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To the theoretical physicists, ferromagnetism
presents a number of very interesting,
unsolved and beautiful challenges. Our

challenge Is to understand why It exists at all.

(Feynman Lectures on Physics)

Make things as simple as possible but not simpler

(A. Einstein)



Fe,0, (magnetite) lattice

Very complicated structure, still a lot of open

guestions

Two types of Fe sites (tetra and octa);
Metal-insulator transition;

Charge ordering;

Role of orbital degrees of freedom;
Half-metallicity...

Temperature (K)

Phase Diagram of Fe:O.
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Textbook wisdom
ferromagnetic  antiferromagnetic ferrimagnetic

AAAAAAL - AVAVAYAY  AvAvA vy

A VAVAY AV A
A AvAvAv Ay
A VAVAVA VA
A AV AV AV AY

M0
Magnetite...

Sometimes very
complicated
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Quantum, nonrelativistic (Coulomb interaction plus Pauli principle).
Determine the type of magnetic ordering (mostly)

The second term: magnetic anisotropy

Quantum, relativistic (due to spin-orbit interaction). At least,
second-order in SOC. Determine “practical” magnetism (hard
and soft magnetic materials, hysteresis loop, etc.)

The third term: Dzyaloshinskii-Moriya interactions

Quantum, relativistic (due to spin-orbit interaction). First-order In
SOC but require broken inversion symmetry. Responcible for
weak FM, skyrmiones etc.



System of interacting electrons (many-body
problem) + crystal potential

External strong time-dependent laser field
(nonequilibrium problem)

Temperature effects (thermal bath, open system,
basic statistical mechanics)

Collect all difficulties of modern theoretical
physics



- Macroscopic (LLG equations + temperature
balance, etc.)

- Microscopic, classical Heisenberg model
- Microscopic, quantum itinerant-electron model
-Ab Initio, time-dependent density functional

Multiscale problem



SE for many-body wave function in configurational
space Is replaced by single-particle nonlinear
self-consistent equation

P\l : i :
i —[H, — & B(r.0)]¥ B Is self-consistent

ot magnetic field

n(r’)

HL=—V‘3—I—Z VrR+2fdr’ Ve
R

lr—r



Adiabatic approx.: V,. and B, are the same as In
the equilibrium + local (spin) density approx.
0y
H = —V>+V(r) — 3(By(r) + By (r)o

n(r’) 0

V(r) = Vex(r) + / dr’ — + f[”lgxc]

Ir—r'| OJn

m o
Bxc = —2— - [”'lgxc]
m om

n,m are charge and spin densities




At the same time In TD-DFT

o ~Af3 sl A response of effective system
on- = XO 0 BtOt of noninteracting Kohn-Sham
particles




),/
~aff __ ~of AQY CSBXC - 0P
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Adiabatic approximation plus LSDA:
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Transverse susceptibility I1s separated from
(longitudinal spin + charge) susceptibilities
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After rigorous manipulations

AT =m+ A)(w— LeA)!

A(_l', I'/., a)) — Z M%H (_I‘)%»i, (r)v[qu (F/)Vlﬁ]ti (_I'/) o wfl (l‘/)v'ﬁu-y (_I'/)]

L Cl) - 8/[ 1‘ + 8]) l

4

Magnon pole (@) = [/(0) = J (@]

J(_I‘_, rla (U_) — Z Z MW”T (.r)BXC (r) Wl‘l (r)wlﬁl (.r )BXC- (.r )1/[/11* (_r )

LV

Im part corresponds to Stoner damping



Static susceptibility

2570 =m(Q~ = BZYH

XC

Fat
P~ ™

Q=Q(l —B_'Q)™!

The first way (poles of susceptibility) corresponds
, the second way (static suscept.)
The expressions for stiffness constant coincide
and are rigorous within the adiabatic approximation + LSDA



Exchange and correlation in spiral state of
homogeneous electron gas

Angular gradient
corrections

D=(Vyep)(Voep)=(V 9)2 + sin’ oV (p)2

Exc f dl’{ﬂSlc(lfq , )"‘)\(ﬂ] , )D

)(VhpF1 + VD)) Corrections to stiffness

3
constant

(VT +V} JPritpr)).




