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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)
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56Fe is the most stable nucleus, therefore there is a lot of iron
(and nickel) in stars and planets
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FIG. 2. Schematic curve of atomic abundances relative to
Si=10° vs atomic weight for the sun and similar main sequence
stars.
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Steel (basically, Fe and a bit C) is one of the main materials of
our civilization
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becc fec
body centered cubic face centered cubic

-
Institut fiir Allgemeine Physil:, T Wien

The only polymorphous metal where bcc =
phase Is stable at lower temperatures than g
fcc or hcp: Role of magnetism

Crucially important for Fe-C phase diagramfj
and therefore for metallurgy

Should follow from electronic structure
(quantum mechanical energy spectrum)







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



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




Total energy in DFT

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 torgue in pair terms gives exchange
Integrals

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

Journal of Magnetism and Magnetic Materials 67 (1987) 65-74
North-Holland, Amsterdam

LOCAL SPIN DENSITY FUNCTIONAL APPROACH TO THE THEORY
OF EXCHANGE INTERACTIONS IN FERROMAGNETIC METALS AND ALLOYS

A.L. LIECHTENSTEIN, M.I. KATSNELSON *, V.P.. ANTROPOV * and V.A. GUBANOV

Table 1
Values of exchange interaction parameters calculated by the cluster Green’s function method

Metal Jo T, TP Jy Js D

(meV) (K) (K) (meV) (meV)

155.7 1200 1040 * 20.5 -34 294
49.1 380 630 * 1.9 0.23




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, 0205 o7 T3 %
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 magretic moment turned through 0 = 0 (a), 8 = 0.2 (b),
0=035r(c) and 6 = (.57 (d).
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Stoner criterion is fulfilled due to e, states only; they should play
a special role in magnetism of Fe



week ending

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

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

Y. O. Kvashnin,' R. Cardias,” A. Szilva,' I. Di Marco,' M. 1. Katsnelson,™* A. 1 Lichtenstein,*’
L. Nord:’;tri")m,1 A.B. Klautau,” and O. Eriksson'
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FIG. 1. Orbitally decomposed NN exchange interaction in 10.0 ) l - 0.0 .
- - .. .= - = R{“x:l
elemental 3d metals in the bce structure. if

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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exp
Fe | 3.13  3.09
Ni |1.62 1.5

M(T)/M(0)
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. , . . 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



Orbital magnetism in transition metal systems:
The role of local correlation effects

S. Caapov, J. MiNAR, M. I. KarsneELsoN. H. EBert. D.
KODpDERITZSCH 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



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’l”wL [ZZS X GZSZ

Non-collinear magnetism



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) ¢ =
quite small col o eee v
difference
between DFT
and DMFT

Ry)

J.(m

0 20 30 40 50 60 7.0

fd
I

— LSDA+U

— DMFT

Nontrivial: electronic
structure Is very
different!

—Spin-wave spectrum

E (mRy)

]

Error cancellation?!
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SCIENTIFIC
REPLIRTS

Electronic correlations determine the
phase stability of iron up to the melting

temperature

I Leonov', A. |. Poteryaev??, Yu. N. Gomostyrev®?, A. | Lichtenstein, M. |. Katsnelson®®, V. |. Anisimov®¢

& D. Vollhardt!

Theoretical Physics Ill, Center for Electronic Correlations and Magnetism, Institute of Physics, University of Augsburg, 86135
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Figure 2 | Calculated phonon dispersions of paramagnetic bcce iron near
the a-to-y and y-to-6 phase transitions for different temperatures.

Energy (meV)

Zener: bcc phase of Fe Is stabilized by magnetism (DOS peaks
iIce are moved from the Fermi energy)

(£00)

! T T T | T | T
— phonons (T~09T.) | —
— phonons (T~T) .
——- phonons (T-12T,) _

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!!!




- first practical application of ab initio SD
Many magnetic structures

0 03k+SS
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Ul with very close energies

B 8+t

(frustration); strong
dependence on lattice
constants
Also in Fe-Ni alloys

Origin of the Invar effect
iniron-nickel alloys Application to Invar problem

Fe-Ni
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volumes
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Origin of magnetic frustrations in Fe-Ni Invar alloys

A. V. Ruban,!

M. L. Katsnelson,”® W. Olovsson,® S. I. Simak.** and I. A. Abrikosov*

PHYSICAL REVIEW B 71, 054402 (2005)

FIG. 1. (Color online) Effective exchange parameters for Fe JF ¢
(thick black solid line) and Ni J\h (thin black dot-double dashed
line), as well as average pair exchange parameters (J-°)
=(1/2,)2;c P[CJF e'F‘;"Jr{'l—C)JF*"I\“] 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 n (a) fcc Fe, (b)
FegsNiy5 alloy, and (c) FesoNis, alloy as a function of the volume
per atom. z, is the coordination number of the pth coordination
shell, and ¢ 1s the Fe concentration. In the figure (f ®} are multiplied
with z, in order to show their actual comnbunon to f Vertical
dashed lines in (b) and (c¢) show calculated equilibrium volume at
corresponding concentrations. The vertical dotted line m (¢) indi-
cates estimated volume where fcc FeyoNis, alloy shows Invar be-
havior under pressure, Ref. 5. Calculations are done within the co-
herent potential approximation (see text for the discussion).

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

strongly depend on volume

Exchange parameters (mRy)

| | |
fcc Fe Nl

1
I
I 65 35
I
L

Volume per atom (a.u.s)
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FIG. 4. (Color online) Dependence of the total exchange param-
eter Jy on volume €2 and c/a ratio as a contour plot Jy(£2,¢/a).

