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Sr-RuQy: an electronic analogue of SHe?

© T M Ricetf] and M Sigrist§
J. Phys.: Condens. Matter 7, L643-L648 (1995)

4
| Solid (bcce)

SEE 3He
g/ 2., Superfluid
o 21 % -Er@ A phase
jo=] L 'a,
% |- § m Normal liquid
a5

0 T T T 4_—1/ T Gals

0.0001 0.001 0.01 0.1 1 10 100
Temperature (K)

Answer for Sr,RuO,: no!

Is there an electronic analogue of 3He?

Pustogow Spectroscopy Lab
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- Spin-triplet superconductlwty
- in Sr,Ru0, identified by
- 170 Knight shift

K. Ishida*, H. Mukuda*, Y. Kitaoka*, K. Asayama*,
Z.Q. Mam‘i Y. Morit &Y Maenm‘i

2019

experimental
data wrong!!

2021

NMR Knight shift

PNAS 118, 2025313118 (2021)

specific heat C/T

1 0 1 E T T
c_é! quasiparticles and
5 SC condensate quasiparticles
s -
S T=0 T=0
0 | 0 |
0.0 0.5 1.0 0.0 0.5 1.0
BB, BIB

Andrej Pustogow

Even Parity Superconductivity

Pustogow et al., Nature 574, 72—75 (2019)

magnetization of
- SC condensate -
(Cooper pairs)

B T —— Y

0.0

0.5
BB,

trlplet
(d|| c)

o @ @

1.0
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Unconventional _ _
Superconductivity Part 2: A frustrated Mott insulator under strain

/ The true electronic analogue of 3He

Magnetic

Or Electron Pt INIIOtt ot
Systems etal- n_sy ator
Transition

el @ @0 @
@0 @
'YX

1 ‘ ‘ o 2024-08-23 Andrej Pustogow 29
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Liquid-Gas Transition

* no symmetry breaking

e first-order transition

well-known example: H,O
below critical point

* Widom line in
supercritical region

A

)

= Widom

© line

)

Q

; Gas

= Supercritical
region

Critical

Pustogow Spectroscopy Lab Pressure
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Clausius-Clapeyron

dT AV
dp AS

* 3He nucleus has S =% (fermion)

* nuclear spins in solid 3He have
larger entropy than liquid phase

Pustogow Spectroscopy Lab

1 0 g \) 2024-08-23

Quantum Phase Transitions

Pomeranchuk effect in 3He
solid melts upon cooling

/

\_/

Superfluid
A phase

—

Solid (bce)

Normal liquid

—_

aseyd g
pmpjiadng

Gas

1 10

Temperature (K)

0.1
Temperature

0.01

0.001

on (@ —
(dIN) 2Inssarg

Andrej Pustogow

0
0.0001

Liquid-Gas Transition
no symmetry breaking

first-order transition
below critical point

gradual crossover in
supercritical region

4

Widom
line
Gas
Supercritical
region
Critical g

Pressure
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Mott insulator
charge solid (insulator) melts into
charge liquid (metal) upon cooling

160 |- .
L & ]
AA PR ¢
120 4,44 |© |
g | €& | o
~ 80  Mott 1
| insulator 0% | @\\
%
40 | 0 17,44
v metal QQ‘
S T e B

superconductor
= charged superfluid

Pustogow et al., Nat. Commun. 12, 1571 (2021)
Nat. Commun. 14, 1960 (2023)

Pustogow Spectroscopy Lab
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p (kbar)

Electronic Analogue of 3He

Pomeranchuk effect in 3He

solid melts upon cooling

A=
&)
Hen)
:'9 \
=
2y 2 [ —
sl =2 3 |7
g2 2= &
= < £
E VvV o Z. _5
_ =S
<
aseyd g S
pmpjiadng
=
I I 1 o
< n o — og
(dIN) 2Inssarg

Andrej Pustogow

Temperature (K)

Liquid-Gas Transition
no symmetry breaking

first-order transition
below critical point

gradual crossover in
supercritical region

A

o :

= Widom

© line

)

2l Gas

5

= Supercritical
region

Critical

Pressure
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WiEN Mott Metal-Insulator Transition

