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What is interesting”?

PI‘(TM)z(Al,ZI‘I)zo

Pr based cage compounds
Kondo materials

multipolar order : double transitions
anisotropy in fields

superconductivity : multipolar fluctuation
d-wave pairing



Motivation Strongly Correlated Electronic Systems: KAIST -

Strongly correlated materials

Quantum materials

Looking for new exotic phases -

unconventional metal,

localized moments,
Kondo coupling,
spin orbit coupling,

heavy fermions, electronic structure,

electron-electron interactions ...

Mott insulators,

superconductivity,

magnetic order, spin liquids -+



Motivation Strongly Correlated Electronic Systems *AST .

PI’(TM)z(A‘,Zn)QQ All interesting phenomena coexist!

Localized moments 3
’ +
spin orbit coupling + CEF Pr

Quadrupole-Octupolar ordering

Electronic Structure
spin orbit coupling (TM)+ AI,Zn

Fermi pockets at k=0

e-e interactions
Kondo coupling

Kondo Materials, Pr3+ + (TM)+ Al,Zn
Heavy fermion

Non-Fermi liquid

-

superconductivity



Motivation Strongly Correlated Electronic Systems "”'ST
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P F(T M) 2(A‘, / n)zo All interesting phenomena coexist!

Pr3+ Qquadrupole-Octupolar ordering

S V + (TM)+ Al,Zn

- )
" | superconductivity

7 b 7 ‘
48 A: Kondo Materials,
I3+ Heavy fermion
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Q) How can we understand them?



Outline PI‘(TM)z(Al,Zn)zo "A_'iT.

Introduction N
* Experiments on Pr(TM)2(Al,Zn)z20 o e

Pr3+ |localized moments

® Modeling of pseudospin-1/2
® Magnetic field effect

Superconductivity
® Molecular orbital picture and Luttinger semimetal
® Kondo coupling : Quadrupolar moment



Introduction — Kondo effect KaisT

J. Kondo (1964) resistivity upturn in metal
T (K) Z. Fisk et al PRB 34, 5959 (1986)
’g 0.1 ' 10 100
o lOOF ;Trr—v—ﬁw-rr—v—:rr ﬂ..;.w, 1
S . ..°"°"T
. . Kondo
© = Coherence
o >
Localized magnetic moment T obe—ase®
+ itinerant electrons Q. CeCuy

HK =J S,’ : CT,' aOaB Cig

Logarithmic correction
k { ki d k d ki . e
in resistivity due to

, spin flip scatterin
T J T T J L J 1 P P 9

J JS2p | dE (1-fe )/(Ek-Ex) ~ J2




Introduction — Heavy Fermions f aist

Kondo Insulator

\ ﬁnduction band \_/
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Introduction — Doniach Phase Dlagramg T

DonIaCh phase dlagram 3. Doniach, Physica B 91, 231 (1977)

T ~exp( JD(EF))

Non Fermi Liquid?

uperconductivity?

Quadry Fermi Liquid

AFM

Ve
J
. Kondo

Q) Search for new Doniach phase diagram with
multipolar order ?



Pr3+ 4f2non Kramers '3 doublets

Spin orbit coupling
+ Crystalline Electric Field PrTi,Alyg
(Ta)

L[5, 11, 1[5 156 K
I — L0V +=.|2]- I
)=t Pleayed Foed By > "
1|7 1|1
Fs:(2)>=5\f5\i3>‘5\/5\¢1>

pseudospin-1/2 with

@\ _ Loy (L 107 K :
I >-\D+2> 212 Is s doublets describes
oy L[ lﬁ+
D:>—2J;+$+2 2=
) 1 1 I, 65 K
e - =

(2) 1 1
- = [w[+2)+ %2 .
"g} > \/;‘Encégy 1\/:;%}0( |>mc‘# ) " "

TJ Sato et al PRB 86, 184419 (2012)

3J22-J%2  Ji2-dy? Jxdyd:

Quadrupole Octupole



Multipolar order in Pr(TM)»(Al.Zn),o
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Multipolar order with I's doublets in Pr(TM)>(Al.Zn),o
Pr3+ 4f2non Kramers s doublets

