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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
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Adiabatic approx.: V.. and B, are the same as in
the equilibrium + local (spin) density approx.
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n,m are charge and spin densities
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At the same time in TD-DFT

A response of effective system
of noninteracting Kohn-Sham
particles




Rigorous exprression

Adiabatic approximation plus LSDA:
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Transverse susceptibility is separated from

(longitudinal spin + charge) susceptibilities
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After rigorous manipulations
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Im part corresponds to Stoner damping



Static susceptibility
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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

3 )(Vlcpm+ ¥y Corrections to stiffness
constant

(Vlc‘F Vzlcc)(pFT+pFl)-

=(prrtpr))l(ng ,n‘|,)/2772



(in meV/A2)

Fe: LSDA
with gradient corrections
experiment

Ni: LSDA
with gradient corrections
experiment

Corrections are quite small
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Rigid spin approximation: slow spin motions,
well-defined magnetic moments

1. Start with time-dependent Schroedinger equation

oW ) _
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2. Time-dependent unitary transformation tp a coordinate system
where spin at given rtis along z axis \If o (]
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In the local coordinate system the Hamiltonian has diagonal part
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1. Off-diagonal part can be neglected if local spin splitting is much
larger than frequency of rotations (Stoner splitting much larger

than typical magnon energy)
Valid for d(f) magnets, may be incorrect for s(p) magnets (if any)

2. Rigid rotation within atomic spheres (neglecting terms with

gradients of angles)
Valid for well-defined local moments, wrong for weak magnets

such as ZrZn, or Sc;ln




Ab initio SD

Magnetic moment
direction

— Torque, E is the total
I =0FE/oe, neray




Total energy in DF

Er

Variation E=0E,+6E,~E, =0 E, =6 I (!E[]'Tr ImG(e)

(5"‘*‘ at fixed potential due to change of potential




- Torque 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 configuratio
gives exchange parameters (Bruno)

Exchange parameters for d metals are strongly non-
Heisenbergian (depend on magnetic configuration)




Representative Elements
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Cobalt

Ferromagnetism of iron
IS known from ancient times



Local magnetic moments do

exist above T, (Curie-Weiss

law, spectroscopy, neutrons...)
Muttiplets  Bands

d electrons are itinerant (FS,

chemical bonding, transport...)

7.5 7.5
- . 50 _ B 50
2.5 z = i 2.5
. : -
. E g j 0.0 B8
2.5 T T 2.8
EX : ":H | 5.0
1.6 F 4 1 it 7.5 [0
~10.0 £ - ; ~15.0

Iron, majority spin FS

4f electrons are normally pure localized but not 3d




PRL 104, 117601 (2010)

PHYSICAL REVIEW LETTERS

week ending
19 MARCH 2010
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Calculations:
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DOS
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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. V&u‘v\;‘klml()\-"," C. Krull*
T. Balashov,* A. l\/’lugam{a,“l P. Gambardella,*” S. ch(:quc,6 O. Eriksson,” M. . Katsnelson,” and A. 1. Lichtenstein’
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Intensity (arb.units)
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Blue line: exact

diagonalization
for free atom
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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
impurity problem







* 30% band narrowing
* 50% spin-splitting reduction
m-22ev g oy * -6 eV sattellite
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Ferromagnetic Ni DMFT vs. LSDA:
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Orbital magnetism in transition metal systems:
The role of local correlation effects

S. CHADOV, J. MINAR, M. I. KATSNELSON. H. EBERT. D.
KODDERITZSCH and A. I. LICHTENSTEIN

EPL, 82 (2008) 37001

Expt: Stearns, 1986
Expt: Chen, 1995
Expt: Scherz, 2003
LSDA
LSDA+DMFT
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- For Fe,Co,_, alloys
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The best first-principle
Spin-fluctuation model

with classical moments

800 . 1000- 1200 1400, 1600
TK)

s - 800 200 -
T(K)




L exp eff loc DLM Tc exp
Fe 3.13 3.09 2.8 1.96 1900 1043
Ni 162 15 1.3 1.21 700 631
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PRL 103, 267203 (2009) PHYSICAL REVIEW LETTERS 31 DECEMBER 2009

Strength of Correlation Effects in the Electronic Structure of Iron

J. Sanchez-Barriga.! J. Fink."* V. Boni.” L Di Marco.*® J. Braun.® J. Minar.® A. Varykhalov,! O. 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
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PHYSICAL REVIEW B 85, 205109 (2012)

