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@ Own the route bto frustration: ordering and time/dynamics issues of
ordered magnets

- classical case

- quantum case

- stability of Néel states

€@ Historical point of view
- A first exam[zete of frustration
- Condensed matbter and statistical mechanics eveh&uattj meek
- E?nﬁrmpv s ihteresting

€ Phylogeny of frustration
- Study of a simple case
- What can we play with
- Well, its not gb\o& simple...
- But fruskration helps deconfinement (fractionalization)

Outline of the lecture

@ Emerqence in frustration
- Back to spin ice
- From spin to (magnetic) charge, and deconfinement
- Emwmergent gauge structure
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Ferromaghetic material, at T<«<Tc =) R

Fred brings home one too many cute
refrigerator magnets.

« We » all expect it to stick to the fridge. Well, it should not...

Unless we brealke bime reversal sojmme&r:j: E, = B,

e_ET/kT e_Ei/kT 1
At T=0, we have p(1)= —— =l =— ==
So, (M) = myp(1) +myp()
1

5 (M +my) =0

Statistical physics tells us that there is no such thing as a sticking fridge magnet...

Still, they do stick! Why? Why does stat. phys. fail ot describing real Life?

Note: (M) s NOT an order Farame&m
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Toake H=-) o0 with oi=4+1 (Ising spins)
(4,9)

1= spin: *Stakes sl E- = E- = © obviously, <M> = ©

e - SF'EMS: States : ++ Err 2B = -1 ai.so, <M> = ©
o 1o E+-zg;-+z+l

Bub! (~-) =» (+,+): bwo Fw&hsz (=,=) => (=, +) = (+,+)
(==) = (+,+) => (+,+)

-+ Rolbzman kells us thak p_ | o e 2E/HT = o=2/T

/ D aiioa)
(=) ShY

so, there is a time issue.

Lelks consider one Fw&h

SgE Pl e o
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Let’s consider one flipping path:
(1) (2) (2) (2) (1)
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Let’s consider another flipping path:
(1) (2) (a3 (1)
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N - spins: how to go from —- ... = bo ++ ... + ? [aqain, we kinow that <M>=0]

a) we nucleate from one side and propagate to the other.
thewn,

B e ) (S PO S

Note: we need equations of motion to do that.
A stochastic process would not!

b) we hucleake n « ciewfe«t::&s »

« propagation » of defects is, enerqgy-wise, costless.

EI(*** *) = Eﬁ(-—»+~:—-~e—+~e——~ .,.>

SO, px (6—2/T)

It Llooks Like you must be very « Lu,&wv » o reverse everyone at small cost; skill, it%s Passibie‘
Thanks to dimensmnau&v!
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In higher dimensions d, ie d&-1, its worse.
Lekb’s Erv Ad=2.

- - + + + +
- - - o o+
> v >
e LS PR W X 0‘{: COUrse,; <M>»=0, N~
- —— - + + + +
E, o
» 4 » 4

2 neighbors 4 wneighbors & neighbors

are relakted are relaked are relaked
SO; P X Saala s e e Il s

Whatever the way you try (luck is no longer at play here), probo\bdi&j collapse.
In other words, time durations diverge!
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Statistical physics tells us there are no permanent magnets, but stochastic dyhamics
explains why, actually, we do observe them.

k.

=0 t=... A duration longer than the age of
the universe,

-> There are « Iermamem& » maghets, and sportaneous broken symmetry (n CM) is a
{amaj WAy for es&rime lack of pa&em‘:@.‘.

-» Collateral statement: in high dimensional ordered maqguets, fluctuations can only
marginally modify the magnetic texture they are builk on.

The path we have followed in statistical physics hast its quantum counterpart.
Amf:iferramagmeﬁs do not exist’
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S. are quantum « objects », ie
operaéors, like Paull wakrices
for instance,

Stotal (3S) = ©

0 0 2 D 0 il 0f 00 a0 L0 S
0. 00 Oeiheist ® Ss @0 070 0 Gl
0 SO EEEERE. Lo 000 R B 0 -0 0 3
= D@l e Ui 0 050 005505
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Eigenvalues:-1.61603, -0967107, 0987107, ~0987107, 07§, ...
Stotal (C*S) = ©
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We can qo on Like this, but there’s better.