Quadrupolar order at Tq

T (K) [Ty K)|T:(K)[SC type|structure (T" < T%)|p(uf2cm) (at RT)| pressure
Al - - 1.2 | fce 2.82 1.1
Zn - - 0.85 I hexagonal 5.9 T. 1
PrTizAlz2o - 2 0.2 [1 Fd3m ? T 1
PrVaAlz - 0.9 - - Fd3m ? ?
LaVaAlg, - = - - Fd3m ? ?
Alp.sV2Alao - - 1.49 ? Fd3m 80 ?
Gap.2V2Alz - - 1.66 ? Fd3m 100 ?
YV3Aly - - 0.69 ? Fd3m 60 ?
PrRh2Zn20 | 140 0.06 0.06 ? ? 80 ?
Prlr2Zn2o - 0.2 0.05 ? Fd3m 90 To t
Lalr,Znog 200 - 0.6 ? ? 100 T, T.7T. 1
PrRusZn»g | 138 none - - ? 90 T, 1
LaRu2Zn20 | 150 - 0.2 ? ? 100 T: 1, T: 1




Multipolar order in Pr(TM)2(Al,Zn)o | KAIST |
Multipolar order with I's doublets in Pr(Ti, V)>Al>o
A. Sakai and S. Nakatsuiji, J. Phys. Soc. Jpn . 80 (2011) 063701
12 T 10 -
A10 !PrTIZAIZO 8 Prvalzo , ° ° . "
f) gL §M0H=OT f) . ® . " . 'PrTi2A|20
S i S 6 ST ELLL iy <Y1 1
Ee6 7 ] E
3‘74 ':] ,paerd ;}?4 R In2/2
i Lo e "PrVA T
2{‘:\‘ - ,va“"w: = MOHLOZT20 2 uH=0T
r -'Llll - :
%" ” | | 0 5 10 15 20
R T ')

s« Phase transitions at T = 2.0K (Ti), T=0.9K, 0.6K (V)
* No Zeeman gap even at H=9T

Nonmagnetic ground state Mg
% Crystalline Electric Field gap A ~ 60K (Ti), 40K (V)
#* Entropy S~ RIn 2 3J.2-02  J2-d2  Juded

ground dOUbIet r3 Quadrupole Octupole




Multipolar order in Pr(TM)»(Al.Zn),o

Multipolar order with I's doublets in Pr(Ti, V)>Al>o

Single transition (Ti) vs double transition (V)

*

C4r (J :'KmO ')

. /. PI'TIQAIQO
-
-t T T 1

05 1
T (K)

T (K)
double transitions with V ?




Multipolar order in fields

Multipolar order with I's doublets in PrTi;Alyq in fields

T T T T 7 | |
101(2) 0T PITi. Al (b) 0T " i A
ST 220 6 AT oo
8 P Mmoo £33T wHI10]
x o fg 3T 1 & 5f £% |
S 6 g o 4 SRTT
= e Y £ , g gl
3 4 o e £ 5
Q G 8% °, 9T TI
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X o 1 &
ol_ne?” el ol . .
' . @O0T 10 110 ‘
o|@ 20T PTA @ 100, s prrial
. TTEANT ;1H//[111] gt [111] D/ [100] |
X Of £ 03T
o) g 9 . \(
o 4 5§ g I of Multipole Parama
£ 3} g% | T | Order ;[L g
3 ? \\{ﬁ 4_
a2r & LY
O / M ?l |
1+ Jj e ,
0 i 1 I | \M‘L&LMT 0 L Ib | .
o 1 2 3 4 5 1 % 3 4 5
T (K) T (K)

PI’TizAlzo

Ferro-quadrupolar order does not couple to B//(111)

S specific heat barely changes with field
s< enhanced Tc for B//(100) or (110) - expected for ferro

2< insensitive up to 6T - large crystal field splitting A ( huff ~ B2/A)



Multipolar order in fields | KAIST
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Y. Shimura et al.. JPSJ 82, 043705(2013).
Y. Shimura ef al., Physical Review B 91, 241102(R) (2015).

PrVZAIZO Antiferro-quadrupolar order - insensitive with small fields

Al

S double transmon 0 9K (hlgh -T tranS|t|on) and 0 65K (Iow-T tranS|t|on)

R\\// 2

Q) How can we understand these phenomena’?
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Multipolar order and finite T transitions st

e
& Ty

Multipolar order with I's doublets in Pr3* P T
Pr3+jons form a diamond lattice /
b ) P ‘
AR R Modeling of pseudospin-1/2 — T Pr“3+' |

Kondo coupling with itinerant electrons
—> multiple spin interactions

Quadrupolar moments - TR even

1 —> — | z __z -1 =l1f z%iz
¥ ((2j)(km))
Octupolar moments -TR odd

Jx2 =Jy2 3J22-Jd?2  Jxdyd:
Quadrupole Octupole

Te Ty Ty

in pseudospin-1/2 basis



Multipolar order and finite T transitions <t
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Multipolar order with I's doublets in Pr3+

