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Abstract: Quantum spin liquids (QSL) are enigmatic phases of matter characterized by the absence of symmetry breaking and the pres
fractionalized quasiparticles. While theories for QSLs are now in abundance, tracking them down in real materials has turned out to be rem
tricky. | will focus on two sets of studies on QSLs in three dimensional pyrochlore systems, which have proven to be particularly promising.
first work, we analyze the newly discovered spin-1 pyrochlore compound NaCaNi2F7 whose properties we find to be described by a
idealized Heisenberg Hamiltonian [1]. We study its dynamical structure factor using molecular dynamics simulations, stochastic dynamical t
and linear spin wave theory, all of which reproduce remarkably well the momentum dependence of the experimental inelastic neutron sc:
intensity as well as its energy dependence (with the exception of the lowest energies) [2]. We apply many of the lessons learnt to Ce2Zr20
has been recently shown to exhibit strong signatures of QSL behavior in neutron scattering experiments. Its magnetic properties emer
interacting cerium ions, whose ground state doublet (with J = 5/2,m_J = £3/2) arises from strong spin orbit coupling and crystal field effects
the help of finite temperature Lanczos calculations, we determine the low energy effective spin-1/2 Hamiltonian parameters using whi
reproduce all the prominent features of the dynamical spin structure factor. These parameters suggest the realization of a U(1) ?-flux QSL p
and they allow us to make predictions for responses in an applied magnetic field that highlight the important role played by octupoles
disappearance of spectral weight.
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Search for quantum spin liquids in highly
frustrated magnetic materials
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(4) A. Bhardwaj, et. al in prep.
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Quantum Matter Frontiers Seminar, November 1, 2021
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H.J. Changlani, FSU

What is this talk about?

I am a theoretical and computational physicist at Florida State University and the
National High Magnetic Field Laboratory. I specialize in strongly correlated systems
with a focus on frustrated magnetism. I study both equilibrium and non equilibrium
dynamics of quantum matter. (https://sites.google.com/site/hiteshchanglani/research)

* Main: Quantum spin liquids (QSL) in real material candidates and the challenges the

community faces in understanding them. This is a vast topic, I will focus on
analyzing two sets of recent studies we carried out on_pyrochlore magnets.

* Along the way, I will try to emphasize some general lessons we have learned about
simulating dynamics at intermediate energies and the techniques that were useful.

* Part 1: S=1 Heisenberg pyrochlore (NaCaNizF7)
* Part 2: Putative U(1) n-flux state in a spin orbit coupled magnet (Ce2Z1207)

Punch line: In both studies it was important for us to accurately model experiments
and get the effective Hamiltonian right. In general, this is a long standing problem in
the field (beyond the class of materials considered in this talk).
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Experimental and theoretical collaborators (Part 1)

b Q: = 4 IIII:-II"..""::
EXPT: i@
P D h
Kemp Plumb Collin Broholm Bob Cava Allen Scheie
(Brown) (Johns Hopkins) (Princeton) (JHU - ORNL)
+ Jason Krizan
THEORY:

Oleg Tchernyshyov Roderich Moessner Shu Zhang
(Johns Hopkins) (Max Planck Dresden) (JHU - UCLA - MPI]) 3
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Collaborators (Part 2)

Fa

o
s/ X
/A
Anish Bhardwaj  Andriy Nevidomskyy Han Yan
(FSU/INHMFL) (Rice) (Rice)

Other theoretical collaborators (magnetism

« (late) Christopher Henley (Cornell) * Turan Birol (U Minnesota)
« Andreas Lauchli (Innsbruck — EPFL) * Arijeet Pal (Univ College London)
* Eduardo Fradkin (UIUC) * Arpita Paul (U Minnesota)

« Bryan Clark (UTUC) * (Chia-Min Chung (LMU Munich)

. *  Yuan Wan (Perimeter — I0P)
* Dima Kochkov (UIUC)
*  Haoyu Wang (JHU)
* Sumiran Pujari (1I'T Bombay)
* Prakash Sharma (FSU/NHMFL)
« Shantanu Pal (IIT Bombay)
* Ron Melendrez (FSU/NHMFL)

. ' i SU/T
Kyungmin Lee (FSUMHMEL) *  Krishna Kumar (UIUC — industry) 4
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Physics of frustrated systems
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exact exponent for large N HHeisenberg =