Marshall W, 19585 Proc. R, Soc. A 232 4% (also an argument of Landau and Gorter)
Sas=0

So, there are no antiferromagnets!

Again, djv\&mit:s s crucial. Anderson 62, Bernu 92

-> concept of « tower of states »

A quantum (canonical) antiferromaqgnet is a symmelric top whose moment of
inertia diverges with N, the number of spins

Here again, its a matter of time iLe. dynamics.
-» It is too slow ko be observed

And here also, fluctuations (or excitations) marginally mmdé{v the Grround State
(in high dimensions)
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As we did for the ferromaqgnets, what about injecting a « defect » in the texture? Available m

- = o - wm o owm e i T R R - wm o owm o=

4w o wm - i R 4w e Em e e e r+-~-heastah-

i i S - - - 4 - AN - 8 - + ~+D;*il+

el + am e e e + o e e e + - m = -

i Al - wm o e o s sl R R el s G R
S U

There is a confining potential, proportional to the length of the motion of the defect, Toc
enerqgy,
It is not F?c:»ssi;bi.@. to « split » the defect in high dimensions.

Bulk ik is Fw-ssi;bi.@. in low dimension.

e S el T S S T
This kind of excitation is called a spinon (it's
- -t~ G —~ -~ -t 4 ! : - : .
a domain wall). Such an excibabtion is called
T TR R S o TRETOE fraaf:ﬁiov\ati,aed.
_—t =+ =G -+ D+ -+ =+ = + The crucial me& ts Ehak de&owfmememé LS
Pravi;ci@.d bj dimension!
e i il . i T e S P
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Summary:
- we observe F and AF because of time/dynamics issues.
- For 1D, excitations are very pe&uum

- For d22;, ground states are b-disconnected and excitations do wnot (margiv\o\ttv) modif
states :

‘SE&b&L&%vjz take % =3 5.5  with gquantum S, on a cubic-like lattice (« high » d).
(i.3)

The ground state, for all the reasons we mentioned is:

B cdRRREEE

Excitations —» bound spinous (magnons) Sewii~classical Qpproaﬁh: abt eatdd) sibe &5

1

where 65« ) wik <77/B(wk) - —)
k

w(k) 2

Hence, small § and « flat » wi. are interesting
directions to look for disordered/destabilized

Spectrum of fuctuations ground states,

k

Fruskrakion is a nice way o dress Ehe 2nd issue.
Disordered buk strongly correlated!
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Somehow, we are Looking for

Natural question, seen from the reverse point of view, What aboubt the
consequences?

If a system is correlated, but never orders, what about its degeneracy at
low temperatures? What about the 3rd principle of Ehermcwdvmamws?
[bottom up question]

Let’s have a look ot ik from the historical point of view - top dowh
approach, :-
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Outline of the lecture

@ On the route to frustration: ordering and time/dynamics issues of

ordered magnets
- ¢classical case
. quan&um case

- stability of Néel states

Historical me& c::»f View

- A first exampi.e of frustration
- Cowndensed maltbter and skakiskical mechanics aveh&uattj neek

- Entropy is interesting

€ Phylogeny of frustration
- Study of a simple case
- What can we Etav wikh

- Well, its not th
- Bub frustration

ab simple...
helps deconfinement (fractionalization)

@ Emerqence in frustration
- Back to spin ice
- From spin to (magnetic) charge, and deconfinement
- Emwmergent gauge structure

ben jamin.canals@neel.cnrsdr
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Historical point of view

First started with thermal engines: convert heat into mechanical work

Tkermmdvmamws Fimve Line

— A A
XV1l XVIII XIX

Francis Bacon, Denis Papin, Robert Joseph Fourier, James Joule, Sadi Max Plawnck, Albert

Boji.e, Emilie du Chatelet, Antoine Carnol, Rudolf Clausius, Robert Browmn, Elnstein,

Lavoisier William Thowmsown, James Clerk Maxwell,
Ludwiq Bolkzmann, Walker Nernst