(in meV/A2)

Fe: LSDA
with gradient corrections
experiment

Ni: LSDA
with gradient corrections
experiment

Corrections are gquite small
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Total energy in DF

Ef-: —EHam {4 +J‘d"‘ T"‘{ ()F }_Etc
oD N

Er

Variation SE=8E, +0,E, -0, =0E, =6 j ngTr Im G(_g_)}

at fixed potential due to change of potential




- Torgue can be written In terms of variation

of the density of states

- Decomposition of the torque In pair terms gives
exchange integrals (LK)

- These exchange parameters are local (near
given magnetic configuration)

- Adding constrain to stabilize rotated configuration
gives exchange parameters (Bruno)

Exchange parameters for d metals are strongly non-
Heisenbergian (depend on magnetic configuration)
(Turzhevskii, Lichtenstein & MIK, Fiz. Tverd. Tela 1990)
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N (EF) 1s the density of one-electron states

-« 1S an on-site interaction parameter

Stoner parameter = 0.9 eV for all 3d metals; DOS is crucially
Important

Equation for the Curie temperature:

f(E) Fermi function

If Fe would be Stoner magnet it would have T = 4000 K (in reality
1043 K)

In reality, T, Is determined by spin fluctuations,
That Is, exchange parameters
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DOS for nonmagnetic

Crystal field splitting bee Ee

Stoner criterion is fulfilled due to e, states only; they should play
a special role in magnetism of Fe



M, pg SE/50 x 100
S.A. Turzhevskii, A.l. Lichtenstein, and M.l. Katsnelson,
Fiz. Tverd. Tela 32, 1952 (1990) [Sov. Phys. Solid State 32,

1138 (1990)].

Rotation of a central spin:
magnetic moment is not constant, 0705 67 T3 ew
energy change is not cosine

Fig. 4.4. Magnetic moment in Bohr magnetons (the full
curve) and the first derivative of energy with respect to
angle of rotation in Ry (the dashed curve) according to cal-
culations in [168]: (a) Fe, (b) Ni.

N, 1/Ry per atom

Electronic structure
IS angle-dependent

~0.4 0.0 -04 -02 00 -~04 ~02 00 -04 02 00
E, Ry

Fig. 4.5. Elecironic density of states for an Fe atom in a metal with the magnetic moment turned through 8 = 0 (a), 8 = 0.2n (b),
0=035r(c) and 6 = (.57 (d).



week ending

PRL 116, 217202 (2016) PHYSICAL REVIEW LETTERS 27 MAY 2016

Microscopic Origin of Heisenberg and Non-Heisenberg Exchange Interactions
in Ferromagnetic bece Fe

Y. O. Kvashnin,' R. Cardias,” A. Szilva,' I. Di Marco,' M. T Katsnelson,>* A. I Lichtenstein,*
L. Nordslri")m,l A.B. Klautau,” and O. Eriksson'
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FIG. 1. Orbitally decomposed NN exchange interaction in .
- - .' -~ - - R {"x:l
elemental 3d metals in the bee structure. i

t,4 are itinerant electrons providing (Heisenberg-like) RKKY
exchange with Friedel oscillations; e, are more correlated providing
(non-Heisenberg) “double exchange” typical for narrom-band systems



Local magnetic moments do
exist above T (Curie-Weliss
law, spectroscopy, neutrons...)

d electrons are itinerant (FS,
chemical bonding, transport...)