JZ S-S,

(47)
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Rotate “two color loops”
to get more solutions

quantum “order by disorder” effects can generally lift this degeneracy
(Villain 80, Henley, 87), but not always Also see: Chubukov (PRL 1992)
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Physics of frustrated systems

Several (exponential) degeneracies at classical level
Each tetrahedron satisfies the minimum energy condition

Zero-point entropy in ‘spinice’

A. P. Ramirez*, A. Hayashil, R. J. Caval, R. Siddharthani
& B. S. Shastryt

* Bell Laboratories, Lucent Technofogies, 600 Mountain Avenue, Murray Hill,
New Jersey 07974, USA

artmient, Princeton University, Princeton, New Jersey 085440, USA

[ Chenistr)
T Department of Physics, Tndian Tnstitute of !

Fig. From Castelnovo, Moessner, Sondhi, Science (2008)
Highly anisotropic, essentially classical b
H:—J1ZS;-SJ; e
- E
(i.j) >
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Physics of frustrated systems

Several (exponential) degeneracies at classical level
Each tetrahedron satisfies the minimum energy condition

Fig. From Castelnovo, Moessner, Sondhi, Science (2008)

Q: How can a 2-in, 2-out rule emerge from FM

nghly aHISOtrODIC essen“a"y CIaSSICal interactionS(?) A: Write in terms of ISing variables.

Many nice papers and reviews on the subject

= __ Q... Bramwell, M.Gingras, Science (2001)
H Ji Z Si SJ R. Melko, M. Gingras, J. Phys. Cond. Matt. (2004)
(i.J) C. Henley, Ann. Rev. Cond. Matt. (2009)

Bramwell, Harris, J. Phys. Cond. Matt. (2020)

Electromagnetic analogy was pushed further in
quantum context
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H.J. Changlani, FSU

What is a “quantum” spin liquid?
(beyond “order by disorder”: States outside Landau-Ginzburg-Wilson paradigm)

Two resonance Kekule forms of benzene

Linus Pauling

Original proposal of triangular
lattice spin liquid

Spin liquid is a phase of matter with

(1) no symmetry breaking, no local order
parameter to characterize phase

P 41N (2) yet have long range “entanglement” (property
weE i important for collective/fractional excitations)
E Becea's (3) More modern definitions emphasize role of
talk topology and also relax (1)
We need to think of realistic materials + Review: L. Savary, L. Balents, Rep. Prog. Phys. (2017)

models!
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Lessons learnt from spin ¥4 kagome (30 years of work on one slide!)

]_]I-[uiscnburg =J E Sf’ g SJ"

(ij)

Problem has long history: Elser, Harris,
Kallin, Berlinsky, Sachdev, Henley, Huse, Singh,
Senthil, Nikolic, Marston, Zeng, Lhuillier, Bernu, Mila,
Chubukov, Yang, Girvin ....

S. White
V. Elser 1990's valence bond solid Liquid: 2011

S. Sachdev. T, Senthil 2003:

Spin liquid + Marston-Zeng
(1991)+Singh(2007)

Recent progress (not a complete list)
Y. Ran, M. Hermele, P. Lee, X, Wen (PRL 2007)
G. Evenbly, G. Vidal (PRL 2010)

S. Yan, D. A. Huse, S.R. White (Science 2011)

S. Depenbrock, et al (PRL 2012)

H.C. Jiang, Z. Wang, L. Balents (Nature 2012)
Wan, Tchernyshyov (PRB 2013)

Punk, Chowdhury, Sachdev (Nature Physics 2014)
Hwang, Huh, Kim (PRB 2015)

He, Bhattacharjee, Pollmann, Moessner (PRL 2015)
He, Zaletel, Oshikawa, Pollmann (PRX 2017)
Ralko, Mila, Rousochatzakis (PRB 2018)

Summary of what is going on

04320 sl e b e
-0.434 7
-0.436 25, 3
fEi| rane
5 -0.438 g%
'.::Jl ahs .|:
2 .0.440 ;
w o
5 -0.442
% -0.444 1 ... MERA upper bound
5 -0.446 1 -~ MZ VBC, Series
c DMRG upper bound @
L -0.448 ® ED even samples @it
i ® ED odd samples
-0.450 DMRG Cylinders
-0.452}
-0.454 i ; . s
0 0.1 0.2 0.3 0.4 0.5 0.6

. . -1
(geometrical diameter)
Fig. Lauchli, Sudan, Sorensen, PRB (2011)

Small energy scales and wildly different

physics! (QSL competes w. ordered states)

From a more materials perspective
0.002*200 K = 0.4 K = 0.04 meV/atom

Tiny scales (1-10 meV is the best we have)
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Phase diagrams can be complex

F]Huisunburg = E S; 5 SJ‘.