Enmerqgence of Llaws
1 - The internal enerqy of an isolated system is constant.
[energy is conserved, internal energy is defined]
explicit statement - Rudolf Clausius (1¥50)
2 - Heat cannol spontaneously flow from a colder location to a hotter Location
[entropy increases, principle of evolubion]
1%¥24 - Sadi Carwnot
3 - As a system o Eroaches absolute zero, all processes cease and
the entrop o«fF he system approaches a minimum value
[our poﬁm&..%
Walker Nersnt (1906/1912), Max Planck (1911), Albert Einstein (1907)
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Historical point of view

Enerqgence of Llaws
1 ==iies
2 = ius
3 - [our FOM&...]
William Neristk (1906/1912), Max Planck (1911), Albert Einstein (1907)

At absolute zero, one cannot extract heat anymore.
(Guillaume Amontons, 1702, Lord Kelvin, 1¥4%)

AQ = TAS

W. Nernst, Weber die berechinung chemischer gleichqewichte aus

Williomwt Nerinsk (190@/1912) ; thermischen messungen, Nachr, Kgl. Ges, Wiss. Gott, no 1, pp. 1-49,
190§
Mox Plancle (1911); A. Einstein, Die Plancksche theorie der strahlung und die theorie der

sgeai{isz’izhem warme , Annalen der ‘kasiw , vole, 22, pp. 1¥0-199, 1907
_‘ W. Nernst, Thermodynamik und spezifische warme , Preussische
Albert Einstein (1907), Academie der Wissenschaften (Berlin). Sitzungsberichte , no 1, p.
134140, 1912.
M. Plancle, Tharmocltjmamm (3rd edition) . Berlin : De Gruj%er, 1911,

ben jamin.canals@neel.cnrsdr 2017 European School on Magnetism - Cargese 9-21st October.
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Historical point of view

Enerqgence of Llaws
1 ==iies
2 = ius
3 - [our pom&...]
William Neristk (1906/1912), Max Planck (1911), Albert Einstein (1907)

At absolute zero, one cannot extract heat anymore.
(Guillaume Amontons, 1702, Lord Kelvin, 1¥4%)

AQ = TAS

k' . . 5
! William Nernst (1906/1912), Limn —Q =0 uno&aimabiuév prmciplﬁ

L Mox Plancle (1911), (T) — o

T—0

"‘ Albert Einstein (1907), S(T) —— So <00

T—0

Reaching the Lowest Possibte temperatures is worth the challenge.
Early 20th century - William Glauque

ben jamin.canals@neel.cnrsdr 2017 European School on Magnetism - Cargese 9-21st October.
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Historical point of view

William Giauque: common waker tece, I, has a residual evx&ropv
W. F. Glauque, M. F Ashley, Phys. Rev. 43, ¥1 (1933)
W. F. Glauque, J. W, Stoul, 3. Am. Chem. Soc. §%, 1144 (1936)

Linus Pauling (@.xptav\&&cwn): confiqurational proton disorder
L. Pauling, I, Am. Chem. Soc. §7, 26%0 (1935)

based on Bernal-Fowler ice rules
3. D. Berhal, R. H. Fowler, 3. Chem, Phys. 1, §18 (1933)

¢ Loie " 0 0 8 (2D Etranslation) & possible configurations to tile

we leave Ehermmdjmamms«

. . . . . . .
il 2Ty . . .
9. .0 @ @ -0 -0 -@ ® ®
¢ ¢ ¢ 0o ¢ 0
- O O
0@ oQ0QPo@ Qe o i B e
@ e 0 . 0 0o & °
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Historical point of view

Modelling: 3D is hard, g0 2D, ‘ ‘ ‘ ‘ ‘ ‘

ben jamin.canals@neel.cnrsdr
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Historical point of view

e e 2 e e
®- o 6 o o08e B o o
: , O O : : @ :
Modelling: 3D is hard, g0 2D, : : 09 : ¢
@ O @ O @ @ O
Implement ice-rules, Le. ® : : . 9
: ® @ : : ®
2 hear;, £ f&r awa Yy, oo Oe- ) oo De ®
: 0 O
O ® : ® : @
P e o oO- ‘...‘ ® P
e ¢ : 24

ben jamin.canals@neel.cnrsdr
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Historical point of view

Imptemen% lce-rules, L.e.
2 hear, 2 far AWy,

Change r@.presemhﬁow
i S 1% A
Rtk amyE T
— | ]
Fparisit
I S } ._I

F1c. 1. Two-dimensional regular square lattice analog of real
ice. The two protons bound to each oxygen atom (lattice site)
are denoted by arrows. All configurations, regardless of bond
angles, are regarded as equally probable.