Iron, majority spin FS

4f electrons are normally pure localized but not 3d



week ending

PRL 104, 117601 (2010) PHYSICAL REVIEW LETTERS 19 MARCH 2010

Correlated Electrons Step by Step: Itinerant-to-Localized Transition of Fe Impurities
in Free-Electron Metal Hosts

C. Carbone," M. Veronese,' P. Moras,' S. Gardonio,' C. Grazioli,' P. H. Zhou,” O. Rader,® A. Varykhalov,” C. Krull,*
T. Balashov,* A. l\f“lugarza,4 P. Gambardella.*” S. ch(‘:quC,ﬁ O. Eriksson,” M. 1. Katsnelson,® and A. I. Lichtenstein’
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A.Georges, G.Kotliar, W.Krauth and M.Rozenberg, Rev. Mod. Phys. ‘96

A natural generalization of the familiar MFT
to the problem of electrons in a lattice

Key idea take one site
out of a lattice and
embed it in a self-
consistent bath =
mapping to an effective
iImpurity problem







Ferromagnetic Ni DMFT vs. LSDA: » 0% ba_nd narrowing :
* 50% spin-splitting reduction

e -6 eV sattellite

Ni: LDA+DMFT (T=0.9 Tc)
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Orbital magnetism in transition metal systems:
The role of local correlation effects

S. Cuapov, J. MINAR, M. [. KaTsNELsoN, H. EBerT. D.
KOppERITZSCH and A. I. LICHTENSTEIN

EPL, 82 (2008) 37001

Expt: Stearns, 1986

N N NN

AN NN NN

A N AN

AN

NN

ijj AN

Pﬂ A AN

For Fe,Co,, alloys

®-® LSDA+OP: Ebert, 1996
O=0 LSDA
Bl LSDA+DMFT

04 06 08 Y 02 04 06 08
X X



U Y,
The best first-principle |

Spin-fluctuation model
with classical moments

800 . 1000- 1200 1400, 1600
TK)




exp
Fe | 3.13  3.09
Ni |1.62 1.5

M(T)/M(0)

0 02 04 06 08 10 12 14 16 18 20 22

T/T,




. , . . week ending
PRL 103, 267203 (2009) PHYSICAL REVIEW LETTERS 31 DECEMBER 2009

Strength of Correlation Effects in the Electronic Structure of Iron

J. S(mchcz-Bm‘rigu.] J. Finl_\'.]‘z V. Boni,” 1. Di Marco,* J. Braun.® J. Minar,® A. \-“'arykhulov.' 0. Rader,' V. Bellini,?
E. Manghi.® H. Ebert,® M. 1. Katsnelson,® A. 1. Lichtenstein,” O. Eriksson,* W. Eberhardt,! and H. A. Diirr!

Agreement is not bad (much
better than LDA/GGA) but
essentially worse than In
nickel. Correlations in iron
are not quite local

Binding energy (eV)




A point (hv=48 ¢V) L point (hv=72 eV)

PHYSICAL REVIEW B 85, 205109 (2012) —o— Experiment —o— Experiment :
- LSDA (@) LSDA i ©
. . . . N . . ) L. w— LSDA+DMFT+ISM w— LSDA+DMFT+15M
Effects of spin-dependent quasiparticle renormalization in Fe, Co, and Ni photoemission spectra: Co(0001) gl : Ni(111)
A, I

An experimental and theoretical study

1. Siinchez-Barriga,' J. Braun,” I. Minr,” I. Di Marco,® A. Varykhalov,! O. Rader,' V. Boni,* V. Bellini,” F. Manghi.*

H. Ebert.” M. L. Katsnelson.” A. I. Lichtenstein.” O. Eriksson,* W. Eberhardt.' H. A. Diirr."* and J. Fink"?

Co(0001) Ni(111)

Fe(110)

Variation of U
does not help
too much for Fe

U=15¢V U=1.5eV
--U=2¢eV

Intensity (arb.units)

Intensity (arb.units)

4 3 2 1 0
Binding energy (eV)

TABLE 1. Values of the experimental and theoretical mass
enhancement factors m™ /mq for majority spin states at high symmetry
points of the BBZ of Fe, Co, and Ni, respectively. The theoretical val-
ues are derived for U(Fe) = 1.5eV, U(Co)=2.5eV, U(Ni) = 2.8 eV.