(ij)

Problem has long history: Eiser, Harris,
Kallin, Berlinsky, Sachdev, Henley, Huse, Singh,
Senthil, Nikolic, Marston, Zeng, Lhuillier, Bernu, Mila,
Chubukov, Yang, Girvin ....

S. Sachdev,  T. Senthil 2003: S. White
V. Elser 1990's valence bond solid Liquid: 2011
Spin liquid + Marston-Zeng
(1991)+Singh(2007)
Recent progress (not a complete list)
Y. Ran, M. Hermele, P. Lee, X. Wen (PRL 2007)
G. Evenbly, G. Vidal (PRL 2010)
S. Yan, D. A. Huse, S.R. White (Science 2011)
S. Depenbrock, et al (PRL 2012)
H.C. Jiang, Z. Wang, L. Balents (Nature 2012)
Wan, Tchermyshyov (PRB 2013)
Punk, Chowdhury, Sachdev (Nature Physics 2014)
Hwang, Huh, Kim (PRB 2015)
He, Bhattacharjee, Pollmann, Moessner (PRL 2015)
He, Zaletel, Oshikawa, Pollmann (PRX 2017)
Ralko, Mila, Rousochatzakis (PRB 2018)

HxxzlJ:) = 3 SIS7+S!S)+J. 3 515
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Our ground state phase diagram (2018
Motivated by a (ground state) exactly solvable point in
one of the simplest models known in the literature (XXZ)
(HJC et al PRL 2018, HJC et al, PRB 2019)

Natural next question:
Where is the real material on these types of

diagrams?
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Where should one look for a quantum spin liquid?

“Rules” are meant to be broken

 Kitaev model materials: based on Kitaev’s exactly solvable model on honeycomb —

eg. alpha Ruthenium trichloride
[see Jackeli, Khaliullin, PRL (2009), Plumb et al, PRB (2014), Banerjee et al, Nat. Mat. (2016),
theoretical work by Kim+Kee’s group, Perkins’ group, Moessner, Valenti, Winter ... and many others ]

* Lattices with frustration — classical degeneracies/competing interactions conducive

for macroscopic superposition, insights from mean field
[Anderson (1973), Sachdev, Read, Wen, Balents, and many many others]

* Low coordination number? (low dimension = more quantum fluctuations)

* Low spin or pseudospin — high spin means closer to semiclassical limit,
hence ordered state likely (Henley, Villain - “order by disorder”)
Most searches for S=1/2, is S=1 “quantum enough”?

. ) 2D-Systems
Kitaev materials .. 3D-Systems
LA

—) . 9?.9. Py 1> - o=, o
e AR\
"‘_—% 3.5 ?9_1! = " ! ‘o e \ "\‘Z&

- = @ e . — * ]
. EWL e e o T X
o ‘ 2 s \ A \\/
er-RuCl RuCl, o s -
e
Source: Takagi et al. Source: Rau et al. Ann Rev.

Source: M. R. Norman
Nat.Rev.Phys. 1 264-280(2019) C.M.P, 10 357-386 (2019)

Rev.Mod. Phys. 88 041002 (2016)
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What is measured in neutron scattering?

(General idea: We will use as many experiments as we can, to model these materials accurately)

Principles of neutron scattering

Ainc kinc

¢ Front-End Systems
- (Lawrence Berkeley)

4 Accumulator Ring
4" (Brookhaven)

4 Target
# - (Ook Ridge)

Linac
(Los Alomos and
Jefferson)

Instrument Systems
(Argonne and Oak Ridge)

.W\_}.

Particle Wave

Eyin = mV?2 p=knh
2

Scattering proces

hiea = EcJul -E e = i (]7:., = V- )
o ine

Q= kul,i'km:

information about microscopic motion

information about microscopic
structure

Fig. from Helmholtz-Zentrum Berlin

1 N o0
SH (q,w) = G N E : _/ At e (ri—r;)tuwt
T LN o0

=1
X (.sf(_f}s-j(l_))).

