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Doniach Phase Diagram

(local spin moments coupled to conduction electrons)




Multipolar local moments in metallic systems

Purely multipolar moments (no dipole moment)

Quadrupolar - fime reversal even A2 Pr3* ions
Octupolar - fime reversal odd

Unusual "Kondo" coupling between multipolar local moments
and conduction electrons

RKKY induced interactions between different multipolar
degrees of freedom

Reconstruction of electronic structure:
Nematic Fermi surface, Weyl metal, anomalous Hall effect

Possible presence of novel quantum critical points




Multipolar local moments in metallic systems

Classic example (~30 years old | ): URu2Si>
"Hidden" Order" Large specific heat anomaly at 17K

Lots of theoretical proposals, but still controversial

5f orbitals are quite extended: Significant hybridization ?
Local v.s. Itinerant picture ?

What about 4f¢ systems ?  Pr3* cubic systems

More localized orbitals: Clearer signatures of
multipolar order ?

With pressure:  Controlling the hybridization !




Outline

|. Introduction and Motivation: emergent phases
with multipolar local moment in Pr(TM)2Al20

|I. Landau theory of multipolar order

lll. Magnetostriction as a tool to detect
multipolar order

VI. Multipolar Kondo Effect



PI‘(TM)ZA'ZO Pr: Diamond Lattice

Frank-Kasper cage

heavy fermion  multipolar order
superconductivity quantum critical point

PriiAlo m*/mg ~16 g Nakatsuji
PrVoAly m*/mo ~ 140 U of Tokyo

Prir,Znyo P. Gegenwart & Hiroshima Univ



Pr3* Crystal Electric Field Splitting: J=4

4f2  Point Group Symmetry: Tq

PrV,Al 54
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Non-Kramers Doublet: Pr3*
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Non-Kramers Doublet: Pr3*  |+) =T§"  |-) =Ty

<::‘Ja‘::> =0 No dipole moment |

But, finite matrix elements for
Ogp = 2(J2—J2) Os = 5(3J2—J%) Quadrupolar
Toyz = @JnyJz Octupolar

Pseudo-spin basis
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= LGy 4+ 08 _ 1
}) \/§(|3> I's™)) Tz_3\/gTa7yz
(T2, Ty) =7+ Quadrupolar T, Octupolar

time-reversal even time-reversal odd




Pressure-induced Quantum Critical Point ?
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Antiferro-Quadrupolar (AFQ) Order
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Specific heat:
thermal transitions at
0.7K and 0.8K

elastic constant,
sharp transition
in magnetic field ...

Non-Fermi liquid
behavior

Stronger

hybridization ?

Octupolar order ?

Presence of

M.Tsujimoto, Y.Matsumoto, S.Nakatsuji (2015)



Landau-Ginzburg Theory




Landau-Ginzburg Theory

Order Parameters (7 ,i,t> = (1) (7))
F-Q  ¢u=(rf) + (r3) ¢s = (14) — (18) AF-Q
Ferro-Quadrupole & Antifero-Quadrupole
F-O mu = (14)+ (7B) ms = (13) — (15) AF-O
Ferro-Octupole Antifero-Octupole
Ty — _i022 Ty — —iOQO Ty = \/—Tmyz
(Tx, Ty) =7 Quadrupolar 7, Octupolar
time-reversal even time-reversal odd




Landau-Ginzburg Theory

F'Q beu:Tu¢‘¢u|2+iv(¢i_¢fbg)+gu¢|¢’d‘4+'"

Z3 clock anisotropy  first order in clean system
Hattori+Tsunetsugu

bu = |dule® Uy Cubic anisotropy
/@ locks the phase 0,
“E_x 0, = /6 + 2nm/3 v > 0
0, =7/6+2n+1)7/3 v <0
Quadrupole
favors

Ono = 1(372— %) PrTizAlyo

(consistent with NMR, Takigawa)




Considering Only Quadrupolar Order Parameters

F"Q 'Fqbu:Tu¢‘¢u|2+iv(¢i_¢ZB)+QU¢|¢’LL‘4+'"

AF-Q Fqbs:quﬁ‘gbs‘2+gs¢|¢s‘4+w(¢§+¢:6)

Interaction
4
Fz(nz — Cl|¢u|2‘¢s‘2

In general, symmetry also allows
' *x2 | % * 2
Finl = iN630u — 92°67) bur~ 3

Parasitic F-Q order in AF-Q state |



Including Octupolar Order Parameters

F"Q 'Fqbu:Tu¢‘¢u|2+iv(¢i_¢ZB)+gu¢|¢u‘4+'"

AF"Q F¢s:qub‘gbs‘2+gs¢‘¢s‘4+w(¢g+¢:6)

Interaction
4
Fiml = c1]dul?16s)? + coldu>m2 + c5|¢s|2m3

In general, symmetry also allows
' *x2 | % * 2
Finl = iN630u — 92°67) bur~ 3

Parasitic F-Q order in AF-Q state |



Thermal transitions at B=0
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Magnetostrsiction:
Detection of Multipolar Order

aunzbio




Elastic Energy of a Cubic Crystal

C11 / 2 2 2 Cq4 / 9 2 2
Flattice = o> (em + €, + ezz) + 53 (exy + €, T ze)

+ C12 (ex:veyy + Cyy€zz =+ ezzexx) )

= 2 (h) + 5 (g +e)
(@)

€B = €xz T €yy T €22 volume expansion
€, = (26, — €x0 — €4y)/V3

€ = (€za — €yy)

} eq Symmetry distortion




Coupling to Quadrupolar Order Parameter

C11 — C12 (
2

— 906, [(T4) + (T5)] — go€v [{74) + (7))