Fe Ni

Co

Binding Energy (eV)

. . Expt. Theor Expt. Theor Expt. Th
Black — spin up, red —spin down | Sy

Upper panel — exper,lower - DMFT 1112 129 131 19 18




http://lwww.phys.ufl.edu/fermisurface

Nickel is almost half-metallic: majority-spin FS almost coincides
with the boundaries of the Brillouin band

But the difference for minority spin is even more dramatic

Occupations for majority (minority) electrons
5 means full occupation

Fe: 4.6 (2.34) Ni: 4.82 (4.15)



Friedel oscillations originating from FS are much weaker in nickel
PHYSICAL REVIEW B, VOLUME 64, 174402 AS a reS u |t

Ab initio calculations of exchange interactions, spin-wave stiffness constants, and Curie
temperatures of Fe, Co, and Ni

ajda,’ J. Kudrmovsky,”' I Turek,** V. Drchal,z and P. Bruno' M ag n O n S are I I l u C h
TABLE I. Effective Heisenberg exchange parameters J,; for ferromagnetic Fe, Co. and Ni for the first 10 . .
shells. Quantities Ry, and N, denote, respectively, shell coordinates i units of corresponding lattice constants SOfter I n F e th an I n

and the number of equivalent sites in the shell.

Fe (bce) Co (fee) N1 (fce) )
N, Jo; (mRy) Ry, N, Jo; (mRy) Ry, N, Jo; (mRy) H Ig h er b Ut m ag non

111 8 1432 (Llg . 1085 (Ll . 0.206 frequencies |O\Ner)
(100) 6 0.815 (100 0.110  (100) ' 0.006
(110) ~0.016 (111 0116 (1L 0.026
(311 ~0.126  (110) ~0.090  (110) . 0.012
(111) S ~0146 (i1 0026 (31, ). 0.003
(200) ' 0062 (111 8 0.043 (111 3 —0.003
(331 0.001 (311 48 —0.024 (31 48 0.007
(210) 0015  (200) 0.012 2 ; —0.001
211) ~0.032 (&3 0.026 53 : —0.011

0.187 )1l 0.006 )1l 0.001

10441045

388—1398°
624-631

The softer magnons the stronger nonlocal e-m intercation



Magnetic force
theorem




LSDA

LDA++

Density functional

Density p(r)

Potential Vc(r)

Eiot = Esp — Eac

Esp = 2 ixcap EX

Ege = Eg + [ pVaedr — Eq.

Temperature:

in the Fermi function

Baym-Kadanoff functional
Green-Function G(r,1’, E)
Self-energy X;:(E)

2= 25p — 4c

2sp = —TrIn[—G™1]

R4 =TrX2G — Prw
Matsubara frequencies: real-T

for collective excitations




Heisenberg exchange:

Magnetic torque:
2T’r’wL [ZZS X sz

Non-collinear magnetism



First- and seconc_i- OH =Y Trpe[tiyef (UFU; —1) ¢j] = 6.H + 6:H
order smallness In i

theta angle!

01 H = sin E!Z Trro [(t (k+q) —t (k)) (f::(ﬁik}

1
\ — '_"- I~ - i+ 3
0o H = 5 sin 6 E Try, [t..i_j C;|Cj 1}

x (exp (igR;) — exp (iqu_)) :

Total energy corrections by diagram technique
neglecting vertex corrections — our exchanges

)G (k) _,9G (k))

0, Ao’

Exact within DMFT (local self-energy!)



PHYSICAL REVIEW B 91, 125133 (2015)

Exchange parameters of strongly correlated materials: Extraction from spin-polarized

density functional theory plus dynamical mean-field theory

Y. O. Kvashnin.! O. Granis."? I. Di Marco,! M. 1. Katsnelson,>* A. I. Lichtenstein.*> and O. Eriksson!

For Fe (and Ni)
guite small
difference
between DFT
and DMFT

Ry)

J.. (m
ij ¢

/a)

1.0 2.0 3.0 40 50 60 7.0

fd
1

— LSDA+U

— DMFT

Nontrivial: electronic
structure Is very
different!

Error cancellation?!