Hubbard Model H = z (c] c ot H.c.)+ Uz NNy,

<ij>0o

e periodic arrangement
e 1 particle per site

on-site Coulomb repulsion

% - filled band
1 electron per site

(009 @®
‘e@O @

Pustogow Spectroscopy Lab O O O O
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Hubbard Model H=-t¢ z (ci*acja +H.c)+ Uz"”n”
<ij>o i
w(r)

’ Mott Insulator

* electrons localized

* no current can flow

metal-
insulator
transition

Metal

* |arge wave function overlap

r U<t

Ri R»

e delocalized, mobile electrons

Pustogow Spectroscopy Lab
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awmpm | TECHNISCHE )
% WIEN Mott Insulator - Magnetism

Mott-Heisenberg insulator

Magnetic Order

o metal

3

o XYy

S Xy

& ey

|_

Fermi liquid Y - filled band
Pressure 1 electron per site

XXX
@O @

Pustogow Spectroscopy Lab O O O c
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Hansmann et al., Phys. Status Solidi B 250, 1251-1264 (2013)
pressure ———

500 I 1 I I 1 I I I I I I
1 —
1 o b
. . ! "r'h_ 5 4
Maaretic Order Mott-Heisenberg insulator aopf e i V05 '-.g .
I ' &
g paramagnetic : z&;"‘
: o s ¥
v insulator (PI) : i
) metal = 300F 1 paramagnetic
5 g ' metal (PM)
= ™
g 'YX X | S 200 R -
o £
E O O O O IE antiferromagnetic
) O O O O 100 insulat_or
= -
monaclinic
Fermi liquid sirueture
P 0.04 0.02 0 0.02 0.04 0.06
ressure Cr doping Ti
300
T.
" Cu[N(CN),]Br
T trange metal
- S . C“[N(C":’?]C' i & CuNCS),
s High-T_ Cuprates ; -
2 Keimer et al., Nature 518, 179 (2015) 100 - o
k3 Paramagnetlc |
tz < Mott insulator  Critical endpomt
] o — £ | i Paramagnelic Organic
© ! ! metal Cond
U g 10 | . onductors
g Antlferro— "
Hole doping, p = magnetic Unconventional
insulator sluperlconductivit{
Pustogow Spectroscopy Lab ' L

1 |
Pressure ———»
1 ‘ ‘ Q 2024-08-23 And rej Pustogow Kagawa et al., Nature 436, 534 (2005)
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frustration in real life geometrical frustration in physics

8

: - e suppression of magnetic order
(picture from Simone Fratini’s talk at ECRYS 2014) e quantum spin liquid

» exotic excitations (spinons)

Pustogow Spectroscopy Lab

1 c O 0 2024-08-23 Andrej Pustogow
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suppression of
long-range order

Balents, Nature 464, 199-208 (2010)

Pustogow Spectroscopy Lab

1 c O \) 2024-08-23

Geometrical Frustration

kagome A geometrical frustration in physics
triangular \/
\VAVAV/ ?
honeycomb

e suppression of magnetic order
e guantum spin liquid
» exotic excitations (spinons)

Andrej Pustogow
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a ‘_-—":F“_!“!_"!“!_"E““—_"l
I, (H ) ”)I: valence
| 2 j bond

—t
- - - - - - - -

Valence Bond Solid
(e.g. Spin-Peierls in 1D)

) .

A"VA'AVA"VA"YA'A >
NN NN

geometrical frustration Resonating Valence

Bond (RVB) State

JAVAAY N VawgVaVay AVA YaY N N\ YAVAwAY N

spinon: neutral S =% excitation

VAVAVAVIA( N\ /\7\/Q/
\N Y v, VaVavVi YavaV.
Wa YA YAY Vi YA YAY Vav,
WaWAY, Vo WaWaW.

\VavaVi YAY ¥ NavaVi Y

AV VavaVaVaVaVi YavaV.

