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W H Y  M A G N E T S ?

• Lots of emergent behaviors 😎 

• Truly beyond band theory 🤠 

• Description is often possible with just a few 
parameters (exchanges,anisotropies…) ✍ 

• Ideal exploration of entanglement: start with local 
degrees of freedom and end up with singlets etc. 🥨



T H I S  M O R N I N G

• Hide Takagi: Exotic spin-orbital entangled phases in 5d and 4d 
transition metal oxides 

• Roser Valenti: Recent progress on field- and pressure-induced 
phases in spin-orbit coupled frustrated models and materials 

• Chris Stock: Spin-wave directional anisotropies in langasite 
without antisymmetric exchange 

• Chris Wiebe: High pressure routes to new pyrochlores and exotic 
magnetism 

• Lucile Savary: Thermal conductivity in complex magnets



D I S C U S S I O N  -  T H E M E S

• Searching for quantum spin liquids in anisotropically 
interacting systems 

• Hybrid systems: soft chemistry, VdW epitaxy… 

• Anisotropy/directionality in conventional ordered 
magnets: spontaneous or chiral? 

• Chirality and Hall effects



S P I N  L I Q U I D S :  W H AT  T H E  T H E O R I S T S  
D R E A M  O F

• Topological QSLs 

• U(1) QSL 

• Dirac QSLs 

• Spinon Fermi surface

anyonic 
spinons 

electric+magnetic 
monopoles, photon

strongly 
interacting 

Dirac fermions

non-Fermi 
liquid “spin 

metal”



D I S C U S S I O N  -  T H E M E S

• Kitaev-motivated materials (Takagi, Valenti)
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Figure 1 

a-RuCl3
• Do these have anything to do with Kitaev spin liquid? 
• Is there any QSL in RuCl3 at all?  Only one experiment seems to 

point to it.   
• If not, still very rich correlation region at B>10T or so. Do you 

understand all these bound states? 
• In iridate, disorder seems important. Is there really a gap? 1/T1?  
• Might this be similar physics as in organic spin liquid materials?



D I S C U S S I O N  - N E W  D I R E C T I O N S

• Takagi: Ag3LiRu2O6 - pressure induced spin liquid? 
What was the starting state?? 

• Valenti: a-RuCl3 on graphene.  Conduction in the 
graphene presumably?  How strongly are they 
coupled?  Does Hall number agree with ab initio 
charge transfer? 

• Could we twist them?
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FIG. 2. Temperature dependence of the quantum anomalous Hall effect. (A) Rxy and (B) Rxx as a function of B measured at various
temperatures for n = 2.37⇥1012 cm�2. Rxx and Rxy mixing was corrected using contact symmetrization[29]. (C) Temperature dependence
of the field-training symmetrized resistance R̄xy at B = 0, described in the main text. Data from 8 K to 10 K are multiplied by 10 so that the
persistence of hysteresis up to the Curie temperature TC ⇡ 9 K is evident. The inset presents R̄xy at B = 0 at low temperatures, where it
saturates for T < 2.7 K to a value of (1.001 ± 0.0002) ⇥ h

e2
. Error bars are the standard error derived from 11 consecutive measurements.

(D) Arrhenius plots of field training symmetrized resistances R̄xx and �R̄xy = h/e2 � R̄xy . Dotted lines denote representative activation
fits. Systematic treatment of uncertainty arising from the absence of a single activated regime gives � = 31± 11 K and 26± 4 K for R̄xx and
�R̄xy , respectively[29].

tions is available, the extreme sensitivity of the detailed struc-
ture of the flat bands to model parameters, combined with
observations that hBN substrates can produce energy gaps
as large as 30 meV in monolayer graphene[33], point to the
role of the substrate in tipping the balance between competing
many-body ground states at ⌫ = 3 in favor of the QAH state.

Figs. 2A and B show the temperature dependence of major
hysteresis loops in Rxx and Rxy , respectively. As T increases,
we observe both a departure from resistance quantization and
a suppression of hysteresis, with the Hall effect showing linear
behavior in field by T = 12 K. In our measurments, we ob-
serve resistance offsets of ⇠ 1 k⌦ from the ideal value, which
vanish when resistance is symmetrized or antisymmetrized
with respect to magnetic field (or, for B ⇡ 0, with respect
to field training). This is likely the result of a large con-
tact resistance associated with one of the electrical contacts
used[29]. For quantitative analysis of the T -dependent data,
we thus study field-training symmetrized resistances, denoted
R̄xy and R̄xx. Figure 2C shows R̄xy(0). We determine the
Curie temperature to be TC ⇡ 9 K from the onset of a fi-
nite R̄xy(0), which indicates spontaneously broken time re-
versal symmetry. At low temperatures, R̄xy is quantized to

(1.001 ± 0.0002) ⇥ h

e2
, remaining quantized up to T = 3 K

before detectable deviation is observed.
To quantitatively assess the energy scales associated with

the QAH state, we measure the activation energy at low tem-
perature. Fig. 2D shows both the measured R̄xx and the devi-
ation from quantization of the Hall resistance, �R̄xy = h/e2�
R̄xy , on an Arrhenius plot. We assume that the Hall conduc-
tivity �xy is approximately T -independent and the longitudi-
nal conductivity �xx ⇠ e��/(2T ), where � is the energy cost
of creating and separating a particle-antiparticle excitation of
the QAH state. Within this picture, inverting the conductivity
tensor gives �Rxy ⇠ e��/(T ) while Rxx ⇠ e��/(2T )[29].
We find the activation gaps extracted from fitting �R̄xy and
R̄xx to be � = 26 ± 4 K and � = 31 ± 12 K, respectively,
with the large uncertainty in the latter arising from the absence
of a single simply activated regime[29]. The activation energy
is thus several times larger than TC , in contrast to magneti-
cally doped topological insulator films where activation gaps
are typically 10-50 times smaller than TC[5, 6, 29].

Ferromagnetic domains in tBLG interact strongly with ap-
plied current[27]. In our device, this allows deterministic
electrical control over domain polarization using exception-

QAHE

Serlin et al, 2019

First observation of FMism: A. Sharpe et al, Science (2019)

Quantized to 1/1000

n=3



D I S C U S S I O N  - N E W  D I R E C T I O N S

• Twisted 2d materials? 

• People in this area working mainly on 
MnPS3,CoPS3,NiPS3,CrI3… 

• Also a-RuCl3.  Recall TN seems to depend on 
stacking, suggests there is some interaction.



D I S C U S S I O N  - N E W  D I R E C T I O N S

• Stock: directional spin waves - made analogy to diode 
- is it good for something? Spintronics applications? 

• Wiebe: Lu2Rh2O7 - unusual resistivity?   

• Non-metallic metallic spin liquid? 

• Q: Hall number? Metal or semimetal?



T H E R M A L  T R A N S P O R T

• Seems to be a powerful but complicated probe of 
magnetism 

• How well can one separate phonon and spin 
contributions?  High magnetic fields?  Separate probes 
of phonon lifetimes directly? 

• Is there a phonon Berry phase contribution? Postulated 
theoretically but not demonstrated to my knowledge. 

• Savary: Can we get useful information from the phonon 
part?  



D I S C U S S I O N  -  Q U E S T I O N S

• How much do Kitaev materials actually have to do with 
the Kitaev model?  

• Is spin-orbital entanglement restricted to 4d and 5d?  
Examples in 3d TMs?   

• How to detect the entanglement directly? 

• How are these talks connected?