DiMarzio etk al., 3. Chem, ‘Phjs
40 (&), 1877 (1964)
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Historical point of view

New formulation: pave the square lattice with vertices

T R

ben jamin.canals@neel.cnrsdr
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Historical point of view

New formulation: pave the square lattice with vertices

T

TkES LS HAQ Lee mc;)déi.f 1= ’E:z:‘-‘: Ea= 54: E:gz E:e,
It belongs to a larger class of vertex models, among which:
Rys-F model ([12,34] - [56])
KDP model ([1,2] - [3,4,56])
Mainy exact solutions are khowin (Ekermodvmamws, not correlaktions).

£.H. Lieb and FY. Wu, Two Dimensional Ferroelectric Models,
i « Phase Trawnsitions and Critical Phenomena »,
C. Domb and M. Green eds., vol. 1, Academic Press 331-490 (1972)

Understanding Ice (H:0) lead ko a set of models of statistical physics.

ben jamin.canals@neel.cnrsdr 2017 European School on Magnetism - Cargese 9-21st October.
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Historical point of view

Néel, Landau, Gorter, Anderso...

P
PR

£

3

é ‘

Y Square ice, vertex models, Another route: condensed-matter.
%-5 ‘ statistical physics, dimer models, What is the ground state of an
x anti-ferromagnet?

V

3

i....

Hoy T 07 (‘ths« Rev. Lektt,, Vol. 79, p. 2664 (1297).)
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Historical point of view

ben jamin.canals@neel.cnrsdr

10

15 20

Hor T 07 (‘ijs‘. Rev. Lett,, Vol. 79, p. 2664 (1997).)

Zero point entropy in « spin ice »,
Nature 399, 333-335 (27 May 1999)

2017 European School on Magnetism - Cargese 9-21st October.

RE



Historical point of view

ben jamin.canals@neel.cnrsdr
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Historical point of view

On each tetrahedron, we, again, have a &-vertex model! Bul Links of each vertices
are local Ising deqrees of freedom, maquetic deqrees of freedom.

Still, 3D is tough to deal with. What about realizing a (magnetic) square ice model !
Le., what about realising the seminal Lieb square ice?

ben jamin.canals@neel.cnrsdr 2017 European School on Magnetism - Cargese 9-21st October.

RY



/
Y
<
AR

Historical point of view

Back ko the square LCe

LT

ben jamin.canals@neel .cnrssr

Id@.&i.i,:;g, we would Like: £1= £2= E3= E4= Es= £
Artificial "spm tce’ i a geometrically fruskrated
Lattice of nanoscale ferromaqgnetic islands

Noture 439, 303-306 (2006)

But vertices are not equivalent (we'll see later).

2017 European School on Magnetism - Cargese 9-21st October.
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Historical point of view

Why such an interest in (spin)-ices?

Citations in Each Year

ben jamin.canals@neel .cnrssr

Because the low energy manifold has a rather
unexpected structure.

2017 European School on Magnetism - Cargese 9-21st October.
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Historical point of view

A lLast word relaked ko @.M&rongv...

« Moderin » formulation of the 2nd Law:
(=) =1

Evans-Searles (1994 ), Crooks (199%), Kawasaki (1967), Seifert (2005),

This implies the older formulation (Kelvin), but now, Eddington time arrow can be
reversed for small time durations!

i 2nd and 3rd Llaws are a long standing frameworke |
| motivating the skudy C}“f these exotic magnets. ;

>4 benjamin.canals@neel.cnrsfr 2017 European School on Magnetism - Cargese 9-21st October.
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Outline of the lecture

@ On the route to frustration: ordering and time/dynamics issues of

ordered magnets
- ¢classical case
. quan&um case

- stability of Néel states

€@ Historical point of view
- A first exampi.e of frustration
- Condensed matbter and statistical mechanics aveh&uattj meek
- Enﬁrmpv s ihteresting