* Neutron has spin (and no charge), which interacts
with electron spin
* Neutrons produced are typically in the few meV

to few 100 meV range, energy transfer is alscu13

roughly that order
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Beyond

Continuum of excitations due to “fractionalization

ground state... What about dynamics?

»

nat ure,
physics

ARTICLES

PUBLISHED DNUINE: 16 RINE 2013 | DOE 10038/ NPHYS 2652

Fractional spinon excitations in the quantum
Heisenberg antiferromagnetic chain

Martin Mourigal***, Mechthild Enderle’, Axel Klépperpieper®, Jean-Sébastien Caux®,
Anne Stunault’ and Henrik M. Rennow®

9 d

10 > 10 f
[+
4

~ 08+ = < 08} .
3 2 O T o
g 06 g 5 06} )
5 < B <
'g 04 r E & 04r \ E,
4 0 E Oy
& < & 5

02+ ~ 02} ~

Experiment Experiment Theory
DC 1 1 1 1 1 D ‘}.IJ 1 1 1 1 1
0 1/4 1/7 3/4 ] D V4 1/2 3/4
e Mamentum transfer (h, =1/2,1/2)
in‘- Time 0 Tima ¢
Beyond spin wave!
pyIxy £6440¢. hpeet ipegd.|
L ALEEA LR ARNRNA:
Spin wave theory works! L T TNV AR S Ty L
el v !
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Strategy 1: Can we get QSL with S=17?

HHL‘i‘:-L’.[‘LbL‘l‘” = SE g Sj #
5 /\

Spin-1 = - / DYO)
e /\DV{:\}(Q"
B0 .ll. | @ QOAQ/Q%

Consequence of “fractionalization” K. Hida, JPSJ (2000) — variationally superior
AN A
& A A A Z Wins!
VA A AL

+ many other competitors
(eg. v3 x ¥3 within 1/S)

DMRG+ED: HJC, A. Lauchli, PRB(R) (2015)
Tensor nets: T. Liu et al. (von Delft), PRB (2015)

. . Series expansion: Oitmaa, Singh (2016)
See Affleck, Kennedy, Lieb, Tasaki model ¢ i, ejated: Arovas, PR (2008), Corboz et al., PRB (2012)

More recently for Na2Ti3CI8: Paul, Chung, Birol, HIJC, PRL (2020)
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Strategy 1: What about S=1 3D pyrochlore?

5]
Large S: selection of collinear state manifold J
at quartic order (some degeneracy remains) 105:-*_'*__“ 75°
U. Hizi and C. L. Henley, PRB (2009) 135° 2R | “\\45
/l = _'rh—h -_A.”‘f'w‘_ \\
F .‘,'r",/_ o - \;I'({ 3\
AKLT lik ingl / y A A § \
" ot  Planar spiral * s
Yamashita, Ueda, Sigrist, JPhys (2001) iy \ &
(with J2, J3, transverse chiral state is argued for) { + = k=0 | - \ .
PERRRIE el - - - . e anes » - |
1 !mmmra j{' -r';l
195 ‘\\ -‘\_\. M /; §345
\\ .‘\\ i ..,// . ‘/:Ir
\‘\ \\___‘_“-__ - o ./'
225 "8 1 7315
“Topological paramagnet” \*-,E__‘ _ ; By
diamond lattice 255° “——]r 285"

Functional RG: Y. Igbal et al., PRX (2019)
(argue for lack of magnetic order consistent

o , with QSL, but can not rule out other orders)
No Projective symmetry group analysis 16

available yet? (most of it is for spin ¥ systems)

C. Wang, A. Nahum, T. Senthil, PRB (2015)
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A possible spin liquid in 3D?
S=1 pyrochlore NaCaNi F, (NCNF)

NCNF Materials discovery: Krizan and Cava, Phys. Rev. B (2015).

Neutron scatt. + Theory: K. Plumb, H.J.C, A. Scheie, S. Zhang, et al., (C. Broholm’s group)
Nature Physics, 15, 54-59 (2019),
S. Zhang, H.J.C, K. Plumb, O. Tchernyshyov, R. Moessner,
Phys. Rev. Lett. (2019)

v
o3t
--ZI— k. :
© 2k
e | N,
N —_— __r,- \
S | : 1 In the family of A2B207 [ A \?ﬁ"/ A »
UE 1l ._ | (or more generally A2B2060°) & "'18?: \‘ .
N ¢ | The fact that we have two kinds of ey
Aions (Na and Ca) introduces
charge disorder, a complication I will ignore for this talk
0 | e T T T
0 40 80 120 160
T (K)
No sign of ordering at low temperature Ni is an effective magnetic S=1 ion!”
(100 mK), a broad hump in sp. heat at 20-30 K on a pyrochlore lattice
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A possible spin liquid in 3D?
S=1 pyrochlore NaCaNi F, (NCNF)

NCNF Materials discovery: Krizan and Cava, Phys. Rev. B (2015).

