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spins, magnetism, and 

entanglement
Leon Balents, KITP

KITP teacher’s conference, April 1, 2023
What’s in a crystal? A quantum universe!



“Quantum physics makes me so happy...

it’s like looking at the universe naked”



Previous Science Talks
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Crystal structure of lithium: bcc cubic, lattice parameter a = 3.44 Å

A simple crystal: Lithium
Colors: different irreducible representations (symmetries)
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Thanks to
Peter Blaha!
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2: New physics!
    Interplay of interactions and topology in a crystal 

Why is it interesting?

Weyl

Not all insulators are the same

“Trivial” insulator “Topological” insulator
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Bands smoothly deformable to atomic orbitals

ΔE = 0

Topological insulators: bands cannot be associated with a single orbital 

Pauly et al Nat. Phys. 11, 338-343 (2015)

2D: Scanning tunneling microscopy 
Bi14Rh3I9

Measurements of topological surface states

Xia et al Nat. Phys. 5, 398-402 (2009) 
Hsieh et al Nature 460, 1101-1105 (2009)

3D: Angle resolved photoemission 
spectroscopy Bi2Te3
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Thermoelectric Hall effect

Force (electric field) 
perpendicular to heat 

current

Mn3Sn

Huge effect w/o magnetic field
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Figure 1 | Thermoelectric module using the anomalous Nernst e�ect, and crystal and magnetic structures of Mn3Sn. a, Schematic illustration of a
thermoelectric module based on the anomalous Nernst e�ect. The anomalous Nernst electric field E appears in the direction of the outer product of the
magnetization M and heat current Q⇠�rT, and thus can be described as E=Qsµ0M⇥�rT, where Qs is the anomalous Nernst coe�cient and µ0 is
vacuum permeability. For the case of Mn3Sn, the configuration of the sublattice moments is schematically presented. Inset: schematic illustration of a
thermopile made of an array of magnetic modules. The in-plane magnetization directions of neighbouring thermoelectric modules are alternated so that
the Nernst signal with the same sign can be added up in series. The heat flows along the direction perpendicular to the basal plane of the heat source.
b, An individual ab-plane of Mn3Sn. Spheres represent Mn (purple) and Sn (grey) atoms. In addition to the unit cell frame, Mn atoms are connected by
lines to illustrate that they form a breathing type of kagome lattice (alternating array of small and large triangles). Mn moments (arrow) form an inverse
triangular spin structure with uniform vector chirality on each Mn triangle.

discuss. While the in-plane Nernst signal exhibits hysteresis with
almost no anisotropy, the out-of-plane c-axis component is zero
within experimental accuracy, indicating no spontaneous e�ect in
this direction. To further characterize the ANE, we compare it with
themagnetizationM by plotting in Fig. 3a both�Szx andM sharing
an x axis for the in-plane field. In low fields, the hystereses in both
data almost overlap on top of each other. On the other hand, in the
higher field region than the coercivity of ⇠100 G, the Nernst e�ect
remains nearly constant, whileM increases linearly with field as the
sublattice moments cant toward the external field direction. These
indicate negligible contributions fromboth the normalNernst e�ect
and the conventional ANE. Furthermore, the remnant Nernst signal
at zero field is nearly the same as the saturated value in high
field, demonstrating that the single-domain crystal has a large
spontaneous Nernst signal as the first case for an antiferromagnet.
Similar behaviour was found in the field cycles made for Sample 2
(Fig. 3b). A systematic change of the Nernst signal was observed
with varying T for both Samples 1 and 2, (Fig. 3c,d). For Sample 1,
the Nernst signal peaks at ⇠200K, reaching a value of 0.6 µVK�1,
comparable to the maximum value known for a ferromagnetic
metal at room temperature7, while Sample 2 shows a smaller value,
peaking at 250K with 0.3 µVK�1. A distinct mechanism from the
ferromagnetic case should be at work here as the spontaneousM in
Mn3Sn is nearly 1,000 times smaller than ordinary ferromagnets.

