/2 - Hy — 1 Z Umm’nq nTo, 4+
0,5 . U — 2 Jjm'Yim/’
o a4 4 _ j
o:I 0,45 LA ¢ | mm'o 1
g 1 + 5 > (U = NG ng
g ¢ j
o [ i {(mm')o
0,351 MO state = . .
0 S =112 i —¢ | Transition from molecular-orbital to
1 = 2 ] .
[ "4t | double exchange regime
| : | : | : | : | : | . . .
0T 6 &, © 2 is discontinues 25



] Technical details:
Double exchange * HF-QMC, 7= 1100 K
S 2 bands; 1.5 electrons/site;
E £ * Realistic values for 4d/5d TMO
_t ta=0.1eV, t.=0.6eV, U=5eV, t'=0.5t4

sqri(<S,>)

\ Molecular-orbital/Double exchange

. T transition: smooth crossover
Molecular-orbital o+ o5 o6 o7 o8 o0s 1

J
1.~
5 ‘e
* >
..o .‘_
— .
o.‘

H c
|

HH Streltsov & Khomskii PNAS 113, 10491 (2016) 26
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Uniform magn. susceptibility (arb. units)

c and d orbitals “work™ at different T
Orbital-selective behaviour!

Dimerized chain:

= I e T e T e O s e O e N e B
- - v —5

Temperature (K)

Magnetic field u B, (eV)

Streltsov and Khomskii, Physics-Uspekhi 60, 1121 (2017).
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c and d orbitals “work’ at different B
Orbital-selective behaviour!



Suppression of a long-range magnetic order
in the transition region!

Harland, Poteryaev, Streltsov, Lichtenstein, PRB 99, 045115 (2019) 28



1. Orbital selective behaviour
in YSMOZO 0

2. “Mo30s” cluster magnets:
quantum spin liquids, quantum
paramagnets, 1200 AFM,
ferromagnets, diamagnets
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Suppression of magnetic moments in Y_Mo,O_,

Mo?5+: 415

Crystal structure: dimerized chains
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- \ Why so small ?

& \
5 \\_‘ JSSC 60. 332 (1985)
¢y e ’ ax ’ 30

K

S=1/2 per dimer
tiegs = 1731 /dimer

BazYRu;09, CdV3,0s,
MoO», NboO:F3 30

Other examples:
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General formula: [AxBy]5*Mo030s [Mo3]!1+ — d7

LiZn2Mo3Os, Lix(Sc,In)MosOs, NbsCls

Main structural Trimers form
unit: Mos trimer 2D triangular lattice

——— antibonding 26*‘A A

(o) 32A (o) @S= 1/2.
nonbonding

bonding

Triangular lattice (highly frustrated!) of triangles
with a single electron per triangle 31



nature

) LETTERS
materials

PUBLISHED ONLINE: 6 MAY 2012 | DOI:10.1038/NMAT3329 §& h

Possible valence-bond condensation in the
frustrated cluster magnet LiZn,Mo505

J. P. Sheckelton, J. R. Neilson, D. G. Soltan and T. M. McQueen*

So large
exchange coupling?

° E " 050k

,T“_'i RIn(2) éj S - 1/2

5 o 2

1/3RIn(2) =
2/3 of magnetic moments | ¥ | Why it does not
disappears? order?
o als Possible $$§§f A LA
Mourigal et al., PRL 112, 027202 (2014) model AL K »




id in Liln;x

7 AP -
Haraguchi et al., lida et al., Akbari-Sharbaf e
PRB 92, 011409 (2015) Sci. Rep. 9, 1826 (2019) PRL 120, 227201 (201

—x=0

7 —
— 6 R
Li2|nM0308 lueff_ 161//!B % 5 g == Fit
(Mn=12K) g =112K 2 > 2o
1 P
0 ° (.) 5.0 1(.)0 1éO 2(;0 2&0 3(.)0
Temperature (K)
6 4 T T
ﬂng — 1.65/13 _ 5 912 LisIni—xScxMo3Og A
Li2ScMo30s _  ° 7
Opy=— 127K ¢ :
QSL 3, :
JA=67K < 1 ,G_E)
0

o N S (o)) (o]

0 02040608 1 1214

0 0.2 0.4 0.6 0.8 1

Q (A1) Sc concentration (x)

Li2ScMo30s (or Li2lno.4Sco.sMo030s) show a spin-liquid behaviour! -
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H=10T
0., = 18.5K
Mo =1.28 p

200 300
T (K)

100

What? Ferromagnetic insulating oxide?

Q. Chen et al., private communication

MgScMo30s also shows FM behavior at HT...