Phylogeny of frustration

- Study of a simple case
- Whal can we Etav wikh

- Well, its not th

- But frustration

ab simple...
helps deconfinement (fractionalization)

@ Emerqence in frustration
- Back to spin ice
- From spin to (magnetic) charge, and deconfinement
- Emwmergent gauge structure

ben jamin.canals@neel.cnrsdr
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S&M&j Q“‘f an Q.XOLMFLQ (deeper insights during practicle)

Cramwe: maximize 2 color-bonds

o—0—0- 0 00— 0 °

Inik SEQP 1 SE@.F 2

Once the first color is given, only 1 coloring/confiquration

>4 benjamin.canals@neel.cnrsfr 2017 European School on Magnetism - Cargese 9-21st October.
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S&M’C&j 0‘{: an QXOLMPLQ (deeper insights during practicle)

Crame: maximize 2 color-bonds

i / These 3 confiqurations equally so&i;sﬂfv
f E iy the cownstraint

i e

ben jamin.canals@neel.cnrsdr 2017 European School on Magnetism - Cargese 9-21st October.
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S&M&j Q“‘f an QXOLMFLQ (deeper insights during practicle)

Cramwe: maximize 2 color-bonds

\
L\7

AN

6o o
S
NEA gl

\V4

Rbae i
T

L\\7

\
LV
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S&M&j Q“‘f an QXOLMFLQ (deeper insights during practicle)

Cramwe: maximize 2 color-bonds

A/
A A

i e

ben jamin.canals@neel.cnrsdr

i

\
Al
L\\7

\V

\
v
L\\7

\V

\
N
L\\7

\V/

Once the first bond is given, there is
an exponential number of colorings/
confiqurations.
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Note: it is somebimes writken/said, that the 3rd spiins does ot kihow what ko do.

Its ot the case; ik can dobt what it « wanks »! This is VERY different, Whatever its
state, hence iks fluctuations, the enerqgy is the SAME.

in other words, fluctuations do not increase the enerqy, the ground state is no longer
a point, it is a manifold, and this manifold is simply connected, through energy
costless moves,

/X /X T
/ \

Lo A

< ETTREET, f

>4 benjamin.canals@neel.cnrsfr 2017 European School on Magnetism - Cargese 9-21st October.
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1 - the order of the moves IS important, If we dress this moves with an algebra, it is
nown commutative.

2 = U a guantum counter Fm& Sr.S;+57.55 will do the job =» resonance. (RVB, SR-RVB

thSi@S}

From this example, we have the basic brick to try understanding what is at play and
whal we can Pi.av wikh,

- Llocal geometbrical cownstraints -» edge/corner/plaquette sharing

- Cooperative geometrical constraints -> propagation of the constraints in a lattice

- Degree of freedom constraints -» Ising/XY/Heisenberq

~ Interaction cownstraints. -> symmetric/anti-symmelric/anisotropic/Kitaev

ben jamin.canals@neel.cnrsdr 2017 European School on Magnetism - Cargese 9-21st October.
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Frustration, what can we F'Latj with?

; ®
Local magnetic deqree of freedom: | %

Ising Y  Heisenberq
T F (J>0)
Coupling between degrees of freddom: |
® AF (J<0)
\/
Cooperative behavior of the whole: —/3 5.5
(i.4)
ben jamin.canals@neel.cnrsdr 2017 European School on Magnetism - Cargese 9-21st October.
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Frustration, what can we F’Lo‘j with?

Square lattice Trianqular lattice Kagomé lattice

>4 benjamin.canals@neel.cnrsfr 2017 European School on Magnetism - Cargese 9-21st October.
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Frustration, what can we F'Latj with?

T ®
+ Ising spins AF =
S v
b s = o e oo o) o v b g S ey —
Edge sharing
0 e O ————,
T ® o ® v ®
Corner sharing ke ilhn gl s e S .
=/ v e v =/ v =/ v

ben jamin.canals@neel.cnrsdr
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Frustration, what can we pioqj wibh?

(e,
A + Ising spins AF = / E
x> ® ory ? whatever...