Modeling of pseudospin-1/2 — T } | d B
e B
1
L (=l =l z zz z
=3 E Jii (75 T FATT) — K E T -
2,] zy)(krn

Q) Possible phases and finite T transitions ?
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Multipolar order and finite T transitions = st
Quadrupolar, Octupolar orderings e e
H= % ZJij (7_';J_ - 7_'% _|_>\7.iz7_3g) — KZ 7_';;L : f;LT,fTﬁl : ., .,.@ m@ l”@ N

i,7 ((i5) (km))  ’€  /

Monte-Carlo Results L

— Mean —Field « FQ 0O SpQ Vv SpQFO o FQFO
* NQ 0O SpQ v SpOQNO o NONO

0.30

0.25

multispin interactions
+ frustration

0.20

4-Spin Interaction K

0.10

0.05 O -
* PI‘TigAlQO

0.00 ¢ A A A O O O O O O -

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Next-Nearest-Neighbor Interaction J2
F. Freyer, J. Attig, SBL, A. Paramekanti, S. Trebst and Y.B Kim ArXiv 1709.06094 (2017)



Multipolar order and finite T transitions

Quadrupolar, Octupolar orderings

Phase diagram based on MC

4-Spin Interaction K

o
N
U

o
N
o

©
=
(S,

o
|
o

— Mean—Field * FQ © SpQ v SpQFO o FQFO
#* NQ 0 SpQ v SpQNO o NOQNO To-To

0.6

0.4

0.2

0.0
-0.1

-0.2

-0.3

-0.4

Next Nearest Neighbor Interaction J, >

Quadrupolar order : (Anti-) Ferro

" spiral order with finite-Q

q=2r(1/4,0,0)
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- e
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NHD3L 2



Quadrupolar order : (Anti-) Ferro spiral order with finite-Q

Common origin plots of T AR

. " -"!,.-. .-'"" fe -’a % 7\<\ -

J2

with increasing next-nearest neighbor J>



Multipolar order and finite T transitions

Quadrupolar, Octupolar orderings

Phase diagram based on MC

— Mean—Field * FQ © SpQ v SpQFO o FQFO
# NQ 0 SpQ v SpONO o NQNO

o

4-Spin Interaction K
o o

W ()
* PI'TiQAlQO
0.0¢ ¥ % % % < o o o o g o

1 1 1 1
0.05 0.10 0.15 0.20 0.25
Next Nearest Neighbor Interaction J,

Pure (anti-) ferro quadrupolar order

Y quadrupolar + octupolar coexisting order with T > To




ction K

4-Spin Intera
o o

. 0.10 0.15 0.2 .
Next Nearest Neighbor Interaction J,

pure quadrupolar order quadrupolar + octupolar coexisting order

Common origin plots of T

K

with increasing four spin interaction K



Multipolar order and finite T transitions =

Quadrupolar, Octupolar orderings

quadrupolar + octupolar coexisting order at finite T ?

— Mean —Field » FQ 0O SpQ

« NQ © SpQ ]
0.30}0 o O o ) o) k) c 1 ::L — ]-6
; {1L=14

0.25}0 O To T O 0 C ) L . 12
< 1a> 10 o3
_8 - e e o o @ C g __L — 10
s T L=8
g O @ o o @ c © | T
| < 2 HL=6
c % ) T
a U c QO L = 4
3 -
~ 0.05 Yo 7 ° 1 B

* PI'TiQAlQO
000k » # % % % © -I:Q
0.00 0.05 0.10 0.15 0 ' |

Next Nearest Neighbor | 0.0 0.2 0.4 0.6 0.8

Temperature T

double transitions



j‘l! UF S5,
"‘/ \5’0\

A/‘ d “'\'\

Multipolar order and finite T transitions

Comparison with Pr(Ti,V AI

—

—— Mean — Field « FQ DE
* NQ 0O ¢

S
T

4-Spin Interaction K
>
ul
W

o
o
o
X
Specific Heat cy
N

* PI’TigAlQO

=

0.00 % %% % e : 0 O 0 O 0
0.00 0.05 0.10 0.15 0.20 0.25 | , . . . . .
Next Nearest Neighbor Interaction J, (()).0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Temperature T

PrTi2Al2 PrV2Al2o Quadrupole (Tq)-octupole (To)

stronger hybridization leads to larger K, J double transitions
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Anisotropy in fields with double transitions