Fs(tlr)ain[h — O] — Ei + 61%)

coupled to eq symmetry distortion

(3J2—J2%)  Quadrupolar

1 .
Tr = —7022 Ty = — 1020 time-reversal even

eq Symmetry distortion




Coupling to Quadrupolar Order Parameter

Finlh = 0] = =2 (e + €2)
— go€u [(T4) +(T8)] — goeu [(T4) + (78]
coupled to eq symmetry distortion
bu = [gule® Y
bu = (i) +(m§) F-Q v
b= () - () AF-Q A,
€, = JQ ()| cos B,
~ C11 — €22
6, = —2|¢,|siné,
C11 — €22




Coupling to Octupolar Order Parameter

Fstr(;)in [h # O] = % (Giy + G?QJZ + Giz) — gom [hxeyz + hyeccz + hzewy]

— Ve [hahy€xy + hphz€ry + hyh €]

m = (7;)

Ta:yz — gl]xjyjz OCTUPOIGI"

o= _1 7 time-reversal odd
z 35" TYZ




Coupling to Octupolar Order Parameter

Fstr(aQJ)in [h # O] — 6474 (€§y + E?Qﬂ + 63232) — gom [hxeyz + hyeacz + hzewy]

— Ve [hahy€xy + hphz€ry + hyh €]

m = <TZ>
" €ry = Mh. +~vh,h
Y 7 Y ./\/l — g@m/044
€20 = Mhy + vh,hy
Y = Ve/Caa
€y = Mhy + vhyh.
Measurement of Measurement of

. 0 .
elastic tensor multipolar order




Relative Length Change

AL ° A =1 ou; | 8“3’
(T)f_ Z €ijlil; i = 2 (8:Uj ' Ox;

[, = i*" component of unit vector I.

- €, + €22)

+ =7y [::hxhy T hyhz -+ hzhx]

Magnetostrsiction measures Octupolar order |



experimental results (A. Sakai, S. Nakatsuji)
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» Existence of odd function f(B) = —f(—B) in L.
» Hysteresis below 2 T.



Predictions for different magnetic field directions
+ different directions of length changes

Magnetic field

—

AL/Ljy scaling

h=hn / |
0= (1,1,1) ZZMh + Syh?
n = 7[111] é::: (]_7 _170) Mh - _,th L1 /12]12
7=(1,1,-2)

Sign change |



Predictions for different magnetic field directions
+ different directions of length changes

Magnetic field ) AL/Lj scaling
h=h / |
- | 2 212
{=(1,1,1) HZMh+ 37k
A= L1111 || -
V3 (=W =L00 g, = L Mh— L9k + Lrah?
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. y 1,72
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(= (-1,1,2) | P2 — gyh* + gr2h”




Multipolar Kondo Problem
single impurity




How to model conduction electrons ?

Assume conduction electrons are mostly from 16 Al cage

A1 | xyz, .1:4+}v4+:{4, .12)72.32
Local symmetry around Prion is Ty 82| 02 DA P2

E| {22, 22-22y%

T | {x(22—y?), Y222, z2(x*—?)}

Molecular orbitals can be classified
in terms of
irreducible representation of Ty {x, y. 2z}, {xy, xz, yz},

For simplicity and symmetry reasons, we work with
E (eq molecular orbitals) and T2 (p molecular orbitals)



Kondo coupling in E-representation (eg-orbital)
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"Famous” two-channel Kondo model (Dan Cox)

Orbital fluctuations Spectator Spin: two channels




Kondo coupling in E-representation (eg-orbital)

s )

0 0
= Jq C;,a,a [Sf%ﬁ R Tap — Sjy%g & be] Cj,b,8 >

€g __ z T 0 (7] ,
HO = —Jo Sj Cja,a [Oaﬁ X Tab] Cj3,b,85

\_ J

“Famous" two-channel Kondo model (Dan Cox)

Orbital fluctuations Spectator Spin: two channels
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Kondo coupling in T2-representation (p-orbital)

Yy
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Entangled fluctuations of BOTH orbital and spin !
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Fixed points in RG (up to third order)

eq channel (two coupling
constants)
X
x Y Noziere's two-channel

Kondo fixed points
in eq channel




Fixed points in RG (up to third order)

eq channel (two coupling
constants)
x
O O
T2 channel (three
® coupling constants)
x Y Noziere's two-channel

@® New fixed points
O in T2 channel

Kondo fixed points
in eq channel




Fixed points in RG (up to third order)

connected via another dimensions
(additional 3 coupling constants)

eq channel (two coupling
constants)

T2 channel (three
coupling constants)

@® New fixed points
O in T2 channel

Y Noziere's two-channel
Kondo fixed points
in eq channel




Fixed points in RG (up to third order)

C’U -~ T1/4 _I_T1/2
p ~ const. — T4

eq channel

p ~ const. — 1

(c.f. Cy ~ THFEFD | 9
C, ~TIn(1/T) k = 2)
C, ~T+T?

J. Gan, N. Andrei.
P. Coleman

T, channel

New fixed points
in T2 channel

Y Noziere's two-channel
Kondo fixed points
in eq channel




Summary
Pre*  local moments - non-Kramers doublet
XY - Quadrupolar TIsing - Octupolar Pr(TM)2X20
Landau-Ginzburg Theory

Coexisting Quadrupolar and Octupolar orders
at low temperature, Two thermal transitions

Magnetostrsiction

Very useful way to detect multipolar order |

Multipolar "Kondo" Effect

Beyond two-channel Kondo effect



