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Outline

- How to treat rare earths in general?

- Self-induced spin-glass concept and application 

to Nd

- Crystal-field against exchange interactions: tale of  Pr



Magnetism of  elemental rare-earths
From the point of  view of

geology and chemistry “rare

earths” include also Sc and Y

but I will be interested only

in elements with partially occupied

4f  shell, that is, from Ce to Yb 



Magnetism of  elemental rare-earths II

Elemental RE metals have frequently quite complicated magnetic

structures  



How to describe electronic structure? 

“Hubbard I” approximation: insert free atom 

into crystal lattice

4f  electrons are atomlike,

spd electrons are itinerant

How to combine?



Electronic structure of  elemental rare-earths



“Standard model” for rare earths

Not only spectroscopy but also energetics



Exchange interactions
General tool: “magnetic force theorem” (a.k.a. “LKAG formula”)

Turns out: 4f  electrons can be put into the core!



Exchange interactions II



Self-induced spin glasses

Development of  idea of  stripe glass, J. Schmalian and P. G. Wolynes, PRL 2000

Glass: a system with an energy landscape characterizing by 

infinitely many local minima, with a broad distribution of  barriers,

relaxation at “any”  time scale and aging (at thermal cycling you

never go back to exactly the same state) 

Picture from P. Charbonneau et al,

Intermediate state between

equilibrium and non-equilibrium,

opportunity for history and 

memory (“stamp collection”)



Glassiness without disorder?
Giorgio Parisi, Nobel Prize in physics 2021

"for the discovery of  the interplay of  disorder 

and fluctuations in physical systems from atomic 

to planetary scales."

Actually, disorder may be not needed, frustrations are enough

(self-induced spin glass state in Nd)

Can we have something more or less exactly solvable?! – Yes!

The prototype theory: dynamical mean-field theory (DMFT) for strongly

correlated systems (Metzner, Vollhardt, Georges, Kotliar and others)



Glassiness in infinite dimensions

Frustrations are necessary

The limit of  large dimensionality d 
e.g.

means

The simplest frustrated model: 

Mean-field ordering temperature tends to zero at in this model



Glassiness in infinite dimensions II

Cavity construction and mapping on effective single impurity

Purely dissipative Langevin dynamics

Exactly mapped to a single-impurity dynamics with nonlocal in time “memory function”

Edwards-Anderson criterion of  glassiness (local spin-spin correlation function tends

to nonzero value in the limit of  infinite time difference)



Glassiness in infinite dimensions III

nonzero below the glass transition temperature 

First-order transition

Glassiness without disorder is 

theoretically possible if  exchange

energy reaches optimum on the whole

(hyper)line!

Isotropic model



Experimental observation of  self-induced spin 

glass state: elemental Nd 

Spin-polarized STM experiment, Radboud University
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Ab initio: magnetic interactions in bulk Nd

• Dhcp structure drives competing AFM interactions

• Frustrated magnetism 17
11/3/2025

Method: magnetic force theorem (Lichtenstein, Katsnelson, Antropov, Gubanov

JMMM 1987)

Calculations: Uppsala team (Olle Eriksson group)



Ab initio bulk Nd: energy landscape

• E(Q) landscape features flat valleys along high 
symmetry directions

18
11/3/2025

See A. Principi, M.I. Katsnelson, PRB/PRL 

(2016)/(2017)



Spin-glass state in Nd: spin dynamics

Atomistic spin dynamics

simulations

To compare: the same for prototype

disordered spin-glass Cu-Mn

B. Skubic et al, PRB 79, 024411 (2009) 

Typically spin-glass

behavior



Order from disorder

Glassy state at low T

and long-range order

at T increase

T=5K (a,c): spin glass

T=11K(b,d): (noncollinear) AFM



Order from disorder II

Theory: Atomistic simulations



Pr: nonmagnetic ground-state?!  
f2 configuration of  Pr3+     The ground state multiplet is S = 1, L = 5, J = 4

Experimentally: no magnetic ordering at “normal” temperatures

and nuclear magnetic ordering at millikelvins!

General explanation are known: crystal-field splitting of  3H4 multiplet with singlet ground

state but (1) interionic interactions can change energetics making magnetic state favorable;

(2) what is the role of  various sites is unknown; (3) what is on the surface – neither theory

nor experiment; (4) quantitative theory is absent   

In spirit of  our “standard model”;

Hubbard-I-like approach for crystal

field and f-electron-in-the core

calculations of  exchange parameters



Crystal field splittings



Exchange interactions in Pr

Exchange energies are smaller

than CF splitting, the ground

state of  the crystal remains 

nonmagnetic (without nuclear 

spins)



Surface of  Pr: prediction 

Crystal field splittings are smaller than in the bulk but still, singlet ground

state wins, exchange interactions are not sufficient to change it, (0001) 

surface of  Pr should be nonmagnetic



To conclude

-    We have a very satisfactory quantitative theory for rare-earth elements

(mixed valent and Kondo systems should be discussed separately!)

- Even behavior of  pure elements can be complicated and counterintuitive

(well… after graphene I am not very surprised) 

Too many collaborators to mention all of  them but special

thanks to

Sasha Lichtenstein for very long (> 40 years) collaboration

Olle Eriksson and the whole Uppsala group

Alex Khajetoorians and the whole SPM group in Nijmegen

Achille Mauri (now EPFL) for spin-glass theory

Leonid Pourovskii (EP Paris and College de France) for Pr

… 

MANY THANKS FOR YOUR ATTENTION
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