[N b3]8+ ) d7 1.0 X A NbgClg _
:2;, - Curie-Weiss (6= -13.1(3) K)
& —tnangularl attice (J/kg = 9.05(2) K)
£
N%‘ 0.5

g -
Nb 0.00 100 200 300
T (K)
Haraguchi et al., Sheckelton et al., Inorg. Chem.
Inorg. Chem. 56, 3483 (2017) Front. 4, 481 (2017)

high-tcmia:fimase 1ow-:empiuc Tc : 4
< - ] Sl ‘s
Nbl
“ar h1 > **?af* ‘ ‘ ‘

Lb!’”!’

e " g 21D chains or singlets
Nb:Clg
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LiZn>Mo30s Valence bond condensation T*=96 K

Li2lnMo30Os 1200 AFM Tn=12 K
Li2ScMo30s Quantum spin liquid? T*~40 K
ZnScMo30s Ferromagnet Tc=6 K
NbsCls Diamagnetic To=100 K

T* - temperature of 2/3 spins “freezing”
To - temperature of transition to diamagnetic state

36



odel trea

T - trimers .
b Filling: 1 electrons per Mo3

\)_’“ Model: 1/6-filled extended Hubbard model
on Kagome lattice

#= ) tcics+H.c.)+Vn,n

V --V v <mml> e 9

PN PR 5N + Z t( fo co+H.c. )+V’n n +U2n,11nnll

tv ----- v 0 iy €7

Filling 1/6 => U 1s NOT operative

Chen, Kee, Kim, PRL 113, 197202 (2014)
Chen, Kee, Kim, PRB 93, 245134 (2016)

Chen, Lee, PRB 97, 035124 (2018)

Electrons can be localized by
intersite Coulomb interaction (V;}")
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Mrimer
rimers A
\/

A

F;1V’: Massive ground state degeneracy, which covering is better?

Quantum dimer model Chen, Kee, Kim, PRB 93, 245134 (2016)
Hopym = —tT +vV 1V <1, 11Vl t~t

@C@ @ Ground state:

Moessner et al., PRB 64, 144416 (2001)



2/3 of spins

EE—

A 1 /) A\
\/ =_< Y [B)
KON 7 XAK + XEX

|
W), =] | —=[l0g)a + 1Og)s]

R V2
@ A g (b)1q6 @, N g
Feature of plaquette R RN, AR . Chen, Kee, Kim,
charge order state 2 A$/\5 2R A RS 2 AA P PRB 93, 245134
RodR Rl AR o
2/3 spins

Nikolaev, Solovyeyv,
Streltsov
arXiv:2001.0747

form S=0"
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Hubbard model
12 sites, 1 electron/site,

Breathing Kagome lattice ~ 006
. . s

by exact diagonalization -

Nikolaev, Solovyev, Streltsov 0.02

arXiv:2001.0747

Experiment:
LiZn:Mo030s

%~ (10-3 mol fu Oe em.u.™)

0.08 -

CL:CH/3

N
T

—
T

0.01 0.02 0.03 0.04

! ! !
0 100 200 300

400

0.05
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e
=3

Energy (eV)

o
=)

40

LizInMO308

s
——— —
f %\0.0 .................................. %o.o- ‘/ .......... \ ......... /
2 Tl ——— == ~———— [
2 e~ | o — — |
e —— ;:’_m_\% ~ 2. n [
= — |
== ==
—~ — 40 T = 40
r K M r A H L A r K M r A H L A r K M r A H L A
Hoppings: Wannier90
antibonding DFT results UV, V. cRPA
U t | 72 I A VAR N7 VA VA A A V8 I
nonbonding LiZnoMozOs| 2.0{—0.134 0.8 | 0.113 0.6 | 0.22 0.14|0.026
L1Zn>Mo30s Theory: 7*=92 K  Experiment: 7*=96 K
LiSc2Mo030g | Perturbation theory #/1°?

)

LiInoMo030sg t > t' Electrons localized on trimers?
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* Li2InMo30s strong AFM coupling
(JA = 110K) results in 1200 AFM;

» Li2ScMo30s: exchange coupling is
suppressed and quantum fluctuations
may result in QSL formation;

 This explains how ZnScMo30s may
appear to be FM;

ular

eisenber
lattice

3 orbital Hubbard
model on triangular ——— model on triangular
lattice

8t/2

e
P 4

~ary

Heisenberg

4¢'%

lattice

8t12

+
3(U+2V+3|A|=2V)

0.25
0.20
0.15

(eV)

~ 0.10
0.05

-0.1

-0.2

A -0.3
t(eV)

-0.4

‘]A__ +
32V+3|A|=-2V) 3(U+2V-=-2V)

, Where A = 3¢

Ja (€V)

-0.5

0.025
0.020
0.015
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0.005
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 Cluster Mott magnets often can be
spontaneously formed by (orbitally) induced
Peierls transitions;

% (103 mol fu Oe em.u. ™

N
T

 Physical properties of cluster Mott magnets
can be very different from their conventional
counters;

o
o
<

0.06 -

 There are typically two types of orbitals:
molecular and site-localized. These orbitals
can behave very differently: Orbital-selective
behaviour;

sceptibility (arb. units)
° °

GO Total
* - ¢ orbital 7

= €1d orbital g

" L "
10000 12000
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