Effects of spin-dependent quasiparticle renormalization in Fe, Co, and Ni photoemission spectra:
An experimental and theoretical study

1. Sdnchez-Barriga.! J. Braun,? J. Mindr,? I. Di Marco,® A. Varykhalov.! O. Rader.! V. Boni,* V. Bellini,” F. Manghi.*
H. Ebert,2 M. L. Katsnelson,® A. I. Lichtenstein,” O. Eriksson,® W. Eberhardt,! H. A. Diirr,"® and J. Fink'?
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- LSDA
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-==Us=2¢V
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U= 1.5eV

U=15eV

2 1

0

Binding energy (eV)

TABLE 1. Values of the experimental and theoretical mass
enhancement factors m* / m 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) = 1.5 eV, U(Co)=2.5eV, U(Ni) = 2.8 eV.

Fe

Co

Ni

Binding Energy (eV)

P - Expt. Theor
Black — spin up, red — spin down |

N 1.1 1.2

Upper panel — exper,lower - DMFT

Expt. Theory
I 1.26 1.31
A 1.29 1.31

Expt. Theory

I 2.0
A 1.9




http://www.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 aresu /t

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

M. Pajda,! J. Kudrnovsky,>! 1. Turek,>* V. Drchal,? and P. Bruno! Magnons are | ] ] UCh
TABLE 1. Effective Heisenberg exchange parameters .J,; for ferromagnetic Fe, Co, and Ni for the first 10

shells. Quantities Ry; and NV, denote, respectively. shell coordinates in units of corresponding lattice constants S O f t e r I n F e t h an I n
and the number of equivalent sites in the shell. ; ;
Ni (Curie temp.

Fe (bce) Co (fce) Ni (fce) .
Ry, N, Jo; (mRy) Ry; Ny Jo; (mRy) Ry; Ny Jo; (mRy) H / gh er b u t m agn on
(L11y 8 1432 (llg) 12 1085 (llgy 12 0.206 frequenc,es /Ower)
(100) 6 0.815 (100) 6 0.110  (100) 6 0.006
(110) 12 ~0016 (114 24 0.116 (111 24 0.026 -

2 22 ) .

(311 24 —0126  (110) 12 —0090  (110) 12 0.012 ox (111&\*713\') TC (K)
(111) 8 ~0146 (il 24 0.026 310 24 0.003
(200) 6 0062  (111) 8 0.043 (111) 8 —0.003 2807 330° 1044-1045
331 24 0.001 1 48 —0024 (31} 48 0.007 o ca cxnb
(210) 24 0.015 (200) 6 0.012 (200) 6 —0.001 580,° 5107 388 —-1398¢
(211) 24 —0032 (23 12 0.026 330 12 ~0.011 555 d 4992 f _
(333 8 0187 (2Ll 24 0006 (i 24 0.001 S 624-631

The softer magnons the stronger nonlocal e-m intercation



Magnetic force
theorem




LSDA LDA++

Density functional Baym-Kadanoff functional

Density p(r) Green-Function G(r,1’, E)
Potential V,.(r) Self-energy X:(F)

Erot = Esp — Egc 2= Q25p — Q4c

Esp =3 rcapEr 2sp = —Trn[—G™1]

Ege = Eg + [ pVeedr — Eye 24 =TrXG — $rw

Temperature: Matsubara frequencies: real-T

in the Fermi function for collective excitations




Heisenberg exchange:

Magnetic torque:
QT’PwL [ZS X GS]

= —Tr,, (TG, 55G5,

Non-collinear magnetism




First- and Secon(.j— SH =Y Trpo[tycd (UU; —1)¢;] = 6:H + 6. H
order smallness in i
theta angle! 01 H = sin —Z Trro[(t (k4q) —t (k) ¢ e

- L .
()QH = 5 S1I1 QZ TI'L |:IL1] C‘il. Cj']}
ij

x (exp (igR;) — exp (iqu)) :

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

9 LO0GT (k) _ 0G* (k)
Wq = DQB(Z@Q& q— O Das = ]\[TIWLZ(Z Oka ~ Ok )

Exact within DMFT (local selt-energy!)
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Fig. 2. Spin-wave spectrum for ferromagnetic nickel in
LDA+SPTF scheme with different U and .J = 1 eV in compar-
ison with experimental magnon spectrum (Ref. [36]) in I" — L

Ni



LDA+U

DM interactions
(weak FM, etc.)




Starting from collinear
configuration




Canting angle 0.005

Exper. 0.003

TABLE II: Different contributions to Dzyaloshinskii-Moriya
vector (in meV).