Neutron scatt. + Theory: K. Plumb, H.J.C, A. Scheie, S. Zhang, et al., (C. Broholm’s group)
Nature Physics, 15, 54-59 (2019),
S. Zhang, H.J.C, K. Plumb, O. Tchernyshyov, R. Moessner,
Phys. Rev. Lett. (2019)

L E
L, i w ++

P Ni \ Boct
g

Ni is an effective magnetic S=1 ion!8
on a pyrochlore lattice
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Obtaining a reliable model for NaCaNi,F,

= Z Z (gl

ij pv

Define a cost
function for fitting
static correlations

\—J1 =z Ji

’IJ. '_-]l'_l ',!.-_{
L o &
T =T 0
Ji —=J3
—Js J1 —=J4
_J

s A, S
R
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S. Onoda, Y. Tanaka, PRB (2011)

K. Ross, L. Savary. Balents, Gaulin,

PRX (2011)

H. Yan, O. Benton, L. Jaubert, N.

Shannon, PRB (2017)

20
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Obtaining a reliable model for NaCaNi,F,

0.1F P I J ."

1
s E P L
H—._) ']E_} -‘J?' -:‘!l-.}

ij v

Define a cost
function for fitting
static correlations

Classical static correlation functions
(theory) are calculated within the “self
consistent Gaussian approximation”
(SCGA) — see Garanin, Canals (1999)
OK if no magnetic order, and if spin
length is “soft”

Nearest neighbor: [1 =], =3.2(3) meV, [5=0.02(1) meV,
J1=—0.06(2) meV.

Next nearest neighbor: [y =—0.03(1) meV.

J3 Ja * Also DFT fitting verified dominant J with PBE functional but
could not get the small scales (Zheng, HJC, unpublished)
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Self consistent Gaussian approximation
(reasonable only for paramagnetic phase. See Conlon, Chalker, PRB (2010) )

H-—Z}q S;.

ij

Why this? ﬂ
Use it to impose condition
< ,Zs_ {73 l | Standard Gaussian integrals,
8i /= — = —Tr[?\l + 52 J, V[n)]_l Use expr. to determine A

3 4N n + Go to diagonal basis
| (momentum)
—=— > Tr M+,82 JV(q) |
3 IV({EB;'

Finally evaluate: (s (q)s (q {M‘HBE J”V“” (q ]

My 22
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How well does the fitted model work?
Checking the static structure factor

) =1
m =1
)

“Spin-flip”

(IN+Js/uieq)

Pure Heisenberg model does not capture all the subtle momentum distributions 53
Small but important deviations needed
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What about spin dynamics*?

(3D system challenging, try some existing techniques to guide search)
see: S. Zhang, H.J.C, K. Plumb, O. Tchernyshyov, R. Moessner, Phys. Rev. Lett. (2019)

Monte Carlo + Landau-Lifshitz
spin dynamics (MDJ/LL)

A. Keren, PRL (1994)
P. Conlon, J. Chalker, PRL (2009)

Stochastic “Large N” theory
(SLN)

P. Conlon, J. Chalker, PRL (2009)
D. Garanin, B. Canals, PRB (1999)

Linear spin wave theory
(LSWT)

P. W. Anderson, PR (1952)
R. Kubo, PR (1952)

Effective magnelic field experienced by spin,

where H = Hamiltonian

d OH

—s8; = —8; X|—
dt Js;

Average dynamics over many initial
configurations (IC) chosen from a thermal
ensemble generated in Monte Carlo (MC)

DA GEA()]

IC from MC

(st (t)s7(0)) =

In practice, time evolution with fourth order
Runge Kutta method.