Impossible to minimize sinmultaneously all

Local gec}me&rv o spin dimension -
(cammec:&vi&v)
N Istng
i b
Heisenberq

pairwise interactions

Lattice effects

Cownskrainks relaked
to i.oops

>4 benjamin.canals@neel.cnrsfr 2017 European School on Magnetism - Cargese 9-21st October.
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Frustration, what can we F?i.&j wibth?

Local geometry (aov\mec&vi&v)

AF Ising model

Oine Aimensiinal ¢

< benjomin.canals@neel.cnrssr

|

4. STANSVAN. . .
LT Nl
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Possible skates

L TN
N Y

Edqge sharing

&
)
A

4| benjamin.canals@neel.cnrsfr

- 1 confiquration

V. /A
AT

- 2 confiqurations
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Possible skates

L TN
N Y

Corner sharing

/NL ST

\/
<,b -
\

N

ben jamin.canals@neel .cnrssr

- 3 confiqurations

i

- 3 confiqurations
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Frustration, what can we va with?
Local geometry (connectivity)

TAVAVAVAVARISVESS/ART/A
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Frustration, what can we F?i.&j wibth?
Local geometry (aov\mec&vi&v)

XY model

AN SR

/AAN
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Possible stakes

A Bl Gr~

B—N—@

/\/\/\ T

DN—@—3—0N

4%



Frustration, what can we va wibth?
Local geometry (connectivity) + spin dimension

ANNNN/ AVAVA

XY mwodel

DN 1o modet
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Frustration, what can we Fi.av wikh?
fabiice ohfects

Kaqomeé Lattice

Al S0

1sing spins

[Kand and Naya, 1983]

"

ben jamin.canals@neel.cnrsfr

S/N=0.55

Triangular lattice

[Wannier, Houttappel, 1950]

it 5o

S/N=~0.48 :

2017 European School on Magnetism - Cargese 9-21st October.
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Frustration, what can we Fi.av wikh?
fabiice ohfects

XY spins
Réseau kagomé Réseau brianqulaire

[Huse and Rutenberq, 1992]

Al Sey ﬁ ﬁ ﬁ

S/N=0.34 S/N=0
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Frustration, what can we Ptav wikh?

S/N

1s g

ben jamin.canals@neel.cnrsfr

Surm Mary

XY d(Spm)

/NN

$=0.88)
$=0.60

=0 .34

1D

S/N

1s g

XY

A

d(SF’iV\)
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Last effort: the classical Heisenberq kagomé

antiferromagnet

S/N

=058

=080

$=0.34

T

< benjamin.canals@neel.cnrssr

2D

1D

Ising

XY

Heisenberq

d(SF?LM)
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Last effort: the classical Heisenberq kagomé
antiferromagnet
Factorisation and deqgenerate manifold

H =Ty 5.5,
(1.9)

2

— — — = — = 1 — > =% 3
518+ 51.9 + 858 = (51 S 53) £ o

H — —JZ g;gj = —% Z (51 _|_ 52 _|_ §3)2 + Oste
(4,5) A

/
Y
<
AR
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Last effort: the classical Heisenberq kagomé
antiferromagnet
Factorisation and degenerate manifold

H:—J g;;.gj:—g2(§1+§2+§3)2+03t6
(4,7) A

XY spin s D i‘T /. \j

Discrete infinity of 3-colorings
@
FY aA

‘Q'.‘Q

Q‘.
b Gl ¢

o,

9 VW

'.‘ .‘Q

\ 4 \ 4
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ast effort: the classical Heisenberq kagomé
antiferromagnet
Factorisation and deqgenerate manifold
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Last effort: the classical Heisenberq kagomé
antiferromagnet

Local « weakhervane » mode

>4 benjamin.canals@neel.cnrsfr 2017 European School on Magnetism - Cargese 9-21st October.
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Last effort: the classical Heisenberq kagomé
antiferromagnet
Local « weathervane » mode

Colorings space

>4 benjamin.canals@neel.cnrsfr 2017 European School on Magnetism - Cargese 9-21st October.




Last effort: the classical Heisenberq kagomé
antiferromaqgunet
Local « weathervane » mode

AT A ¥

= AN

The ground state manifold is
simply connected and continuous
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O*bvmusi.v, phylogeny is not sf:rq&gh&furward!