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 (¢/a) at fixed volumes 2 = 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
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FIG. 5. (Color online) The exchange parameter as a function of
interatomic distance to the nth neighbor J,(R,) for different ¢/a
ratios.
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1. Phys.: Condens. Matter 25 (2013) 135401 (9pp) doi: 10 1088/0953-8984/25/1 3/1 35401

Effect of magnetism on Kinetics of y—o
transformation and pattern formation in
iron

I K Razumov' %, Yu N Gornostyrev'-* and M I Katsnelson®

Transition without barrier
starting from FM state

A very important consequences
for morphology of the
transformation

1-5: T=0K;
700; 1000;
1300,
Magnetic
temperature



7

7477 .
\ \ N Magnetic free energy plays
\ crucial role in kinetics of
transformation and morphology
7 of the final structure in pure
Iron

1. Phys.: Condens. Matter 25 (2013) 135401 (9pp) doi: 10 1088/0953-8984/25/1 3/1 35401

Effect of magnetism on Kinetics of y—o
transformation and pattern formation in

iron

I K Razumov' %, Yu N Gornostyrev'-* and M I Katsnelson®

0.0064

0.0126 0 0 4
Figure 2. Tlme evolution of the structure at exposure at T = 400 K ((a), (b)), 700 K ((c), (d)), 950 K (e), 1000 K ((f), (2)) after quenching
of the hlgh temperature state ((a), (c), (e), (f)) or development of mst'lbllm of the uniform fcc state ((b), (d)), under homogeneous ((a)—())
and heterogeneous nucleation (g). Gradations of gray color correspond to the values for the order parameter ¢; black and white colors show
the regions for the «-phase with two possible orientations (¢ = *£1).



RO ML LALLM S AL ST S | O () -STanding problem:
Magnetism and Local Distortions near Carbon Impurity in y-Iron S O | utl O n e nth al py Of C I n V_ F e

D. W. Boukhvalov

Institte for Molecules and Marerials, Radbo 'een, 25 E  Netherlands
Institute of Metal Physics, Russian Acade ) Ekarerinbure 620041, Russia

Solution: local tetragonal
distortions and local FM
ordering

Institute of Metal Physics, Russian A v 620041, Russia
Institute of Quantum i

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 (¢) 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)



PHYSICAL REVIEW B 90, 094101 (2014)

Role of magnetic degrees of freedom in a scenario of phase transformations in steel

I. K. Razumov,2* D. V. Boukhvalov,® M. V. Petrik.2 V. N. Urtsev,* A. V. Shmakov,*

M. L. Katsnelson,>® and Yu. N. Gornostyrev

1.2

0.01 0.02
carbon fraction

FIG. 4. (Color online) The left panel shows calculated lines
(solid) corresponding to the start of ferrite transformation, paraequi-
librium, and the start of martensitic transformation. M, and M, are
the temperatures at the start of lattice instability and martensitic-like
transformation. Dashed lines show the experimental boundary of
the two-phase region (Ai) [36], the experimental paraequilibrium
temperature (Toz) [37]. and the experimental temperature of the start
of martensitic transformation (M) [35]. The right panel shows
microstructures forming as a result of transformation at various
temperatures: Ty = T < A5 (1.2), My =T = T, (3.4; 5,6), and
T = My (7.8). The left and right columns in this panel correspond
to tetragonal strain (black and white are two orthogonal directions
of tetragonal deformation in bec phase; gray shows fce regions) and
carbon distribution (the darker the smaller), respectively.

Quantitative description of boundaries of martensitic, baynite and
ferrite transformations — crucial for metallurgy



Metal for one spin projection and Soin boftlenack macmetorecistance
. . . . pin bottlensck magnetoresistance
semiconductor for other spin projection ||

R. de Groot et al, PRL 50, 2024 (1983)

L

resistance

REVIEWS OF MODERN PHYSICS, VOLUME 80, APRIL-JUNE 2008 High
resistancs

Half-metallic ferromagnets: From band structure to many-body effects

Prinz, Science (1998)



LLewis et al, PRB (1997)

Majority Spins
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Kobayashi et al, Nature (1988)
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NQP states created in the minority
channel just above the Fermi level

U=4.8 eV, J=0.9 eV, T=250 K
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PHYSICAL REVIEW B 92, 144407 (2013)

Mechanisms and origins of half-metallic ferromagnetism in CrO,

[. V. Sﬂlm-'}-'ev,'*g-*::': I. V. Kashin.? and V. V. Mazurenko?

DMFT

orb.# 1

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

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

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

w (eV)




week ending
PHYSICAL REVIEW LETTERS 20 FEBRUARY 2008

PRL 100, 086402 (2008)

Nonquasiparticle States in Co,MnSi Evidenced
through Magnetic Tunnel Junction Spectroscopy Measurements

L. Chioncel,"? Y. Sakuraba,® E. Arrigoni,' M. 1. Katsnelson,* M. Oogane.’ Y. Ando,® T. Miyazaki.’
E. Burzo.” and A. 1. Lichtenstein®
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sp-electron magnetism
ADb initio spin dynamics for real systems

Spin and orbital magnetism

Nonequilibrium magnetism

And many, many specific applications to real
materials
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A. Secchi, E. Stepanov, and A. Rudenko (Nijmegen)
V. Mazurenko, Yu. Gornostuyrev, S. Okatov,

|. Razumov (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 (Nanjing)

Thank you for your attention
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