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Abstract: Traditionally, magnetism in solids deals with ordering patterns of the electron magnetic dipole moment, as probed, for instance, via
neutron diffraction. However, f-electron heavy fermion systems are well-known candidates for more complex forms of symmetry breaking,
involving higher-order magnetic or electric multipoles. In thistalk, | will discuss our recent theoretical proposal for Ising octupolar order in d-orbital
systems, which appears to explain a wide range of experiments in certain 5d transition metal oxides with spin-orbit coupling. The proposed Ising
ferro-octupolar order is shown to be linked to a type of orbital loop-current order. Deviations from cubic symmetry, via strain or surfaces, induces a
transverse field on the octupolar order which can lead to surface quantum phase transitions, or transitionsin thin films or in strained 3D crystals. We
propose further experimental tests of our proposal.
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Multipolar orders

Dipolar order

I

Ferromagnetism
Easily manifests

Multipolar orders
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Hin

Antiferromagnetism
Probe: Neutron diffraction
Neutron: dipole interaction

SOC drives complex spin+orbital density
distributions (mostly 5f heavy fermions)

“Hidden order”: URu,Si,, NpO,,...

(Palstra et al, PRL 1985; M.B. Maple, et al, PRL 1986;P.
Chandra, et al, 2002; Haule, Kotliar, Nat. Phys 2009; Santini,
et al, RMP 2009; Mydosh, Oppeneer, RMP 2011; Ikeda, et al,
Nat. Phys. 2012)
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Sf heavy fermions v/s 5d transition metals

Sf (actinides)

Hubbard U ~ 1-2eV "

Spin orbit coupling ~ 1-2eV - Well-separated J levels
Hund’s coupling ~ 0.5¢V {?) |

Crystal field splittings ~ 10-100meV

[write crystal field potential in terms of J]

Sd systems "--\,l

Hubbard U ~ 1-2eV Well-separated orbitals
Crystal field splittings ~ 2-3eV ‘

[write crystal field potential in terms of L]
SOC~ 0.4¢V; Hund’s coupling ~ 0.25¢V

Can 5d systems also exhibit physics of heavy fermion systems?
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Simple magnetic example: S=1 spin models
# Local 3x3 Hermitian operators = 9
e Identity.
o 5:,5y,5, Dipoles

e  SuSh+SsSa— 25(5 +1) Quadrupoles: §,,

critical, . = . - 2
T k=+2=/3 quadrupolar H —_— Z ((_70598?'_ . SE-I—l + 53”6(5; * Sz+1) )

i=1

-| magnetic & Haldane |— J NiGaZS4?
Tsunetsugu, Arikawa JPS] 2006; S. Bhattacharjee, Shenoy, Senthil, PRB
2006; Stoudenmire, Trebst, Balents, PRB 2009;

critical,
k=0 quadrupolar I

Chubukov, PRB 1991 FeSe?
Lauchli, Schmid, Trebst, PRB 2006 Wang, Hu, Nevidomskyy PRL 2016; Hu, et al, Q. Si, PRR 2020
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Multipolar order in d-orbital systems?

Atomic limit

€ g Forget these???
j=1/2
d = Large crystal field = t
splitting ~ 3-4 eV _M) 2g 3N2
o l Spin-Orbit Coupling =3 /2
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Resonant Inelastic X-ray Scattering: Seeing the Crystal Field Levels

Dut

Oxygen

O 2 4 6 8 10
hw(eV)

B. Yuan, et al, PRB 2017
AP et al, PRB 2018
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Exact diagonalization for RIXS

= .
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Ground state degeneracies (upon including interactions in t, )

N

d! 4-fold degenerate: j=3/2 \_L

d?2 5-fold degenerate: J=2 '\ Candidates for multipolar orders
' from spin-orbit entanglement

d® 4-fold degenerate: J=3/2

4 7 . 1 Band insulator: Exciton condensation? J=1 triplons?
d* O-fold degenerate: J=0 yyqiuiiin pri 2013; Chaloupka, Khaliullin PRL 2016
Kitaev-Gamma physics, “Twisted” Hubbard

d 5 z_fo I d d ege n"e rate . j= 1/2 /7 model, etc -- Jackeli, Khaliullin, PRL 2009; Jeff

Rau, et al, PRL 2014; Wang, Senthil PRL 2011
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Resonant Inelastic X-ray Scattering: Seeing the Crystal Field Levels

O 2 4 6 8 10
hw(eV)

B. Yuan, et al, PRB 2017
AP et al, PRB 2018
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Multipolar order in d-orbital systems?

