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Abstract: In this talk we present a study of the &aebreathing&€e pyrochlore compound Ba3Y b2Zn5011. Due to the nearly decoupled nature of its
tetrahedral units, this compound serves as an ideal testbed for exploring the nature of anisotropic exchange in a theoretically and experimentally
tractable rare-earth system. The relevant low-energy model of the Yb3+ tetrahedra is parametrized by four anisotropic exchange constants and is
capable of reproducing the inelastic neutron scattering data, specific heat, and magnetic susceptibility with high fidelity. Using this model, we
predict the appearance of an unusua non-Kramers octupolar paramagnet at low temperatures. We further speculate on possible collective,
inter-tetrahedron physics of these non-Kramers doublets and discuss applications to about anisotropic exchange in other rare-earth magnets.
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The breathing pyrochlore Ba,Yb,Zn_ O
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Pyrochlore magnets

e 3D Frustrated lattice
 E.g.R,M,0, AR,X,, ...
* Lots of interesting physics

— Classical/quantum spin
ice

— Order by disorder
- Partial order

- Multi-phase
competition

Breathing pyrochlore?
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Breathing pyrochlore lattice
* Expand half of tetrahedra

* Removes inversion
symmetry of lattice

* New control parameter —
Breathing ratio = d’/d

What'’s so interesting?




Why could it be lnterestlng‘?

* Breathing quantum
spinice:

- Stronger quantum
effects?

Inversion breaking

- Topological " , 73
- : = ring = 6(k =
excitations (Wey! Zi
magnons) 10 ,
0sl [} L
* Controlled limit: ; p
&4t % 06 | /;" |
- Nearly decoupled 2 ol o Goglacnd
tetrahedra 02f A
BN
0‘00,0 0.2 0.4 0.6 0.8 1.0

- JIJ
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Materials

 Example: Li(Ga,In)Cr,Oq

- Breathing ratio not
large ~ 3%-5%

- Ordering
= In-Ga mixing?

 Example: GaV,S;

- Larger breathing ratio
j - Not exactly localized

T (K)

@ \;- Ba3Yb22n5011?

0.0 02 04 ' 0.6 0.8 1.0
(Ga) X (In)
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Materials (cont.)

O]
* Much more W AR L uie

“breathing” R \7 \r/

- Factor of twoin P YR AN
inter- and intra- : \7” e
tetrahedraon . VA V ;
distance SO @

- Spin “molecules” P "l

cl Sevg—9
uster/

» Rare-earth based Molecule T ﬁ
- Highly localized g e

: Q
magnetic degrees m;% ﬁ 90
h.2 o
of freedom “a=T LK
\
o J T °

What'’s the goal?
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Things to understand

* Controlled starting point:

- Both model and solution of model can be worked out
(essentially) exactly

* Better understanding of rare-earth exchange:

- Can we understand different anisotropic exchange
regimes in other rare-earth magnets?

* Possible collective inter-tetrahedron physics:
- New cluster degrees of freedom?
- Interesting collective physics?
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Example: Rare-earth exchange

7
this study
Pa

|

Energy(meV)

n of of
Ross of af

4 & stoichiometric powder x=0

Yb,Ti,O, serves as a
good example

Very interesting low
temperature physics

Difficult to pin
down model

Several, very
different, proposed
exchange parameter
sets
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Basics

e Yb3+ — 4f13
* One hole in 4f-shell

* Large spin-orbit
coupling

* |L=3,S=1/2 > J=7/2
* Split by C,, crystal field

- Four Kramers’
doublets

* Well-separated
pseudo-spin doublet
(~38 meV)

v I

he [meV]
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Basics (cont.)

oue [LANG * Broad features in specific

20 ) heat, susceptibility

S0.02/ T s

Sl (®) * Susceptibility not cleanly
0.00, 10 i 20 30 going to zero

= | .. ot e Noindications of any

M e transition

X o4 ~1

S Oj\hm @ i * Residual (magnetic) entropy

~ | - ~%log 2 at ~0.3K

b4

00 6+ Rin2)

S8 | el * One doublet degree of

R [ g | freedom per tetrahedron?