E (mRy)

]



Computational setup J J

LSDA+U

9@ LSDA+DMFT . =
LSDA 0.04 —1.58

LSDA + DMFT —0.003 —(0.48
LSDA + U —0.002 —0.50
LSDA + U (U = 8 eV) (Ref. [42]) 0.004/0.0 —0.53
Exp. 1 (Ref. [41]) —0.051 —0.637
Exp. 2 (Ref. [49]) 0.051 —0.67

J, (mRy)

-
L]

&
=
=]
=

L

=

'_'.' .|

-

Does not follow a naive formula [l

Difference between Mott
0.6 0.8 (] y .
U (Ry) and charge transfer insulator

NIO: not too big difference
between DMFT and LDA + U

J. (mRy)

Gd: also, DFT works quite good




PHYSICAL REVIEW B 92, 144407 (2015)

Mechanisms and origins of half-metallic ferromagnetism in CrO,

L. V. Solovyev.,'->" 1. V. Kashin,” and V. V. Mazurenko’

DMFT

orb.# |

Half-metallic FM
DMFT shows
non-quasiparticle
states in the gap

(-1/m) Im[G{ )] (1/eV)

(-1/m) Im[G{w)] (1/eV)

w (eV)




Important consequences from DMFT contributions to exchange

Without magnetic polarization

of oxygen FM state is unstable

within DMFT (but not in simpler
approaches)

HF
SDMFT
—DMFT

w(q) (meV)

FIG. 9. (Color online) Results of calculations of the spin-wave
dispersion with the DMFT parameters obtained for the isolated f,,
band (solid line) and after taking into account the additional FM
contribution AJ; = 17.81 meV, arising from magnetic polarization

o(q) (meV)

of the oxygen band and direct exchange interactions in the f,, band
(dotted line). Notations of the high-symmetry points of the BZ are
taken from [55].

Direct exchange also plays
an important role




| DA+U

DM Interactions
(weak FM, etc.)




Starting from collinear i
configuration — =iy (65 Thy — £ T65,)c;
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Exper. 0.003

/ T Canting angle 0.005
® + ®

TABLE 1I: Different contributions to Dzyaloshinskii-Moriya
vector (in meV),

R D;r D§TP
2) (-0.005;-0.006; 0.0) (-0.07; -0.03; 0.0)
3) (-0.005; 0.006; 0.0) (-0.07;0.03; 0.0)
4) (-0.005; -0.006; 0.0) (-0.07;-0.03; 0.0)
5) (-0.005; 0.006; 0.0) (-0.07:0.03; 0.0)




LETTERS : A novel exper.
PUBLISHED ONLINE: @ FEBRUARY 2014 | DOI: 10.1038/NPHY5285¢ te C h n I q u e to

Measuring the Dzyaloshinskii-Moriya interaction [EEEUCREIRIESEl
in a weak ferromagnet and not only canting

V. E. Dmitrienko’, E. N. Ovchinnikova?, S. P. Collin53*, G. Nisbet3, G. Beutier?, Y. O. Kvashnin®, an g |e (resonant

V. V. Mazurenkoé', A. I. Lichtenstein’ and M. I. Katsnelson®8 .
X-ray scattering)

TABLE 1. Calculated values of isotropic exchange interactions between magnetic moments in

FeBOg (in meV). The number in parentheses denotes the coordination sphere.

Fel) Fel2) Fel®) Fe@) Feld) Falb) Fal?)

10.28 0.21 0 054 -0.08 0 0.02

TABLE T1I. Parameters of Dzyvaloshinskii-Moriva interaction (in meV) caleulated by using Eq. (G).