Multipolar order in magnetic fields

Local symmetry

<
O: Tu =
_ A
- x@?ﬁf \ I: 1, %
N YK 4
P | s o
. | .*}’%\"*’t; e n
i )\ N 631 T /l‘ —>

symmetry analysis with antiferroquadrupolar order parameter ¢
and octupolar order parameter m

ferro- case antiferro- case

o=y | d=(r)—(r)

m=(rl')  m=(r])—(17)




Multipolar order in magnetic fields - KaIST

Landau Theory Analysis — No field

©: mM——m, m——m

T: ¢o——¢p, m——m,
l

~

Siz: d——¢*, m——m, p——¢*, m——m

Ca1: p—e9, e Ferro- case
Fqgi)n:%WFJﬂ“mmzv |b|20 tm
F =g |8+t g 6% m?. ol
ferroquadrupole  2v|p|° sin 30, | F'e
anti-ferroquadrupole w(g\cg\G cos 66 & |dlz0 . m#0
FQ, FOm#0 | FO

Upm >O,U¢7£O

SBL, A. Paramekanti, F. Freyer, J. Attig, S. Trebst and Y.B Kim To appear in ArXiv soon



Multipolar order in magnetic fields "ﬂ

Landau Theory Analysis with fields
Focus on double transitions

F) =rglof+rmm?®,

couple quadrupolar-octuplar moments

Phase locking of quadrupolar
order d=1tx + i1y \

\

with magnetic field BZ|B2||?| (fh + Ty Sin(é’h + 2(9¢) ) /

Hgea =v7B*(%(B2 — B2)7"+1(3B% — 1)rY)

Quadrupole moments coupled to field B2



Multipolar order in magnetic fields { waisT

Landau Theory Analysis with fields
Focus on double transitions

Field effect based on Landau theory

B//(100)

Quadrupole

sssssssssseiiiiiiis  PM

Quadrupole BHEHHHHI

+ Octupole tittitiiiittitits

octupolar order transition temperature To is very sensitive to B direction



Multipolar order in magnetic fields |

Landau Theory Analysis with fields
Comparison with PI‘VzAlzo

L B/(11)4 4
052 O!4T(l;) e ts 1 - P . §7o
Field effect based on Landau theory T(K)
B//(100) B//(110) or // (111)

Quadrupole
Quadrupole # + Octupole

Quadrupole :

Quadrupole
+ Octupole

Quadrupolar and octupolar double transition in fields
—> Field direction matters! anisotropic (100) vs (110) or (111)



Superconductivity in Pr(TM)2(Al,Zn),o

Multipolar order and Superconductivity

PCUM E UF 55

NS . X ,--'(:
EIwas>

T(K)|Tno(K)|Te(K)|SC type|structure (T' < T5) | p(pf2em) (at RT)| pressure
Al - - 1.2 | fce 2.82 1.1
Zn - - 0.85 I hexagonal 5.9 T. 1
PrTizAl2o - 2 0.2 [1 Fd3m ? T 1
PrVzAlag - 0.9 - - Fd3m ? ?
LaVaAlgg - - - - Fd3m ? ?
Alo.sV2Alao - - 1.49 ? Fd3m 80 ?
Gap2V2Alze| - - 1.66 ? Fd3m 100 ?
YV,Aly - - 0.69 ? Fd3m 60 ?
PrRh2Zn20 | 140 0.06 0.06 ? ? 80 ?
Prlr2Zn2o - 0.2 0.05 ? Fd3m 90 To t
Lalr,Zngg | 200 - 0.6 ? ? 100 T, T.7T. 1
PrRusZn»g | 138 none = - ? 90 T, 1
LaRuz2Zn20 | 150 - 0.2 ? ? 100 T LT 1
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Multipolar order and Superconductivity = st

)
& 1971
O\

o N>
EFT L

. L.ZN)20

C A cubic symmetry

Quadratic band touching at k=0 point : Near Fermi level or not? dy = V3kyk,
dy = V/3kyk,
» Luttinger Hamiltonian with J=3/2 d3 = V/3kyk,,
3
d4 — g(ki o k;)a

Luttinger Hamiltonian with J=3/2 ds — % (3K2 — K2)

Gamma matrices for J=3/2

Quadratic band touching
with cubic symmetry

GB Sim, A. Mishra, G-Y Cho and SBL In preparation
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C A4 cubic symmetry
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t2g &eg in kK