3 X

?3 = (b)

4 SERETONN ISR 20 Spectrum?

T(K)
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Spectroscopy

2.0

15|

1.0 |-

Energy levels

0 [meV)

0.0 0.5 1.0 1.5 20

Intensity (arb.)
o

0 - + e U L P Yo
0.0 0.5 1.0 1.5 2.0

E [meV]

Powder samples

Inelastic neutron
scattering (ORNL)

Flat, dispersionless modes
— decoupled tetrahedra

Many distinct levels
- Two main modes

- One weak, one
shoulder

Strong spin-orbit
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Model

 Write down

i = Z > RUiEs:s: &S S; + S7ST)

symmetry allowed il
model +Jax(7,STST + He.)
* Six parameters + T [Cii(SEST + SFS%) + Heel),
- Four exchanges
- Two g-factors i = pplgs(R;ST +3:57) + 9:2;S5),

Best fit (INS, specific heat & susceptibility)
U —t= 0! S//EmeVs o, = FHONIAI TN,
Jiy = +0.158 meV, J,+ = 1+0.298 meV,

gs =236, g =3.07.
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o [meV)

Model (cont.)

* Quantitative reproduction of all experimental data

0.5 1.0 1.5

il rX -

0.0

| T
16 — Model 2
Data

Intensity (arb.)
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C [//mol K]
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Model

Best-fit model
calculation
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Model (cont.)

* Model more illuminating in global basis

* Four types of interaction: Heisenberg, Kitaev, symmetric
off-diagonal, Dzyaloshinkskii-Moriya

Kitaer':v ‘17 Dzyc.n'oshinskﬁ*
HES Z SITJUSI exchange (J + K -i-% -{-—% \ﬂr Ko alChY
(1)) Jiz = _% A Heisenberg
O T
J — L0507 eV Lots of structure:

D= —0.164 meV * Strong AF Heisenberg

K = —0.014 meV * Indirect DM (D/J ~ -0.28)

[ = —0.01 meV ‘e . . :
i * Negligible symmetric anisotropies

Page 15/27



Model (cont.) * Heisenberg-AFM good
_ starting point

4 4

E— —+— T * Total spin S; almost good
5r=2 (x1) quantum number
2
Hi—arm o< | S| =[S/
ST=1 (X3) E— z : 97 =1
— —17  Levelstructure
- A2
$.=0 (x2) 1 - Two S;=0 singlets
DL % - Three S;=1 triplets
: e f\ ﬁ - One S;=2 quintet
£ o fjf m « DM splits S;=1 states, but
ok VU 5 not S;=0or 2
W e Meent el Origins of exchange?
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Exchange physics

* Exchange interaction
isn’t generic!
* Why?
—® + Noclear exchange

“regime” in many other
pyrochlore magnets

* Yb-Yb bond

- Edge-shared
octahedra

O - Two exchange paths

Super-exchange processes?
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Exchange physics (cont.)

* Cantry and calculate

- It works! = | ~10

* Reproduces exchange eV
almost quantitatively

4f12
~/eV

* Robust to details of 4f14 4f*3
calculation

Computed from g-factors: Yb2* Yh3+ Y4t
D/J~ —0.23, K/J~T/J~ —0.01 R

y y
Fitted from experiment: 7 ot BS:/
D/J~ —0.28, K/J~T/J~ —0.01 - X t

* Yb
Yb

Z
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Exchange physics (cont.)

 Why does it work?

