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Outline
I. Mermin-Wagner, short-range order vs long-

range order, and all that
II. False start: K2CuF4

III. CrX3: ferrons, magnetic anisotropy, excitons
IV. CrSBr: highly anisotropic, tunable 2D
V. Fe3GeTe2: interplay of phonons and 

magnetism



Peculiarities of 2D magnets
Soft Goldstone modes in 1D and 2D result in divergent corrections to
magnetization which naively means destruction of  magnetically ordered
state. Rigorous result: the absence of  long-range order in 2D Heisenberg
model at finite temperatures (Mermin and Wagner, 1966). However, 
at low temperatures: strong short-range order, exponentially large
correlation length (Polyakov, 1975). 

Mean-field way to describe the state with short-range order: self-
consistent spin wave theory (SSWT), suggested and applied to 2D
Heisenberg ferromagnet in different forms by Arovas & Auerbach,
1988; Yoshioka, 1989; Takahashi, 1989.

Easy-axis anisotropy or small interlayer exchange stabilize ordered phase
- what to do?



SSWT of 2D magnetism

Easy-axis anisotropy

for spin operators

Treat anharmonic (multimagnon) terms in Hartree-Fock-style way 



SSWT of 2D magnetism II

Alternative way: looks nicer but leads to some wrong numerical factors
which should be eliminated by hands



SSWT of 2D magnetism III
Apart from magnetization – short-range order parameter describing

magnon coupling on neighboring sites

Layered 2D FM, no anisotropy, square-lattice in plane 



SSWT of 2D magnetism IV

Logarithmic suppression of  critical temperature; calculations beyond
mean-field  (ladder diagrams) are important

In the case of  easy-plane anisotropy – no true long-range order, BKT
transtion. But…



Dipole-dipole interactions in 2D magnetism

Long-range interaction formally violating conditions of  Mermin-Wagner theorem.
Tradition: to identify it with easy-plane shape-anisotropy. But: they are equivalent
only for homogeneous magnetization and elliptic samples, statistical mechanics is

totally different!

Maleev (1976): should be true long-range order since spin-wave
spectrum is much harder: 

Confirmed by SSWT – will be important for discussions of  CrCl3

True long-range order at small T, first-order transition (?!)



The first attempt: K2CuF4
FM in layers, very weak AFM
coupling between layers, very

2D – why not? 

Cohesive energy is just 2-3 times larger
than in graphite – exfoliation should be 

possible?!



The first attempt: K2CuF4 II

LDA+U results for single layer

Theoretical estimate of  Kosterlitz-Thouless temperature about 8K.  

May be still worth to try?! Small spin, strong quantum effects, BKT
physics… Yes, temperatures are small but not too small



CrX3: electronic structure
X=Cl, Br, I; probably, the most polular 2D magnets

now, with reasonably high Curie temperatures

Correlation effects beyond DFT are important,
DFT+U is not sufficient

DMFT:

GW+BSE:



CrX3: electronic structure II
Here we will focus on QSGW (+ BSE) results. The key effect is the contribution of  Cr
3d states and ligand p-states into the valence band – different methods give different

results; and of  course the gap value!
Spectral weight of  halogens in window (- 6 eV, 0 eV); ML – monolayer 

Cl Br

I



CrX3: optics and excitons

Orange – with vertex (that is, with excitons), green – just G*G



CrX3: optics and excitons II
When we increase d-p hybridization in the consequence Cl-Br-I, the deepest excitons become more

delocalized but they are always close to Frenkel (local), limit than to Wannier-Mott limit

To compare: true Wannier-Mott excitons in MoS2



CrX3: optics and excitons: Experiment

Luminescence in magnetic field shows opposite signs of  effective e-h
exchange coupling in excitons in CrBr3 and CrI3



CrX3: optics and excitons: Interpretation
Different role of  d-d exchange with Cr atom (always FM, Hund exchange)

and d-p exchange between Cr and halogen (always AFM, via Schrieffer-Wolf
transformation). Small differences in the composition: 

Qualitatively: effective d-p
exchange is FM when look at the

whole valence band and AFM when
look at its top; contributions of
different energy regions are also

different



Magnetic interactions in CrX3
Correlation effects are important: quantum chemistry instead of  DFT-based

Embedding models used in calcualtions
of  intra-site and inter-site magnetic 

interactions 



Magnetic interactions in CrX3 II

For X = I, magnetocrystalline
anisotropy wins for sure, easy-axis

magnetism. For X = Cl, dipole-
dipole wins, in-plane magnetization

but true long-range order rather
than BKT. For X = Br, they are

comparable. 