Atomic limit

€ g Forget these???

Q.

Large crystal field =

splitting ~ 3-4 eV y Log 3AN2

Spin-Orbit Coupling

I

W)
~

DN
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Ground state degeneracies (upon including interactions in t,,)

d! 4-fold degenerate: j=3/2

d2 5-fold de generate: J=2 I Candidates for multipolar orders
' from spin-orbit entanglement

d® 4-fold degenerate: J=3/2

Band insulator: Exciton condensation? J=1 triplons?

d* 0-fold dege!ﬁe rate: J=0 yhaiiutiin PRL 2013: Chaloupka, Khaliullin PRL 2016

Kitaev-Gamma physics, “Twisted” Hubbard

d 5 z_fo I d d ege ne rate . j= 1/2 /7 model, etc -- Jackeli, Khaliullin, PRL 2009; Jeff

Rau, et al, PRL 2014; Wang, Senthil PRL 2011
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Quadrupolar symmetry breaking in d-orbitals

B Cubic Cd,Re,0,

A Multipolar Nematic Order

Parity-breaking quadrupolar order

Liang Fu, PRL (2015)
J. W. Harter, et al, Science (2017)
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Quadrupolar order
AF Q,2_ y2* Ferro Q5,2_,2

-

| =
R
Pereira, Chen, Balents (PRB 2010) /Ly = ’"
Chen, Balents (PRB 2011) g cubic  tetragonal

Svoboda, W. Zhang, Randeria, Trivedi (PRB 2021)

k=[00 1},

L. Ly, et al, Nat. Comm. (2017): Ba2ZNaOs06

D. Hirai, Z. Hiroi, JPS] (2019): Ba2ZMgRe06

D. Hirai, et al, arXiv:2004.13928: BaZMgReO6

D. Hirai, et al, Phys. Rev. Research 2, 022063 (2020)

(,TC: = 33K (seen from non-resonant XRD)
TN = 18K (seen from resonant XRD and polarization analysis)
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‘“ Hidden order” in Osmate Mott insulators

E?}? as:ingOSO6
Ba,Ca0s0g4

T=2e
OSS*@; checkerboard
pattern (FCC lattice of
ordered double perovskites)
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* Entropy recovered << R 1n (5): Not J=27?

Thermodynamics: Specific heat and entropy

BaMgOSO,
80 - BaMpWoO, o
(scaled= (MgOs) @1 0OK) o
80 - 1]
< (c) 1
& 8 8-
E 40 - a . s.:° :
5‘ o ° g'. N %
0 o 2 ] | - )
20 - . " "
sﬂ 0™ 00,50 °
] L) D 19 20 36 40 & B 7
U_J ! I ] ' I T[n
[+ 20 40 60 100
T(K)

Phase transition at T ~- 30-50K

RIn(R) ~ 5.8 J/mol-K; RIn(3) ~ 9.1 J/mol-K
C. A. Marjerrison, et al, PRB 2016
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Xray diffraction uSR
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Cubic Fm3m Signature of time-reversal
(<0.1% distortion) symmetry breaking

D. D. Maharaj, et al, PRL (2020) C. M. Thompson, et al, JPCM (2014)
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Susceptibility, neutron diffraction, neutron scattering
O W1

System 1™ Ocw Hord
Ba;CaOsOg 49 -156.2(3) < 0.11up
BasMgOsOg 51  —120(1) < 0.13up
BayZn0OsOg 30 -149.0(4) < 0.06up

« Moderate frustration
No sign of ordered moment!
Spin gap in inelastic scattering

D. D. Maharaj, et al, PRL (2020)
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Puzzles

U Entropy recovered across T* << R In(5)
[ No sign of a second transition at higher T
d Remains cubic down to T << T*

1 Time reversal breaking via uSR

[ No sign of magnetic Bragg peaks

[ Spin gap in neutron scattering ~ 10 meV




The correct “atomic limit”