T

< benjamin.canals@neel.cnrssr

S/ T
520,55 « Off the charts' »
=0.60 -
=0.34 T
1D
Ising XY Heisenberqg| dA(Spin)

2017 European School on Magnetism - Cargese 9-21st October.
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Intermezzo (before emergence) - a way ko understand why
frustration allows for high dimensional fractionalization

Kagomé based model may be prone to fractionalization =» this is a modern motivation,

Lebs come back ko our 1D Ptavgraumd

In an AF 1D chaiin, the excibtation may sPLELE.

>4 benjamin.canals@neel.cnrsfr 2017 European School on Magnetism - Cargese 9-21st October.
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Intermezzo (before emergence) - a way to understand why
frustration allows for high dimensional fractionalization

There are Ar 1D chain i L

[ [
Q' @ 'Q‘ & .Q' .Q. ‘Q'Q

Ry

@
0,' l.' 2

& .Q.Q. .C
@

l
o° ‘0 & ¥ “0
o ! . 'o.o' ‘o' .o

A

y

&

'
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Intermezzo (before emergence) - a way ko understand why
frustration allows for high dimensional fractionalization

There are Ar 1D chain i L

6
'0 of 7 ! "0 "0‘

/0 &. A
@ ' l

@
/, /,
l.' A/

.\\ ‘Q... .Q

@

o “0

%
v 'o’ 7/ 'o.o' ‘o' .o

‘

\ 4

A thankes to frustration, deconfinement takes [ai.m:e!

X
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Intermezzo (before emergence) - a way ko understand why
frustration allows for high dimensional fractionalization

So; not only is the ground state manifold connected through e-costless

moves, buk excibations as well seem to be « exotic »,

S B

_/é’ I~
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Outline of the lecture

@ On the route to frustration: ordering and time/dynamics issues of

ordered magnets
- ¢classical case
. quan&um case

- stability of Néel states

€@ Historical point of view
- A first exampi.e of frustration
- Condensed matbter and statistical mechanics aveh&uattj meek
- Enﬁrmpv s ihteresting

€ Phylogeny of frustration
- Study of a simple case
- What can we Etav wikh

- Well, its not th

- Bub frustration

ab simple...
helps deconfinement (fractionalization)

[@ Emerqence in frustration

- Back to spin ice
- From spin to (magnetic) charge, and deconfinement
- Emwmergent gauge structure

ben jamin.canals@neel.cnrsdr

2017 European School on Magnetism - Cargese 9-21st October.
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Enerqence in frustration

Idea: use « spin ice » physics to obtain a framework - building of a cooperative
many body behavior whose low energy physics is described by degrees of freedom

that are not primarily-coded in the original model/hamiltonian.,

ben jamin.canals@neel.cnrsdr 2017 European School on Magnetism - Cargese 9-21st October.
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Enerqence in frustration

(@) -k —
o o o

1/x (mol Dy per e.m.u.)

o

10 15 20

Ho:Tlz07 (Phys. Rev. Lett,, Vol. 79, p. R854
(2997).)

Zero point entropy in « spin ice »,
Nature 399, 333-335 (27 May 19299)
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Enerqence in frustration

ben jamin.canals@neel.cnrsdr

Posikional directors map onko s[pms
Hewnce bheir name: SF?EM LCes,

Hamilkonian factorization,

spin Liqu&c&

2017 European School on Magnetism - Cargese 9-21st October.
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Enerqence in frustration

On each tetrahedron, we, again, have a &-vertex model! But Links of each vertices
are local Ising deqrees of freedom, maqnetic deqrees of freedom.

ben jamin.canals@neel.cnrsdr 2017 European School on Magnetism - Cargese 9-21st October.
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Enerqence in frustration

Ferromaqghetic

(e & 1 J
—J51.52 — —JO’10'261.62 — —JO’10'2(—§) — —(—§)0'10'2

Antiferromaqgnetic

Mulki-axial sp&m tce = uni axial sF.'EM Liquid

ben jamin.canals@neel.cnrsdr
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Enerqence in frustration

In order to describe the &S manifold: factorize the hamiltonian. [short ranqge one... there

miracle here.]
H e —JZS—';S_;
(i.)