B, _ Dy” by’
(1,2) (-0.005;-0.006; 0.0) (-0.07; -0.03; 0.0)
(1,3) (-0.005; 0.006; 0.0) (-0.07;0.03; 0.0)
(1,4) (-0.005; -0.006; 0.0) (-0.07:-0.03; 0.0)
(1,5) (-0.005; 0.006; 0.0) (-0.07;0.03; 0.0)
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Measuring the Dzyaloshinskii-Moriya interaction [lGGEIUCR 2V AT elg
in a weak ferromagnet and not only canting
V. E. Dmitrienko', E. N. Ovchinnikova?, S. P. Collins3*, G. Nisbet?, G. Beutier, Y. O. Kvashnin®, ang le ( resonant
V. V. Mazurenko®, A. I. Lichtenstein’ and M. I. Katsnelson®® X_ rav sca l‘l‘ering )

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

FeBOj3 (in meV). The number in parentheses denotes the coordination sphere.

FeD) Fel2) Fel®) Fe@ Fol®) Fa6) Fal?

10.28 0.21 0 054 -0.08 0 0.02

TABLE III. Parameters of Dzyaloshinskii-Moriya interaction (in meV) calculated by using Eq. (6).

Bond m —n R, D,y (meV)
0-1 (1.0:0.0;-0.004)  (-0.25: 0.0; -0.24)

02 (-0.5;-v/3/2:-0.904) (0.12; 0.22 ; -0.24)

0-3 (-0.5 ; v/3/2 ; -0.904) (0.12 ;-0.22 ; -0.24)

0-4 (-1.0: 0.0 : 0.004)  (-0.25: 0.0 : -0.24)

0-5 (0.5 :-v/3/2: 0.904) (0.12 : -0.22 ; -0.24)

0-6 (0.5 /3/2:0.904) (0.12; 0.22 ; -0.24)




Example: V,; AFM ground state S = 71/2
V15Kl V15A5604,(H,0) |- 8H,0)




PHYSICAL REVIEW B 70, 054417 (2004)

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. Kogerler’

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.

parameter AFM1 AFM2 FM
J —910 —905 —942
J' —45 —46 =53
J' —136 —139 —156
Ji —219 —247 —255
Jr —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
Myt —0.94 —0.93 —0.99
%) +0.91 +0.92 -0.97

s ~1.00 +0.97 ~1.00




Exact diagonalization
for Heisenberg model

20 I- N 1 . 1

= experiment
U=42eV
- -|)=48¢eV
«ee+J=50eV
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weeeee =54V
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= experiment
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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;COO),,(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 (1,7) -6 1-11 1-9 69 7-9 14 1-3

Jij (thiswork) 4.6 1.0 1.7 -045 -037 —-155 -05
Jij (Ref. [4) 48 1.37 137 -05 -05 -—l6 07
Jij (Ref. [26]) 7.4 1.72 1.72 —1.98




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 ;-?&),

Bond (i, j)

R

ij

f)!- j (meV)

2-7
4-8
1-6
3-5
1-11
3-10
2-9
4-12
1-9
3-12
2-10
4-11
6-9
5-12
7-10
811
-9
8-12
6-11
5-10
4-1
1-2

(0.03; —0.16; 0.0)
(—0.03; 0.16; 0.0)
(0.16; 0.03; 0.0)
(—0.16; —0.03; 0.0)
(0.06; 0.18; 0.07)
(—0.06; —0.18; 0.07)
(0.18; —0.06; —0.07)
(—0.18; 0.06; —0.07)
(0.11; —0.16; 0.04)
(—0.11; 0.16; 0.04)

(—0.16; —0.11; —0.04)

(0.16; 0.11; —0.04)
(—0.04; —0.18; 0.04)
(0.04; 0.18; 0.04)
(—0.18; 0.04; —0.04)
(0.18; —0.04; —0.04)
(0.15; 0.1; —0.07)
(—0.15; —0.1; —0.07)
(—0.1; 0.15; 0.07)
(0.1; —0.15; 0.07)
(—0.10; 0.06; 0.11)
(—0.06; —0.10; 0.11)
(0.07:0.1; 0.11)
(—0.10; 0.07; —0.11)
(—0.16; —0.03; 0.0)
(—0.04; 0.17; 0.0)

(—0.008; —0.013; —0.002)

(0.008; 0.013; —0.002)