New Idea:
* J=R splits in octahedral environment
 Uhresolved in RIXS

v Spin gap
/9‘ v’ No dipole order
Magnetic triplet v Ent.ropy: R ].11(2)
Hcgr | — 10
J =2 g\/ I/_\ ~ 20 meV %9, 0)
I;Jon:Kramers doublet\ ‘wg’“l) - %(‘2) T ‘ N 2>)
|’2,ﬂ}g¢> ) | 1!59 J,) Splitting originates from t,,-e, coupling!

ag— gannot blindly drop e, orbitals - crucial for low energy physics!
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The correct “atomic limit”

e g S - 0248 0.250
) < . /< 12.262
| = 2.75] _ il e ~ g [2:260
d = k II,-" ‘ A' L 925 i ! 2 2958
| , B0 9 95/ D A
| ,' TR 0.245 0.250
| / g 20 o B
¢ 4 =1 h |
W, i _. 1.32
- j —
5 T )
1.25 = 2
t2g # 00 005 01 015 02 0.25 L]

Hund’s Coupling Ju [eV]

Ou0 = 35J2 — (30J(J + 1) — 25)J2 + 3J%(J + 1)?
6.01 \\‘ - GJ(J + 1)3

1
_h,--“h:'“'. 044 = E(Ji E Ji )
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Pseudospin components

. ___“XY”Quadrupolar
Tz X J2 — J,'g 1 charge density

Ising magnetic

T, Sym octupole
_/{t«
S AP, D. D. Maharaj, Bruce Gaulin, PRB 2020
See also:

4f Pr compounds: non-Kramers I'; doublet

PrM,Al,, Sakai, et al, JPS] 2012; Taniguchi, et al, JPS] 2016; Kittaka et al, JPS]J2020; ...
Hattori, Tsunetsugu, JPS] 2014; Tsunetsugu, et al, JPS] 2021;
p Eﬁpgygg,_.___eéal, PRB 2018; S. B. Lee, et al, PRB 2018; Freyer et al, PRR 2018; Patri et al, Nat Comm 2019
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The correct “atomic limit”

New Idea:
» J=R splits in octahedral environment
 Unresolved in RIXS

v’ Spin gap
/V v No dipole order
Magnetic triplet v Entropy: R In(2)
CEF tbg,t) = 10)

J=2 / I/_\ ~ 20 meV

I\
‘ ) — 12 _
Non-Kramers doublet\ ‘@jg’“l) \@(p) ™ ‘ 2>)
Wg'r) 3 | @’i’gj) Splitting originates from t,,-e, coupling!

Cannot blindly drop e, orbitals - crucial for low energy physics!
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Pseudospin components

R ———— —(_ _“XY” Quadrupolar
(Tx X 3 = J “ 5 charge density
2 2

\z x 3J; — S Ising magnetic

Um [ JW octupole

s AP, D. D. Maharaj, Bruce Gaulin, PRB 2020

See also:
4f Pr compounds: non-Kramers I'; doublet

PrM,Al,, Sakai, et al, JPS] 2012; Taniguchi, et al, JPS] 2016; Kittaka et al, JPS]J2020; ...

Hattori, Tsunetsugu, JPS] 2014; Tsunetsugu, et al, JPS] 2021;
Freyer, et al, PRB 2018; S. B. Lee, et al, PRB 2018; Freyer et al, PRR 2018; Patri et al, Nat Comm 2019
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Ferro-octupolar order: Neutron Scattering, uSR

j I_r
2.5 .
[ N
2-“: :
A 1.5 N
. S
é 1.0
| Mg, Zn, Ca
0.5}
[ B-site
ion
D Or
0.0

. Y Spin-gapped magnetic exciton v’ Loop current order, B ~ 30G
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Predictions for NMR, Raman scattering

Mg, Zn, Ca B,, Raman scatterin
B-site 30: Ay
ion 25 b 50 x I__,.:y
5 0.15
0.10 B=0.04A
S
e B=0.02A
O'O(?I(} 0.15 (J;.llt] 0.25 0.30 035 040
 Oxygen NMR should not see T* transition 8.0 02 04 06 08 10 12
* Break C4 symmetry -> NMR signal w/A