—(—g) Mo,
(

6,7)

J
i _(_E) Z (01 s TGS 6, L

tebrahedra

These Local constraints can be fullfilled, and entropy can be estimated.

It is the Pauling estimate.

N tetrahedra; a priori 2 states, weighted by 6/16 for each tetrahedra, giving S/2N = 1/2 ln (3

Hence a highly degenerate &GS manifold, though strongly correlated.
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Enerqence in frustration

Leb’s consider a chain of tetrahedra.

ben jamin.canals@neel.cnrsdr

deconfines.

3in-louk 3oub-1in

2017 European School on Magnetism - Cargese 9-21st October.

As i the t«f’agomé
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Enerqence in frustration

Let’s change vatabutarj and noktations.

S%&T&iﬁf\s with the 1D case. e gy B MO\SMQ&EC dimPQLQ‘ i

o e T e e S B i e S

lllllllllllllllllllllllllllllll

llllllllllllllllllllllllllllllll

llllllllllllllllllllllllllllllll

* *
llllllllllllllllllllllllllllll

lllllllllllllllllllllllllllllll

-
-------------------------------

llllllllllllllllllllllllllllllll

llllllllllllllllllllllllllllllll
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Enerqence in frustration

Spin GS = (magnetic) Charge vacuum,

Spin flip excitation -> creation of one pair of opposite (magnetic) charges,
In 1D, they deconfine!

What about 3D?

ben jamin.canals@neel.cnrsdr 2017 European School on Magnetism - Cargese 9-21st October.
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Enerqence in frustration

Ain-louk 3oub-1in

3in-louk Aoub-lin

They deconfine!

ben jamin.canals@neel.cnrsdr
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Enerqence in frustration

Ain-louk 3oub-1in

3in-louk Aoub-lin

They deconfine! Really?...

ben jamin.canals@neel.cnrsdr

2017 European School on Magnetism - Cargese 9-21st October.

76



Enerqence in frustration

3in-loutk 3oub-1lin

ben jamin.canals@neel.cnrsdr

No, we must take care of two possible
&« corrections »:
G dipotar tnberactions

- Emﬁroptj

Effective rewriting:

Q2

B(r)=-=

2017 European School on Magnetism - Cargese 9-21st October.
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Enerqence in frustration

We haver an effective way of describing the spin-
model i terms of (magnetic)-charqge model.

Bubt there’s more,

Think again at the constraint 2in-2out.

It looks Llike the Llattice equivalent of a

divergence free field.
ViEi=0

B VoA

We have an emergent gauge structure,

When we break the diverqence free cownstraint,
3in-1louk 3oub-1in we have emerqging charges, with Coulombic Llike

interactions between these charqes.
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Enerqence in frustration

3in-loutk 3oub-1lin

ben jamin.canals@neel.cnrsdr

In other words (see Frac&iaai}, we have a whole
« electrostatic » Llike physics... with wmagnetic

deqrees of freedom.

We can qo further, and build a whole artificial
electrodynamics (beyond the scope of this lecture).
Therefore, same alqebra implies same properties,
but hosted by primary, magnetic, degrees of

freedom,
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Conclusion

Neel like magunetism is subtle; we should be aware to that.
- Ordering is a time issue, classical or quantum
- Statistical physics vs stochastic dynamics
- Neel AF are zo& symwmetric tops
- Grrounds states are few, time-disconnected

Once we know that, we understand better why frustrated magnetism is exotic. In some cases:
- Grround state manifold is dynamically much well connected, sometimes e-costless
connected

- Grround state manifold is massively degenerate

- 3 law of thermodynamics must be defined with care; entropy is an important
issue here!

- Grounds states support fractionalization

- High dimensional frustated magnets allow for « spinons », and more.

Emerqgence:
- primary degrees of freedom define an emergent gauge structure
- This gauge structure supports secondary quasi-particles, magnetic-lile

Never trust a theoretical statement, unless you ¥u££3 appreciate the whole hypothesis sel;
remember, « there is no spoon »...
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Thawnie you ﬂfc;:-r your abbtenkion!

Davidoviec ek al,, Phys. Waing et al,, Nature 439,

Ortiz—Ambriz et al., Nak.
Rev. B 88, &51% (1997) 303-306 (20046)

Comm, 7, 10578 (2016)
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