To further characterize thermoelectric properties, we measured
the longitudinal Seebeck coe�cient Sii as a function of T and B.
No field dependence was seen in Sii for both samples in the T
and B range of the measurements (Supplementary Information and
Supplementary Fig. 2a,b). The Seebeck coe�cient for Sample 1
positively peaks at ⇠300K (Fig. 3c, inset), and takes a minimum
value with a negative sign around 50K. This minimum coincides
with the steep rise in the specific heat, and thus, this sign change in
S(T )maybe related to the e�ect of phonondrag that typically occurs
at ⇠⇥D/5, where ⇥D is the Debye T (Supplementary Information
and Supplementary Fig. 3). Much reduced or no low T sign change
was seen for Sample 2 (Fig. 3d, inset).

Generally, temperature gradientrT in an open-circuit condition
is known to produce longitudinal and transverse electric field E,

which can be expressed as J= � · E+ ↵ · (�rT ) = 0. Here J, �
and ↵ are the current density, electrical conductivity tensor, and
thermoelectric conductivity tensor, respectively. This contains the
transverse electric field coming from the thermal Hall e�ect, which
should be negligible as it is usually one order of magnitude smaller
than other contributions3,4,30. Assuming this, the Nernst signal can
be expressed as Sji = ⇢jj(↵ji � Sii�ji), using the Seebeck coe�cient
Sii(=S) and the Hall conductivity �ji(=�H). For this analysis, we
used the T dependence of the Hall conductivity shown in Fig. 3e. As
shown in Fig. 3c,d,�⇢↵ji estimated using this relation is found to be
larger than�Sji. We further estimated the transverse thermoelectric
conductivity �↵zx versus T (Fig. 3f), which shows a systematic
increase on cooling and has the maximum at T ⇠ 150(100) K for
Sample 1(2). At low temperatures, Sample 2 has twice smaller values
than Sample 1. In ferromagnets, ↵ji normally shows an increase on
cooling, scaling linearly withM , and decreases linearly with T after
M saturates3,4. In Mn3Sn, however, no correlation withM was seen
in �↵zx(T ) (Fig. 3f).

To further demonstrate the qualitative di�erence between
the ANE observed in Mn3Sn and in ferromagnets, we made a
full logarithmic plot of the anomalous Nernst signal versus the
magnetization for various ferromagnetic metals and Mn3Sn (Fig. 4
and Methods). Here, the absolute values of the Nernst signal were
taken in the magnetically ordered states of each material, and
were plotted using B and T as implicit parameters. Similarly to
AHE16, the ANE for ferromagnets is known to be proportional
to magnetization. Figure 4 confirms that the overall trend for
a broad range of ferromagnetic metals is for the anomalous
Nernst signal to become larger with increasing magnetization
(Methods). The shaded region that covers all of the data points
indicates that the anomalous Nernst signal is indeed roughly
proportional to the magnetization M , that is, |Sji|= |Qs|µ0M with
the anomalous Nernst coe�cient |Qs| ranging between 0.05 and
1 µVK�1T�1. Following this relation, Mn3Sn would have produced
the Nernst signal of the order of 0.01⇠2 nVK�1 with the observed
magnetization. Strikingly, however, Sji ⇠ 0.3µVK�1 found at room
T is more than 100 times larger than what would be expected based
on the above scaling relation for ferromagnets.

1086 NATURE PHYSICS | VOL 13 | NOVEMBER 2017 | www.nature.com/naturephysics

thermopile: heat -> electricity
©Satoru Nakatsuji



Wave-Particle Duality

Planck’s constant

Δx × Δv >
h

4πm

h=6.626 x 10-34 Js



Wave-Particle Duality

OrbitalsOrbitals



Wave-Particle Duality 
b

STM image of bismuth metal

Typical electron speed = c/300 = 3,000,000 mi/hr! 