Approx. 10,000 MC samples were used, and
up to 8192 spins

Model for hydrodynamics of spins (Langevin
equation) in the presence of a random “noise”
term which mimics the role of temperature

;”_,-\

OF »
(H ﬂe ZAU ) Ju éf (f

Gaussian noise term

1) Assume spin is a “soft” one — i.e. its length
is not fixed
2) Assume spin has N components, N large

Under these conditions, an gxact analytical
expression can be obtained, but y needs to be
fit to MD.

0 mey ! "‘*". . MD
— SLN

fRE e =
t=105 I

P ]

= 10p e b 2 |'I .‘i-.'. L"’ I|

= — =10 4\

v i RV
L | by

{000] w0 [002] " [000]
q

The only semi-quantum approach
among the three techniques

LSWT requires a unique ground
state to perturb around

‘We use Monte Carlo to “sample”
many local low energy minima
(these include ordered and
disordered configs)

LSWT in real space (8192 sites)
(parallely also realized by

X. Bai et al PRL 2019 —
Mourigal and Chalker groups)

(*Detailed math. expressions
for dynamical structure factor
in the supplement of our paper)

24
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Is the agreement “perfect”?
* NO!

* | initiated this talk arguing that fractionalization (a quantum effect)
was a hallmark of QSL

* And yet.. we have used classical and semi-classical/semi-quantum methods
and observed qualitative agreement between experiment and theory.
This came as a surprise to us.

* We should not expect low energy physics to be accurately described by
our methods. But intermediate energy scales are well reproduced

Classical Quantum

Another example of classical-quantum correspondence
Kitaev model for 5=1/2 and S= oo where both calculations

can be done exactly

For more details: A. M. Samarakoon, A. Banerjee,
S.-S. Zhang, Y. Kamiya, S. E. Nagler, D. A. Tennant,
S.-H.Lee, and C. D. Batista, Phys. Rev. B. 96, 134408 (2017)
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Classical (Landau-Lifshitz) dynamics + semi-classical spin
dynamics in NCNF

(b) 2] .- 0.5meV WT
2 R

d OH ~-2r "W

—S; = —S; X — -

e

0 01
ey N

2 4meV
ety
‘a 0
2
2
=20
=2 b
‘ 1 . L
2 B 2 2 8 2 =2 0
[HOO] [HOO] [HOO]

Theory: S. Zhang, H.J.C, K. Plumb, O. Tchernyshyov, R. Moessner, Phys. Rev. Lett.
(2019) 27
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Is the agreement “perfect”?
* NO!

* | initiated this talk arguing that fractionalization (a quantum effect)
was a hallmark of QSL

* And yet.. we have used classical and semi-classical/semi-quantum methods
and observed qualitative agreement between experiment and theory.
This came as a surprise to us.

* We should not expect low energy physics to be accurately described by
our methods. But intermediate energy scales are well reproduced

Classical Quantum

Another example of classical-quantum correspondence
Kitaev model for 5=1/2 and S= oo where both calculations

can be done exactly

For more details: A. M. Samarakoon, A. Banerjee,
S.-S. Zhang, Y. Kamiya, S. E. Nagler, D. A. Tennant,
S.-H.Lee, and C. D. Batista, Phys. Rev. B. 96, 134408 (2017)
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“Works” for intermediate energy scales, not at low energy

No sharp dispersion <

g 0
[HH2) [HH2) [HH2) [HH2]

Theory: S. Zhang, H.J.C, K. Plumb, O. Tchernyshyov, R. Moessner, Phys. Rev. Lett.
(2019) 29
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“Works” for intermediate energy scales, not at low energy

o
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Theory: S. Zhang, H.J.C, K. Plumb, O. Tchernyshyov, R. Moessner, Phys. Rev. Lett.

(2019) 30
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Summary — Part 1

* We have learned the spin Hamiltonian of NCNF from neutron scattering, and explained
many features of its dynamical spin structure factor at intermediate energy scales

* Many features indicate signs of a spin liquid (no mag. order, pinch points/ bowties,
no low temp anomaly in specific heat)

* The techniques are potentially useful for other problems (so let us try one more!)

Things we can not explain yet
Why residual entropy of 0.176/spin?