Bond m —n R,.. D, (meV)
0-1 (1.0 : 0.0 : -0.904)  (-0.25; 0.0; -0.24)
0-2 (0.5 1 -v/3/2 :-0.904) (0.12:0.22 : -0.24)
0-3 50 V/3/21-0.904) (012 :-0.22 ; -0.24)
0-4 (-1.0; 0.0 ; 0.904)  (-0.25; 0.0 ; -0.24)
0-5 (0.5 1-v/3/2:0.904) (0.12 :-0.22 ; -0.24)

0-6 (0.5:4/3/2:0.004) (0.12:0.22 : -0.24)




Example: V: AFM ground state S = 1/2
V15(Ke[ V15A5604,2(H,0) |- 8H,0)




Electronic structure and exchange interactions in V5 magnetic molecules: LDA+U results

D. W. Boukhvalov.!* V. V. Dobrovitski,> M. I. Katsnelson,** A. I. Lichtenstein,” B. N. Harmon.? and P. Kdgerler®

TABLE II. The exchange parameters (in Kelvin), electronic gap, and the magnetic moments of V ions for different magnetic structures
of V5. The calculations have been made for U=4 eV, J=0.8 eV.

PHYSICAL REVIEW B 70, 054417 (2004)

parameter AFMI1 AFM2 FM
ol -910 —905 —942
J' —45 —46 =53
J" —136 -139 —156
Ji -219 —247 —255
Jo —134 -128 -132
J3 -5 -5 -6
Jy —13 —12 —-15
Js -3 -3 -3
Je 3 3 3
gap 1.08 1.02 1.16
My -0.94 —-0.93 -0.99
J7a%) +0.91 +0.92 —0.97
L3 —1.00 +0.97 —1.00




Exact diagonalization
for Heisenberg model

U=42eV
- w=|]=-48eV
25F e eeU=50eV

-—=U=52eV

Pt
e
=. .
c = experiment
= X
=

6000

5000—'
40005
3000—-
2000- -

1000 -

----- U=54¢eV

20 I. " 1 " 1 " 1 A 1 i 1 M
0 50 100 150 200 250 300

(a) Temperature (K)

®  egxperiment
s / —n—==42¢V
—eo—U=48¢eV
- A U=50¢eV
--v--U=52eV
) =540V

Energy of the state (K)

04 = : ; . ' .
0 1 2 3 4 5 6 7
Total spin of the state

o
=)

20 L 1 ' 1 L 1 L
0 10 20 30 40

(b) Temperature (K)




PHYSICAL REVIEW B 00, 004400 (2014)

First-principles modeling of magnetic excitations in Mny,

V. V. Mazurenko,! Y. O. Kvashnin,>* Fengping Jin,* H. A. De Raedt,” A. I. Lichtenstein,® and M. I. Katsnelson'’

Motivation The prototype molecular

magnet

Dimension of Hilbert

space:
(2x2+1)8(2x3/2+1)4=108

A real challenge!

[Mn,,0,,(CH;C0O0) ,(H,0),]-2CH;COOH - 4H,0



Inelastic netron scattering data: cannot be explained without
strong DM interactions

Eight-spin model: S = %2 dimers from S=2 and S=3/2
Dimensionality of Hilbert space decreases to 104
Cannot be justified quantitatively!

Full LDA+U calculations plus Lanczos ED

TABLE I. Intramolecular isotropic exchange interaction param-
eters (in meV) calculated by using the LDA + U approach. Positive

sign corresponds to the antiferromagnetic coupling.
Bond (7, /) -6 1-11 1-9 6-9 7-9 |4

Jj (thiswork) 4.6 10 1.7 —045 —037 —1.55
J; (Ref.[4]) 48 137 137 —05 —05 —16
Jii (Ref. [26]) 74 172 1.72 _1.98

1-3

—0.5
—0.7



Plus anisotropy tensors...

TABLE II. Intramolecular anisotropic exchange interaction pa-
rameters calculated by using the LDA + U approach. R;; is a radius
vector connecting ith and jth atoms (in units of @ = 17.31 :?&). —
INS experiment

—

Bond (i, j) R;; D;; (meV)

2-7 (0.03; —0.16; 0.0)
4-8 (—0.03; 0.16; 0.0)
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FIG. 2. (Color online) Schematic comparison of the theoretical
spectrum obtained by diagonalizing Eq. (1) and INS spectrum taken
from Ref. [12] (Figs. 6 and 8 therein). The arrows denote the intra-
and interband transitions that correspond to the excitations observed
in the INS experiment.
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so bad!
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Thermodynamic observables of Mnj;-acetate calculated for the full spin Hamiltonian