5}
Hint( ) — U WL + sz WL%
1=1

— T ‘
Fierz Identity = <; Vo3Vt
u Jdv o XY TARY e 1T (o \Tofy AR
exaCtly decoupled into S and d (I + 11 T)(L‘ (v13)*¢* Do + ¥ (713)” ¥v4g)
wave pairing channels +(% — ‘1 - “4—‘ - %)(d.’%‘i’\,'lgyly'r*)(u'rTz"qu'j,'l 0)

wn wo ., sz

+(+ — - — — — =) (@ 11372¢*) (¥ 11ay29)
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U v w1 w2
a7 )

/ cubic symmetry ; = Z@D k71372¢k>
. T . 2 U 3V w w
) + Z Uy (ZD %ZD) = (7 + JZ + Zl + 42)(¢ M3 ) (Y Y139)
= _|_(% — % — % - %)(W’i%:&%@b ) (W iv13my)
+(% — Z - % - Uf)(w 329" (¥ 13729)
)

Wlivi3vsy ™) (W iy

Fierz Identity +(% - %U + % - %)(W%gmw*)wT%ﬂM

+(% _ ??Tv — % + Uf)(%b M375¢%) (V! 13759)

— (% %U + % + %)(W(’Yls) W) (W 1))

exactly decoupled into s and d (77— 7 — D@ ) )@ veme)
wave pairing channels +(% B Z B % _ % V(W (ra372) 6% (0T Y157210)

Uu (Y w1 (105 ( )

(=5 — — )T (y1373) ") (W 13739
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Multipolar order and Superconductivity KA'éT
Pr(Rh,Ir)2(AL, Zn)xo )
\strong SOC 4 cubic symmetry A = <§k: CERIERTRY
|Quadrupolar fluctuation drives d-wave superconductivity
I A
/ Uel # ve2
+ Fermi surface Ey(k) = \/(k4 + (A2 4 p2) + 2\/k4(A2 +p2) — (d(k) - A)2
distortion _ R R
gap vanlsh,,_eg, at dk)-A=0

Ut # Ve XY+YZ+XZ [
cubic semimetal N
symmetry On \ d wave
(Ta) } superconducting
\ 3z2-r2,

. RaA i L2 s YY)
spherlcal symmetry SO(3) x U(1)




Summary 1. Pr(TM)>(Al,Zn),o ;

# Pr3+ |ocalized moments AR

e — Mean—Field # FQ 0 SpQ v SpQFO © FQFO L e A

T,
+* NQ 0 SpQ v SpQNO o NQNO AN
g 7
0.30 B
0.25
e
c
S 0.20
)
O
©
@ 0.15K | L 0.0 tg
L=
L 0.1
= 0.10[8
" 0.2
ﬁ-
0.05

-0.3

PrTi,Al .
H = % PrTizAly .0.4 2ractions

0.00 Yo Yo Yo Yo O O O O O O (=

1 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Next Nearest Neighbor Interaction J,

Frustration & Multiple spin interactions

—> double transitions of quadrupole - octuple orderings
F. Freyer, J. Attig, SBL, A. Paramekanti, S. Trebst and Y.B Kim ArXiv 1709.06094 (2017)
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-
Quadrupolar and octupolar double transition in fields

B//(100)
Quadrupole

—> Field direction matters! anistropic (100) vs (110) or (111)

Field effect based on Landau theory
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# Pr3+ |ocalized moments

Summary 2.

SBL, A. Paramekanti, F. Freyer, J. Attig, S. Trebst and Y.B Kim To appear in ArXiv soon



Summary 3.

# Superconductivity

A
Vel 7 Ved

+ Fermi surface
distortion

Ut#ve

cubic
symmetry
On (Ta)

spherlcal' symetry SO(3) x U(1)

Pr(TM).(Al,Zn)»o | KAIST
Hﬁ?ﬁf TRt @
Eu (k) \/(k4 (A2 + u )iQ\/k4 A2 4 p2) — ( o
gap vanishes at  J(k)
XY+YZ+XZ
semimetal
| d wave

Asuperconducting

lirings

32212, xy+yz+xz v

Quadrupolar fluctuation drives d-wave superconductivity

\
(u — 3vp + Ve1 — Ve2) (A4¢T”yf3w* + h.cj

GB Sim, A. Mishra, G-Y Cho and SBL In preparation



Summary

PI‘(TM)z(Al,Zn)zo

3. Doniach, Physica B 91, 231 (1977)

multipo

supercc

Fermi Liquid

Kondo



Thank you!