0.0134 I .
—_ B ¥ R’|I’l1{3) samivame Carmsns il R
o FC 4900 ¢ [110] =8
Z 00132} o %% H=2000e - 56 ;
_cla b00’0 ® £, residual entropy
= K3 4 80 ! «'3 7] :_ 2
~ 0.0130 - 3000 . w . £ T—. . y
v 0 " A
o i ° *% - 0 20 40 60 80 100 120 140
5 O ZFC ¢ Temperature (K)
CIEJ 0.0128 |- ¢ ¢ - ——
. (AN
St L2
= £ NaCaNi,F, g, g
0.0126 1 l l | & ZT
2.5 3.0 3.5 4.0 4.5 5.0 g
Temperature (K) =
)
Bifurcation in the DC susceptibility — Krizan and Cava, PRB (2015) [~ 1= )
Role of disorder: Can a spin liquid survive bond disorder? _0 - 32
Why this scaling at low temperature?
| What is the quantum theory? | (Halperin-Saslow? See Podolsky, Kim, PRB 2009)
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Strategy 2: strong spin-orbit coupled systems
Recent experimental reports on Ce:Zr:0;

B Gao et al. Nat. Phys. B Gao et al. Nat. Phys. 15, 1052-1057(2019)

15, 1052-1057(2019)
= - g s {1} ; 2 gl : 1% Studied by two groups at
= = -—2T 8T —m=14T roughly the same time
= = -
ce* ¢ e 71,1
id 27 ] * _
S '- E X
E i ¥ ‘h.l
3 4 _III
O |
c ( P. Dai B. Gaulin
J__S 0 L et : (Rice) (McMaster)
107" 10° 10"  Gao et al, Nat. Phys. 2019
T (K) Gaudet et al, PRL 2019
Gaudet etal. PRL122,187201  T=0.06K T=0.035K EF=[-0.05 0.15]meV 0.8 02
ol I o ot T Y T T T v T T 2
028 ‘ g (b) T=006K-2K { =
5 3 0.6 g
8 = —_ Gaudet/ Gaulinl z
=z = Z 04t =
. | = = 8
X |'® < =
g = = g
2 E
0 g 0 1 5 g =0.2
[H.H,0] (h, h, 0) =
3 33
-15 Intensity (a.u.) 1.5
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Classical Spin Ice, T=0

[H.H.0]

T=0.06K
0.28

. Gaudet et al. PRL 122,187201

b,

(spun Arenigae) Ajisuajuj

[H.H.0]
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Quantum Spin Ice, T > 0
3

T=0.035K E=[-0.05, 0.15] meV

=15

0 1
(h, h, 0)

Intensity (a.u.)

1.5

(6T0Z)£S0T-250T ‘ST "sAyq e "e3@ oEn g

Strategy 2: strong spin-orbit coupled systems
Recent experimental reports on Ce:Zr:0;

Analogy (with dipolar ice)
offered by Gaudet et al, PRL
(2019)

Theoretical work: O. Benton et al.,
PRB (2012)

Our viewpoint is somewhat
different/complementary

Q: If this is spin ice, where
are the pinch points?

A: We need the Hamiltonian to
do something meaningful!

Long story short: This is
an “octupolar” ice where the

pinch points are hidden from
our sight! 34
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A “cartoon” of a U(1) quantum spin liquid

M. Hermele, M. Fisher, L. Balents, PRB (2004)
Let us forget all these local axes and add a small quantum term on ice which we can treat perturbatively

: Iy o J o
H=Hi+H, Hi = (S7)2%, H = sz(bjbj + h.c.).
- Tt (i)
AT Tw
O
2 . ( \

2 /ANIN B

b
/Map to dimer model on
7 S+ S—Gt -6t g 1 ho diamond lattice i.e. _ -
%" {92538 % ) uRokhsar Kivelson'ize it Hp + Jring Ny
9 73 2 to make it solvable "
3r_]_L /2!]2 : ‘

Number of flippable hexagons
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A “cartoon” of a U(1) quantum spin liquid

M. Hermele, M. Fisher, L. Balents, PRB (2004)
Let us forget all these local axes and add a small quantum term on ice which we can treat perturbatively

Equal amplitude superposition of all “ice rule”
(2 up 2 down) satisfying states! Projector
eliminates all other violating configurations
(stable phase in 3 D)

Vi) = (1-P)[] 157 = 1/2)

Pirsa: 21110003

energy
U(1) Spin Liquid Jy magnetic monopoles
l [sing order ,
@ I IXIJJT'E'H*I - .\
* : J, ring visons
—axis Limit Soluble Point
photons
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What is the correct minimal description?
Single ion physics — where does the “O” = octupole come in?