(—0.013; 0.008; —0.002)
(0.013; —0.008; —0.002)
(—0.020; 0.03; —0.055)
(0.020; —0.03; —0.055)
(—0.03; —0.020; —0.055)

(0.03; 0.020; —0.055)
(0.020; 0.014; 0.03)

(—0.020; —0.014; 0.03)

(—0.014: 0.020; 0.03)
(0.014; —0.020; 0.03)

(—0.006; —0.004; —0.012)

(0.006; 0.004; —0.012)

(0.004; —0.006; —0.012)
(—0.004; 0.006; —0.012)

(0.020; —0.004; 0.012)
(—0.020; 0.004; 0.012)

(—0.004; —0.020; 0.012)

(0.004; 0.020; 0.012)

(—0.014; 0.005; —0.013)
(—0.005; —0.014; —0.013)

(0.005; 0.014; —0.013)

(0.014; —0.005; —0.013)

(—0.006; 0.030; 0)
(—0.030; —0.006; 0)

Plus anisotropy tensors...
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Energy (K)

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.

No fitting parameters at all — not

so bad!
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Figure 2 | Calculated phonon dispersions of paramagnetic bec iron near
the a-to-y and y-to-6 phase transitions for different temperatures.

Zener: bece phase of Fe is stabilized by magnetism (DOS peaks
tice are moved from the Fermi energy)
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Figure 1 | Calculated phonon dispersion curves for bee iron near the
Curie temperature T¢. The results are compared with neutron inelastic
scattering measurements at 1043 K.

Dynamical instability as a
result of disappearance of

magnetic moments

DMFT is essential!l!
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Origin of magnetic frustrations in Fe-Ni Invar alloys

A. V. Ruban,! M. I. Katsnelson,>® W. Olovsson,® S. I. Simak.*# and I. A. Abrikosov*

FIG. 1. (Color online) Effective_ exchange parameters for Fe J5°
(thick black solid line) and Ni J (thin black dot-double dashed
line), as well as average pair exchange parameters (JP ®)
=(1/z, J,EP[CJFE Fei(1-¢) JFE N for the first (red long- dashed
line). second (d'uL blue dotted line), third (green short-dashed line).
and fourth (light blue dot-dashed line) shells in (a) fcc Fe. (b)
FegsNiss alloy, and (¢) FesgNis, alloy as a function of the volume
per atom. “p 1s the coordination number of the pth coordination
shell, and ¢ 1s the Fe concentration. In the figure (JF €) are multiplied
with Z, m order to show their actual contubutlon to Jr Vertical
dashed lines 1 (b) and (c) show calculated equilibrium volume at
corresponding concentrations. The vertical dotted line in (¢) indi-
cates estimated volume where fcc FesoNis, alloy shows Invar be-
havior under pressure, Ref. 5. Calculations are done within the co-
herent potential approximation (see text for the discussion).

Exchange parameters (mRy)

Total exchange is determined by J,; long-
range oscillating tail favors frustrations. J,

strongly depend on volume

Volume per atom (a.u.S)
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FIG. 3. (Color online) Exchange parameters J, for n = 1,2,3,4,5 for different lattice parameters: dependence J, on a volume of fcc
(a) and bee (b) Fe: dependence J, on (c/a) at fixed volumes @ = 11.44 A% (¢) and € = 12.0A3 (d), respectively.

Exchange parameters are very sensitive not only to volume but
also to tetragonal deformations — stabilization of fct phase

0.8 0.9
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FIG. 4. (Color online) Dependence of the total exchange param-
eter Jy on volume 2 and ¢/a ratio as a contour plot Jy(Q2,¢c/a).
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Effect of magnetism on kinetics of y—«
transformation and pattern formation in
iron

I K Razumov'2, Yu N Gornostyrev'-Z and M I Katsnelson®

Transition without barrier
starting from FM state

A very important consequences
for morphology of the
transformation
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Solution: local tetragonal
distortions and local FM
ordering

FIG. 2 (color online). Exchange parameters (in K) for different
Fe-Fe pairs in original fcc lattice (a); in fcc lattice with carbon
interstitial impurity without (b) and with (c¢) relaxation taken into
account. Arrows indicate direction of atomic displacements
during the relaxation.

Solution enthalpy 0.55 eV (exp. 0.4 eV)

Deformations make C-C interaction much

stronger (not pure dilatation centers)



- Finite-temperature effects

- Ab initio spin dynamics for real systems

- Intermediate level: TB spin dynamics

- And many, many specific applications to real
UEICHEIS

- Magnetic interactions out of equilibrium

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?
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