'AVAVAVAVAVAVAV Vawv;
AW, VW Wi

mobile spinons (‘gapless’)
similar to electrons in a metal,
but without charge

Balents, Nature 464, 199-208 (2010)

Pustogow Spectroscopy Lab
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Useful for quantum information?

geometrical frustration

o %;/7};&'00/% [7] Z '0:7 i

ot oo 101010000 ¢

Y %%%&/M/Mﬂﬂﬂ/ﬂﬂm 10101011(
rammmniiN00100101000 117 (
////MW/M/MI/W/’/I/WMM 10000004

https://www.tuwien.at/en/tu-wien/news/news/neue-messungen-stellen-spin-fluessigkeiten-in-frage

spinon: neutral S =% excitation

\VavaVi 27 ¥ NavaV, Y%

\V Nava¥ . VaVaVi YavaV
Y Vi YA YAY Vaw;

WiWaW, VaWaWaWaw,

\WavaVi YA Y NavaVi Y%
AV NavaVaVpVaVi YavaV.

Y YA YAYAVA Ya YAY Vav,
YV VAWAVLY, VaVAWAV

mobile spinons (‘gapless’)
similar to electrons in a metal,
but without charge

Balents, Nature 464, 199-208 (2010)

Pustogow Spectroscopy Lab
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(a) K-(BEDT-TTF),Cu,(CN), (b)

——Go Y 0o Qo 90— Go V00 Qo U

i ‘TI /> 0
a 4 L4 X—\ o /s——« "s——*,' dimers

S rYY XYy /; ‘7/"?’7/\’ @cu
SYRIYKTCRY @N
ST AT e
F A VY @c
8 56 i S Sl e S

@ W oo NS¢ @MW oo ¢ H

Pustogow, Solids 3, 93-110 (2022)
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K-(BEDT-TTF),Cu,(CN),

triangular lattice

L4

b 3

£ @5/

SR

é—. .

v A

# ! Z?L

Andrej Pustogow

*~>

)

T

T~

S S
/

BEDT-TTF
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(a) k-(BEDT-TTF),Cu,(CN),

—Go Y o Qo U0 0—Go V00 @o U

T P IS P
iy XrIreriry
A o 'y
\/\' \/‘\ v 7'
i—e X_\/ e L_—{ —a
o Y K Y e e

a

’
’

A | l’ / A
AV AV Y
L AL DL AL L 1L
¢ \‘L\ e * ) ‘? g “\ "}A

L e L B 7 e

Y ] w4 | .
s/’\q/\\/T ‘TT N $/\$~‘~/\\/ Cu
YT s Y ey o\
T B A T O e
datelzts¥sla onc
S Y YO Y @
WO QTS G e
S e dab G Al e

@ W oo N0 @ oo ¢

Pustogow, Solids 3, 93-110 (2022)
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S LA (BEDT-TTF

4
J G o
R N %
@ s @ 5
X .~ CL
? /
ES 4
-

K-(BEDT-TTF),Cu,(CN),

triangular lattice

!}?;‘\ .‘fﬁ.\
23 v %2 \
(72 5 (572 E
 r v r
,\f‘. 3 \l—‘. & ‘l
s W W
¢
r g . g1 -
, Y TR Bhy 4
‘\, )
&

? .§
# 3
x"' > ¢
s

L.,

Nat. Phys. 4, 459 (2008)
Science 328, 1246 (2010)

Gapless quantum spin liquid?

&

&
—

* no antiferromagnetism

Andrej Pustogow

Intensity (a.u.)

nonmagnetic antiferromagnet
no splitting splitting of NMR lines

"(a—,_*L'_c—mTcTTr: B e BN NG
I A 32 mK MM
jt\/\\ 56 mK '
jvk 164 mKi

/A NN 508, M

/A A\L_901 mK
—-w-—vjv\w»lﬂt(v-
‘ Mﬁ P 28K,
I / 9.7 K
/ h 33.1 5 '

94.4 94.5 846 94,7 156.6 1567 156.8 1568 157.0

Frequency (MHz) Frequency (MHz)

Shimizu et al., PRL 91, 107001 (2003)
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Gapped magnetic ground state in quantum spin liquid
candidate «-(BEDT-TTF),Cu,(CN);3

Bjorn Miksch?, Andrej Pustogow?, Mojtaba Javaheri Rahim!, Andrey A. Bardin®, Kazushi Kanoda®,
John A. Schlueter®®, Ralph Hiibner', Marc Scheffler’, Martin Dressel'*