Hallas et al. Ann. Rev. Con. Mat.
Phys. 2018. 9:105-24

)1=7/2
) SOC /
4f ——— _) Crystal /
L

\ Field .
3 o 1/2 j=5/2 4 \ 55 mev

|=5/2,0z=+ 3/2>
Dipole-Octupole

Doublet
See Y. Huang, G. Chen, M. Hermele, PRL (2014)
A.Patri, Hosoi, Kim, PRR (2020)
= 1 Zi
Y TRi = E’P']Rap
+ _ 1 /P( ]-h' 2‘;77_)
TRf (‘) ])[ ; R.‘) )
HXI! FATY
= Sﬁ_ r.7 C'?._\‘ r.7 v CJ_\‘ v
‘ T— 71T T°%——1" T — T
38
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What is the correct minimal description?
Interaction “XYZ” Hamiltonian + “funny” Zeeman term from projection

Hallas et al. Ann. Rev. Con. Mat.
Phys. 2018. 9:105-24

1=7/2
s SOC /
4f e———— _) e /
AT

\ Field "
3 + 1/2 j=5/2 4 \ 55 mev

|3=5/2,0z= + 3/2>

Dipole-Octupole
Doublet

See Y. Huang, G. Chen, M. Hermele, PRL (2014)
A.Patri, Hosoi, Kim, PRR (2020)

s Y.y T T Z o2 T2 -
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{i7)

2 x a2 0 gulls -I { 8j
HZ - Z(h ) Z-‘j)(gzs?: + gz S'f) Hpnn = Z Jnnn [q: 57 5?] [ 0 0 0 63;
( s

(ig)) [(jrqz 0 (}% J L"’I

A. Bhardwaj, S. Zhang, H. Yan, R. Moessner, A. Nevidomskyy, H.J.C., arXiv:2108.01096 (2021), under review
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We had a few tricks up our sleeve..

which we decided to just throw at this problem to learn the Hamiltonian to explain all available experiments

Finite temperature Lanczos: Jaklic, Prelovsek, PRE 1994

E—:—Tsjical 1 N Rr M
= .S foAn 4 I|1 5 [ ) 4|2
= = NLC-3 (Raf. 12} AN KD — O b ) T 0 Ajy
\ == NLC-4 (Ref. 12) (4) 7 Z R Z ZC\D[ -3E\?’}|<\? |i’5”"f?| Aji
i —e— Exot. {Ref. 5) r r=1y=1
\ —i— Expt. {Ref. 25) . B M
\ Np a1 L A |3
\ Z=) 7> ep(-BE)|(rlysm
r T or=im1
[ ;
i szleO',f
g .. ;
100 10! _ o : i i
T (K) Comparison with Singh + Gingras’ NLCE data Anish Bhardwaj

(Applegate et al, PRL 2011) + McQueen’s crystal (FSU/INHMFL)
data for another pyrochlore was rather good!

0.5 10

Er;TioOf
r— For static structure factor, we used SCGA

— FTLM (used for NCNF) + classical Monte Carlo
—e— Expt. {Ref. 20}
—k— Expt. (Ref. 30}

o L Kyungmin Lee
1 L (FSUINHMFL)
T (K} 10 59 X % Brg ﬂ.r?:.l.lexp_l - w
More recently for il \,
HJC arXiv:1710.02234 Maire triangular Hubbard model & \)\‘xx' 3

intermediate temperature physics iy ST /

Lee, Sharma, Vafek, HIC (in prep) 0.0 %ﬁ

to explain Shan/Mak Cornell expls. T 40

—0.2

T T T T T T T
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How well can we fit the experiments? What did we learn?
A. Bhardwaj, S. Zhang, H, Yan, R, Moessner, A, Nevidomskyy, H.J.C,, arXiv:2108.01096 (2021), under review
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How well can we explain the experiments with our Hamiltonian?

ta
=

(st Snenire) st

(h,h,0)
Using rescaled Molecular dynamics/ Landau Lifshitz
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Gaudet/ Gaulinl
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How well can we fit the experiments? What did we learn?
A. Bhardwaj, S. Zhang, H, Yan, R, Moessner, A, Nevidomskyy, H.J.C,, arXiv:2108.01096 (2021), under review
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We had a few tricks up our sleeve..

which we decided to just throw at this problem to learn the Hamiltonian to explain all available experiments

Finite temperature Lanczos: Jaklic, Prelovsek, PRE 1994
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