Biquadratic exchange is weak, Kitaev interaction is extremely weak



Magnetic polaron in bilayer CrI3
General statement: small doping of  magnetic insulators always favor FM since it is
more favorable for one electron (or hole) move in FM environment (Zener double 
exchange, Nagaoka ferromagnetism…)

Idea: if  concentration of  electrons is not sufficient to establish FM order in the whole
crystal, it can be established locally: charge carriers are self-trapped in FM droplet

Ferron (Nagaev), fluctuon (Krivoglaz), magnetic polaron (Mott and many others)…

Formal theory based on path integral formalism: Auslender & MIK 1980-1982

Example: effective spin Hamiltonian for narrow-band Hubbard (or s-d exchange)
model at Bethe lattice (Auslender & MIK 1982)

Favors phase separation!



Magnetic polaron in bilayer CrI3 II
Application to AFM

bilayer CrI3 (contrary to
bulk, interlayer exchange 

is AFM)

Simple estimate due to Mott (1974)

Optimal energy and radius:



Magnetic polaron in bilayer CrI3 III
Simple DFT estimate:

Prediction: for hole-doped
case self-trapping is impossible

but for electron-doped case it is,
With self-localization energy

about 100 meV



CrSBr: tunability of magnetic properties

Highly anisotropic crystal structure, FM in
monolayer with Curie temperature 146 K 

Correlations are very important, minimal method
is DFT+U but U should be calculated ab initio



CrSBr: tunability of magnetic properties II
Magnetic Hamiltonian (parameters from fitting to DFT+U total energies 

of  differet spin connfigularions)



CrSBr: tunability of magnetic properties III



CrSBr: tunability of magnetic properties IV



Hyperbolic polaritons in (bulk) CrSBr

Just to remind:
crystallooptics c
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Hyperbolic polaritons in bulk CrSBr II
Distribution of  electric
fields for elliptic and
hyperbolic polaritons

In CrSBr: electronic structure and thus optical properties are sensitive to magnetic order

Valence bands
in QSGW



Hyperbolic polaritons in bulk CrSBr III

Experiment: observation of  hyperbolic polariton at low enough temperature 

Resonances associated to excitons
(confirmed by QSGW+BSE 

calculations)

AFM order is crucially important!



Hyperbolic polaritons in bulk CrSBr IV
Hyperbolic region from experiment Exciton spectral weight

(experiment, cf two QSGW
values for AFM and PM states)

Exciton decomposition (calculations)



Lattice effects and magnetism in Fe3GeTe2

Metallic 2D FM with high Curie temperature
(above 200 K) 

Comparison of  magnon
and phonon scattering

processes



Lattice effects and magnetism in Fe3GeTe2 II



Lattice effects and magnetism in Fe3GeTe2 III
Effective electron-phonon coupling constant by simple interpolation

Magnetization from exchange parameters by magnetic force theorem
plus generalized Tyablikov approximation



Lattice effects and magnetism in Fe3GeTe2 IV

Transport properties

and similar for magnons

Dependence of  phonon contribution on magnetization
Is much more important than direct magnon scattering



Lattice effects and magnetism in Fe3GeTe2 V

Magnetic force theorem for exchange in correlated systems
MIK & Lichtenstein 2000, for review see our recent review 

The idea (very simple and straightforward!): include electron-phonon
contributions into the self-energy – much simpler than explicitly do

calculations for distorted systems



Lattice effects and magnetism in Fe3GeTe2 VI

Curie temperature decreased by
approx. 10%



Conclusions
- Known 2D magnets are strongly correlated, go beyond DFT (but GW-like
methods seem to be sufficient)
- Be careful with dipole-dipole interactions, they are not just shape anisotropy
- Importance of  p-d hybridization in CrX3, different magnetooptical properties
for X = Br and X = I
- Opportunity of  electron self-trapping
- Tunability of  magnetic properties via substrate
- Highly anisotropic CrSBr, very special optics sensitive to magnetism
- Nontrivial interplay of  electron-magnon and electron-phonon interactions
in 2D metallic magnets, phonons are important!

Many thanks to all collaborators and many thanks
to you for your attention
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