Oliver Hanebaum and Jiirgen Schnack”
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Also, thermodynamic quantities can be calculated




Magnetic interactions in strongly correlated
systems: Spin and orbital contributions Spin and orbital exchange interactions from Dynamical Mean Field

heory
A. Secchi®*, Al. Lichtenstein”, M.I. Katsnelson ® A. Secchi®*, AL Lichtenstein ®, M.L Katsnelson ?
Annals of Ph‘l,r"-if'% 360 (20 15)61-97 Joumal of Magnetism and Magnetic Materials 400 (2016) 112-116

Rotation operator involves
both spin and orbital rotations

No smallness of SOC Is assumed

Calculate the change of energy at small rotations, map to
the classical spin orbital Hamiltonian

:T:JB — ‘S{fﬂg Z ﬂ'j‘:‘t :'D + ¢ u',h | (a




Decomposition of

- _ spin-s |r| {I-['b—urtl
T =To0r " exchange parameters
and similar for other
Interactions

Hopping can be excluded using the Dyson equations
(@ — )G(iw) + iIT-G(iw) = 1 — Z(iw)-G(iw),
(@ — )G(lw) + 1G(lw)T=1 — G(iw)-Z (iw).

E.g., for DM interactions

orb i .
fnﬂ-ﬂ :I = _Trﬁ'],r.T Tr.u-.l[’ﬂ.!.’ (G[E. Ec? - rc::. [_'r ]

Loy (G8z - 28" L]]

and similar for exchanges. Important for actinides, RE, and
3d systems with unguenched orbital moments (e.g., CoO)
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Non-equilibrium magnetic interactions in
strongly correlated systems Annals of Physics 333 (2013) 221-271

A. Secchi®*, S. Brener®, A.l. Lichtenstein®, M.I. Katsnelson?

At = Br(t) + B, 11O =2 TTea;azb;b(r)Zfbwfﬁw

I(].J"t.g lb)‘ h

HV — A Z Z Z VA1A2A3}4¢H15¢1}20!@&30”@&40

I A1A2A3Agq o0’

Consider dynamics of Baym-Kadanoff-Keldysh countour

Path integral over Grassmann variables

o a P / D [$. §] e519]

fo-iB




Introduce rotations

hair(t) = Yar(t) R (£),  ar(t) = Raw(t) - Yau(t)

Pan (T) = Yy (T) - R:E-U (1), Gav(T) = Rgp (T) - Yy (T)

Expand effective
actions up to the
second order in
“Holstein-Primakoff”
fields ¢, ¢*

_eilﬁ’i{ﬁ'z:} sin [HI (2) /2]

Z = / D [12»", w‘] eis["g“'*"ff] / DO, @] eiS"['@fﬂfhé’f*(__Eﬂ,w)qé{_ﬂqq;;::ﬁ)]

Integrate over Grassman variables neglecting vertex corrections



General expression of nonlocal in time exchange
Interactions in terms of Beym-Kadanoff-Keldysh
Green’s functions. E.g., time-dependent stiffness constant:

Dap(t) = ——an / dt’sign(t’ — ) T (t) T (t')

AGI (', t) 3G (¢, t')
dka’ (”{ﬁ '

Additional terms (twist exchange) of the structure QGRS SV KL

(at equilibrium forbidden by time-reversal symmetry)

The first step Is done, a lot of things to do



Finite-temperature effects
AD initio spin dynamics for real systems
Intermediate level: TB spin dynamics

And many, many specific applications to real
materials



Recent:

A. Lichtenstein and S. Brener (Hamburg)
A. Secchi and A. Rudenko (Nijmegen)
V. Mazurenko (Ekaterinburg)

Ya. Kvashnin and O. Eriksson (Uppsala)

and many other people involved in development
of the formalism and calculations for specific
materials in 1987-2013, esp. V. Antropov (Ames)
and D. Boukhvalov (Seoul)

Thank you for your attention
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