* Field Bz induces Qxy quadrupolar order
AP, D. D. Maharaj, Bruce Gaulin, PRB 2020 ® New quasielastic peak

‘S,"EQ%J‘D' Maharaj, B. Gaulin, G. Luke, AP, PRB2020 .  New transition between split doublet
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Two-site computation of exchange couplings

» o °
Xy ‘ x
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» __ e o
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. - I >
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¥Z . . 4 . ' . ;
o o 7 o o 0 5 ) z g e
77 byz—yz - bz —yz (Fzx—zx) [meV]

Sreekar Voleti, Arijit Halder, AP, Phys. Rev. B 104, 174431 (2021)

Pirsa: 21110022 Page 27/33




Monte Carlo Phase diagram

(a) 30 L35
= 25 3.0
ﬁ 20 -253
gy ~

8 15 E

- .

U 157
5 10 -mg
!
< 5 05

0.0
0 0 20 40 60 80
0o 2 4 6 8 10 12 Runpestons [X]

tyz-yz (=tz:c-zn:) [meV]

Sreekar Voleti, Arijit Halder, AP (arXiv: 2109.13266)

Agree: LDA+DMFT Pourovskii, Mosca, Fr%mchini, arXiv: 2107.04493 (PRL, to appear)
Disagree: Lovesey, Khalyavin, PRB 102, 064407 (2020); Khaliullin, Churchill, Stavropoulos, Kee, PRR 3, 033163 (2021)

4P Ehurchill, Kee (arXiv:2109.08104)?
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Monte Carlo Phase diagram

(b) 50 F

25

50 [ 1 1 1 I 1 I _
FO

T, [K]

25

tyz—;:j;_ls meV =+ _

0 2 4 6 8 10 12
tyz—yz (=t2z—z2z) IIHGVI

Sreekar Voleti, Arijit Halder, AP, Phys. Rev. B 104, 174431 (2021)
. RACISL |
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Tuning octupolar quantum criticality
Impact of surfaces / thin films

Surfaces strongly break cubic symmetry - explore thin films or surface QCPs

Leads to large “field” on the T, component = transverse field for octupolar order

1 o— N:=1 —— r_,:_!,_.:4mv _/f‘.
204 4 1 g 2 sl i— he_yp =7 meV
: L Bl 30| —#— tg g =10meV
: Bt —&— tg g =15meV e
#— N;=5 254 A
- 151
< < 20
] 5 p——
1.0 15 i
104 -
054 i /‘ff
5-
0 10 20 30 40 50 01
Temperature [K] 1 2 3 4 5

Sreekar Voleti, Arijit Halder, AP, Phys. Rev. B 104, 174431 (2021)

4 GfQuadsupoles -- Transverse fields via strain for tuning nematic criticality, A. Maharaj, et al, PNAS (2017)
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Tuning octupolar quantum criticality
Impact of strain?

Let us scale the couplings
involving z-direction by (1-0)

Uniaxial strain / 2D limit

Strain also leads to “transverse
field” for octupolar Ising order

|
|
1
i  Tensile

3D cubic

154 Compressive Ising QCP
£ l D
10
5 - l
D -

—04 -02 00 0.2 04 0.6 0.8 1.0
5

Sreekar Voleti, Arijit Halder, AP, Phys. Rev. B 104, 174431 (2021)
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Summary

% Ba,Mg0s0,4
< Ba,Ca0s0, Discovery of d-orbital octupolar order

% Ba,Zn0s04

v' Entropy recovered across T* ~ R In(2)

v Remains cubic down to T << T*

v" Time reversal breaking via uSR

v" No sign of magnetic Bragg peaks

v" Spin gap in neutron scattering ~ 10 meV
v’ Microscopic theory

¢ Predictions for Raman scattering / NMR
¢ Tuning 2d/3d Ising quantum criticality
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Ferro-octupolar order: Neutron Scattering, LSR

S
N
2.0
1.5+ N
q : S
g |
.l.é 1.07
: Mg, Zn, Ca
0.5} S
0.0 0.5 1.0 -5 =243 &5 3.0
k(A1)
v Spin-gapped magnetic exciton v' Loop current order, B ~ 30G
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