Hoffman lab, Harvard



Quantum Superpositon
Adding numbers: 7+5 = 12

Adding vectors:

In quantum physics, we can add “states”
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Quantum Superpositon
Adding numbers: 7+5 = 12

Adding vectors:

In quantum physics, we can add “states”

+



Quantum Superpositon
Adding numbers: 7+5 = 12

Adding vectors:

And multiply them by (complex) numbers

+0.5 x 0.7i x



Quantum Superposition

=

+ +

+ +

+ +

Quantum superposition applied to single particles 
leads to their wavelike nature



Quantum entanglement

Superposition

Particle-wave duality Entanglement 

2 or more particles



Qubits
Basic building blocks for entanglement: quantum bits

Classical bit
b = 0,1

Qubit
|b⟩ = α |0⟩ + β |1⟩

Nature’s qubit: electron spin

|e⟩ = α | ↑ ⟩ + β | ↓ ⟩
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Qubits
Basic building blocks for entanglement: quantum bits

Classical bit
b = 0,1

Qubit
|b⟩ = α |0⟩ + β |1⟩

Nature’s qubit: electron spin

| → ⟩ =
1

2
| ↑ ⟩ +

1

2
| ↓ ⟩



Ferromagnet



antiferromagnet

anti-parallel



1994 Nobel prize



Entanglement



Entanglement



Entanglement

+



Entanglement

+



Einstein-Podolsky-Rosen Pair

+



Einstein-Podolsky-Rosen Pair

“quantum non-locality”



Einstein-Podolsky-Rosen Pair

spukhafte Fernwirkung!



Entanglement and information
Two qubits |ψ⟩ = c1 | ↑ ↑ ⟩ + c2 | ↑ ↓ ⟩ + c3 | ↓ ↑ ⟩ + c4 | ↓ ↓ ⟩

Three qubits
<latexit sha1_base64="X4kSLeVhcx/n6Czv2vFDFlUPDPg="></latexit>

| i = c1| """i+ c2| ""#i+ c3| "#"i+ c4| "##i
+ c5| #""i+ c6| #"#i+ c7| ##"i+ c8| ###i

N qubits |ψ⟩ = c1 | ↑ ⋯ ↑ ⟩ + ⋯ + c2N | ↓ ⋯ ↓ ⟩

** A system of N qubits stores 2N complex 
numbers in its physical state



Entanglement and information
My Mac: 16GB memory = 1.3 x 1011 bits

37 qubits store more numbers than this

~ 1.5nm3 cube of KNiF3

Google Quantum AI 2.5mi away

Quantum processors with 
~50 qubits

500 qubits = more numbers than atoms in the universe



thequantuminsider.com

Aiming for nearly full control of ~100 qubits

http://thequantuminsider.com


Entanglement in matter
Nearby spins are often entangled

Long-range entanglement of many spins?

chemical bond 
= EPR pair! +

benzene



 





 = +...

“A quantum spin liquid”



Entanglement and Emergence

•We cannot hope to control  coefficients 

•Instead, we study what sort of structures of 
entanglement can be created and what 
phenomena they engender

21020


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A hint of topology

The parity of the number of crossings of the line is 
invariant. 



• New types of particles?

• New forces?

• Models for the origin of particles and forces in our 

world?



Fractionalization

QuantumMadeSimple.com

“Spinon”



Possible applications
Electrically insulating materials that conduct heat like 

metals?

Insulating magnetic field sensors?

Computing elements, thermoelectrics, …



Coulomb, 1785
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Electromagnetism

James Clerk Maxwell



Photoelectric effect



Quantum spin ice

Forces between spins: strongly prefer “2 in - 2 out”

“Pyrochlore” lattice

But otherwise the spins can take many configurations

A2B2X7



Quantum spin ice

Forces between spins: strongly prefer “2 in - 2 out”

But otherwise the spins can take many configurations



Quantum spin ice

These spin configurations can be represented as lines 
that do not end — like magnetic field lines!

The “unbreakable” nature of these lines is another example of 
topology entering quantum materials.



Quantum spin ice

And under the right conditions, this quantum 
superposition really acts like the “vacuum fluctuations” 

of an electromagnetic field!

+ +…



A2B2X7

Lucile 
Savary

SungBin 
Lee

Movement of entangled spins behaves 
like emergent electromagnetism! 

Quantum Spin Ice



Gravity inside a crystal?

How about a black hole?



Electrons

Black holes



Electrons

Black holes
60000000000000000000000000000000kg

.0000000000000000000000000000009kg



Emergent Forces
electromagnetism

1+1-dimensional 
gravity in anti-de 

Sitter space
A. Kitaev, 2015



Sachdev-Ye Kitaev Model

n.b. this is a bit farfetched.



Many thanks



The end

MAGNETS