A § Al s *;;1 Y ' ' ' nonmagnetic antiferromagnet
e B::: 3 no splitting splitting of NMR lines
10F o main B|c ¢ s o (a) SETRCLCN ] | () (ETCuN(CN)C
gt a triangular lattice I A 32 mK MM
X afm Heisenberg model jt\/\\ ' )
3t 2 J=250 K /A A\ 56 mK )
N — 1T - exp{-alT) Nat. Phys. 4, 459 (2008) ;I j\/\\ ot ml
2 Science 328, 1246 (2010) s A con
05t —Gaplessquantum-spintiqaid?— zl 7/ “ iﬁ 001 mK
. . =1 .Y LY
* no antiferromagnetism M ;
. o 28K
Science 372, 276-279 (2021) e spin gap below 6 K '
ot Solids 3, 93-110 (2022) I / 91K
] . 36,1
L 2 I it
00, 0 ic o 5 Gapless spin liquid state ruled out. o
Tes What is the magnetic ground state? Froquoncy MHD) 0 Frequency (MHa)
: : Shimizu et al., PRL 91, 107001 (2003)
Pustogow Spectroscopy Lab ‘ Tune Spln gap through phase dlagram
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A. Pustogow B3, . Kawasugi, H. Sakurakoji & N. Tajima Nat. Commun. 14, 1960 (2023)
J. Phys. Soc. Jpn. 92, 065001 (2023)

d . (BEDT-TTF),Cu,(CN),

1 | I I I | 1 | I
S i b [ & awL 7]
l e \ 160 - To [24] _
PET substrate A T [30]
o I < m T [30] ]
low T biaxial 120 - Ebiaxial O e T30 |A&
J compression :
l —> —_— - < . - g & |
tharma f " {} A
5 sl P = 80f Mot y
i Ins. A =7 4
I >€ uniaxial tensile strain a0L I metal _
bl - . 3. ‘ 59 &
\:.{‘i\'.‘-?v"j 148 - — B .
0 . =By |.'E1 @ 1 B | F.L
0 1 2 SC 3 4
p (kbar)

Pustogow Spectroscopy Lab
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A | (BEDT-TTF),Cu,(CN),
sample

f .7 Y
PET substrat

biaxial :
J compression

‘ ‘
thermal i

@  contraction

1“" uniaxial tensile strain
b - —

: . —
b | & awL 7]
160 - T [24] _
A Teel30]
Lol = Te [30]
120 Ebiasal < © T.[30] Al
—_ | -, o
X A
- <&
~ 80 Mott
| ins. A pad -
a0l o metal |
' . “FL
0 L 1® 5$| o =) e 1
0 1 2 SC 3 4
p (kbar)
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Chasing the spin gap through the phase diagram of a
frustrated Mott insulator

A. Pustogow M v, Kawasugi, H. Sakurakoji & N. Tajima

108
- 10° 7]
) .8
H _10
- } = e i
I 10 100 |
T, T sirain £, (%) 0.20
L A 0.32 0.17
‘L ——029 ——0.15
1‘1\ — 027 —012 |
wlr ——025 ——007
| ——024 ——DD5 |
'L 022 ——0.02
——0.00 |
0 20 40 60

Andrej Pustogow

singlet

Nat. Commun. 14, 1960 (2023)
J. Phys. Soc. Jpn. 92, 065001 (2023)

k-(BEDT-TTF),Cu,(CN)s

VBS
dinR
Itl a1 :
0.3 0.2 0.1 0.0
& (%)

45



TECHNISCHE '
UNIVERSITAT

WIEN

Institut fir Festkorperphysik

Chasing the spin gap through the phase diagram of a
frustrated Mott insulator

A. Pustogow M v, Kawasugi, H. Sakurakoji & N. Tajima

Nat. Commun. 14, 1960 (2023)

phase diagram identical to
valence bond solid

consistent with

J. Phys. Soc. Jpn. 92, 065001 (2023)

k-(BEDT-TTF),Cu,(CN)s

* thermal expansion d
1007 * thermal transport . Mott
Paramagnetic , Crossover » specific heat (6 K) R :'V matai  insulator
Mott insulator . p « NQR %
« NMR E
| * W-SR -
Metal ] o ESR ﬁ
‘ j T*=6K_
vaenceBond Soid || e ; Miksch et al., Science 372, 276-279 (2021) PPN o
Superconducidh-., Pustogow, Solids 3, 93-110 (2022) s
[ [ A