* Simplest picture: only lowest orbital, perfect octahedral
cage

. L == ‘
vontoc/Aoctrnve honle in € EE Anrihlot
Creates/desti OyS noie in Ccr douplel

_toﬁ L C;racjo 1 Uoff L niTnH’

C . _— - 75 7 Fay e ) 1IN
Symmetry forces NN
;

nopning ‘r;f‘.l’l ’J‘E”if:(T (’J)J , | 1 1 7

I8 Ll JC FoCL J r F fo
LA ety Only on-site interaction
spin inaepenaent £ - Mo, i

* Robust anti-ferromagnetic Heisenberg exhange
Real material: distorted octahedral cage
- Pseudo-spin dependent hopping = DM interaction

* Emergent weak anisotropy
Low energy physics?
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Ground state

* Doublet ground state on
tetrahedron

- Non-Kramers

Smoothly connected to AF
Heisenberg ground state

* Low temperature state is
octupolar paramagnet

- AIAO for z
- VB states for x/y

* “Pauli” behaviour in non-
linear susceptibility

Interactions?
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Collective phenomena

How do we resolve this
doublet degeneracy?

Further neighbour
exchanges ~ 100 mK

Interactions between E-
doublets could become
important below ~0.5K

Interacting non-

Kramers doublets on
FCC lattice

Some evidence for this

Heat capacity (J/K Yb-mol)

C [//mol K|

3k

0.10

1 1 ! 1] T 1 L]
— Model —

-4 0.08

%
P
g

i
=
ES
/mol|

x lemuy

\ = 004 -

o, -4 0.02

0.00

0.2 0.4 0.6 0.8 1.0
Temperature (K)
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How do we resolve this
doublet degeneracy?

Further neighbour
exchanges ~ 100 mK

Interactions between E-
doublets could become
important below ~0.5K

Interacting non-

Kramers doublets on
FCC lattice

Some evidence for this

Heat capacity (J/K Yb-mol)

C |J/mol K]

0.5F

Collective phenomena

3k

0.10

-4 0.08

0.06

— 0.04

-4 0.02

0.00

¥ lemu/mol|

0.2 0.4 0.6
Temperature (K)

0.8
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Ground state
* Doublet ground state on

tetrahedron

- Non-Kramers
Smoothly connected to AF
Heisenberg ground state

i\S |+) = +43, * Low temperature state is
11§ 0 1 ~0.13 octupolar paramagnet
i "7 - AlAOforz

(i|§[_ , (gj < gk)|:|:> ~ L) A - VB states for x/y

e “Pauli” behaviour in non-
linear susceptibility

Interactions?
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0.10

Collective phenomena

How do we resolve this
doublet degeneracy?

Further neighbour
exchanges ~ 100 mK

Interactions between E-
doublets could become
important below ~0.5K

Interacting non-

Kramers doublets on
FCC lattice

Some evidence for this

Heat capacity (J/K Yb-mol)

3k

C [//mol K|

4 0.08

v
g
[emu/mol]

S
\ o 1004 -

e H0.02

A/
x

0.00

0.2 04 0.6 0.8 1.0
Temperature (K)
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Collective phenomena (cont.) g

* General inter-tetrahedron exchange model
projects to Ising-only interactions

PSP = )\T,Zi,-
* Virtual intra-tetrahedron exchange competitive

- Generates “transverse” terms

General: Anistropic exchange on FCC lattice
- Three symmetry allowed couplings

Z [Q,TFTS + Qu (THT; + hec.) + Qus (§T TS + hee.)]
()
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Disorder St

* Another possible route FoR B
to resolve degeneracy

* Structural disorder can L T —
split doublet Z N7+ T ]

* Unclear disorder scale,

distribution or origins o

Key (open) questions:
- Disorder?

- |Interactions?
- Both?

-
L]

Heat capacity (J/K Yb-mol)

0.0 0.2 04 0.6 0.8 1.0
Temperature (K)
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Conclusions

* Model system to understand frustrated rare-earth
models

* Validates some of our understanding of rare-earth
exchange more generally

Interesting possible collective / disorder physics at very
low energies

= Octupolar paramagnet
- Non-Kramers doublets on FCC lattice
- Competitive with disorder physics?

Thank you for your attention
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