3 4
P (kbar)

Shimizu et al., PRL 99, 256403 (2007)
Manna et al., PRB 89, 045113 (2014)
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Nat. Commun. 14, 1960 (2023)
J. Phys. Soc. Jpn. 92, 065001 (2023)

(but: gapped spin liquid
phase not ruled out)

Andrej Pustogow

singlet
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J Unconventional
Superconductivity
Magnetic o rrelated e
Order Electron e
Metal-Insulator
. . ] Systems "
Part 3: strain tuning of a kagome antiferromagnet Transition

Stress reduces frustration! &;ﬁggﬁ g G OUG G
@O @
P00 @

?

Pustogow Spectroscopy Lab
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magnetic order stabilized upon
increased kagome-plane distortion

. - Cu
o NG/ ) N Cu Cu
Herbertsmithite \ / Y-kapellasite QAQ
ZnCus(OH)sCly Y3Cug(OH)gClg Distortion of the
180° 177.46° 176.12° 173.36° kagome plane
l l l ; >
J l . { | l g
not observed 1.4 K 22K 24 K Spin freezing
) . cu QY cu
Volborthite Averievite é
CU3V207(OH)2'2HQO CU5V2010(CSCI)

Biesner et al., PRB 105, L060410 (2022)
Pustogow Spectroscopy Lab Adv. Quantum Technol. 2022, 2200023
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| |
! ;
|
I L L] L]
I I magnetic order stabilized upon
I I . . .
> | ! increased kagome-plane distortion
| |
1 |
o7 and B | ° Y,Cu,(OH),Cl
Herbertsmithite i : Y-kapellasite : QAQ 3 9( )19 8
ZnCus(OH)sCl L YsCUs(OHMeCls — | I Distortion of the
'|I80° 177;46° 176;12° 173.I36° kagoms plane TN =22K
not observed 1.4 K 20K 24 K Spin fr:ezing Puphal et al., J. Mater. Chem. C 5, 2629 (2017)
Volborthite Averievite 0”3 VY
CU3V207(OH)2'2HQO CU5V2010(CSCI)

Biesner et al., PRB 105, L060410 (2022)
Pustogow Spectroscopy Lab Adv. Quantum Technol. 2022, 2200023
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frustration in real life
Both options (left/right) are equivalent

J < — * vary t’/t by uniaxial strain )
* pull spins apart / closer together t=t f :
r!

triangular

Pustogow Spectroscopy Lab

Wang et al., Phys. Rev. Lett. 131, 256501 (2023)
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frustration in real life

Closer option (left) is obvious

move one option away

square 2
q 0@0

t:-r'

AFM f

J < — * vary t’/t by uniaxial strain
* pull spins apart / closer together f :
t!

triangular

Pustogow Spectroscopy Lab

Wang et al., Phys. Rev. Lett. 131, 256501 (2023)
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J < — * vary t'/t by uniaxial strain )
* pull spins apart / closer together %f =

AFM
2 square 0:0
t>t Y
t

triangular

Pustogow Spectroscopy Lab

Wang et al., Phys. Rev. Lett. 131, 256501 (2023)
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o)
Masuda et al., PRL 109, 057201 (2012)
v Crossoverlme * ¢ ¢
0.00357p
0.003 } . distorted kagome
00025 b X Heisenberg model | J
&~ o.002 |
0.0015 } x 4
0,001 F ><
First-order
0.0005 F transitW
° 1 "‘1.04 1..08 1..12 1..16 1.2
J/J
square 000
t> , o &
J < — * vary t'/t by uniaxial strain )
* pull spins apart / closer together t="t t
. . triangular
* expect linear increase of T =7

Pustogow Spectroscopy Lab

Wang et al., Phys. Rev. Lett. 131, 256501 (2023)
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