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Hyperfine parameters: TU

= Isomer shift: & = o (py>amPle — pReference)
= /it Is proportional to the electron density p, at the nucleus

» the constant a is proportional to the change of nuclear radii during the
transition (we use «o=-.291 al°mm s?)

= Magnetic Hyperfine fields: B, = B.yptace + Bow * B

n these fields are proportional to the spin-density at the nucleus and the orbital
moment of the probed atom as well as the spin moment distribution in the
crystal

= Quadrupole splitting: A~eQVl,
» given by the product of the nuclear quadrupole moment Q times the electric

field gradient V,,. The EFG is proportional to an integral over the non-spherical
charge density (weighted by 1/r°)



@ Schrodinger equation

TU

WIEN

= From the previous slide it is obvious, that we need an accurate
knowledge of the electron (and magnetization) density, which
in principle can be obtained from the solution of the many-

body Schrodinger equation for the corresponding solid.

HY=EY

= However, a many-body problem with ~102%3 particles is not
solvable at all and we must create models for the real material

and rely on an approximate solution of the Schrodinger

equation. (This will be briefly discussed in the next slides and my preferred

options are marked in red.)




@ Concepts when solving Schrodingers-equation
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* Representation of the solid:
» cluster model: approximate solid by a finite cluster
e periodic model: approximate “real” solid by infinite ideal solid
(supercells !)

BaSnO; ¢
&' M ‘“ Q\» M

If calculations disagree with
0—@_‘ experiment:
| - " the structural model could be wrong

k'u -~
- Q . -
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» Exchange and correlation:

 Hartree-Fock (exact exchange, no correlation)
» correlation: MP2, CC, ...

* Density functional theory: approximate exchange + correlation
* LDA: local density approximation, “free electron gas”
* GGA: generalized gradient approximation, various functionals
 hybrid-DFT: mixing of HF + GGA, various functionals
 LDA+U, DMFT: explicit (heuristic) inclusion of correlations

If calculations disagree with experiment:
the DFT approximation could be too crude
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* basis set for wavefunctions:
* “quantum chemistry”: LCAO methods
» Gauss functions (large “experience”, wrong asymptotics, ... )
» Slater orbitals (correct r~0 and r~oo asymptotics, expensive)
 numerical atomic orbitals
* “physics”: plane wave based methods
* plane waves (+ pseudopotential approximation)

« augmented plane wave methods (APW)
 combination of PW (unbiased+flexible in interstitial regions)
 + numerical basis functions (accurate in atomic regions, cusp)
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Concepts when solving Schrodingers-equation
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« Computational approximations:

« relativistic treatment:
*non-, scalar-, fully-relativistic treatment
* treatment of spin, magnetic order
* approximations to the form of the potential
* shape approximations (ASA)
* pseudopotential (nodeless valence orbitals)
* “full potential”




Concepts when solving Schrodingers-equation U

* In many cases, the experimental knowledge about a certain system is
very limited and also the exact atomic positions may not be known
accurately (powder samples, impurities, surfaces, ...)

* Thus we need a theoretical method which can not only calculate HFF-
parameters, but can also model the system:

» total energies + forces on the atoms:
« perform structure optimization for “real” systems
« calculate phonons (+ partial phonon-DOS)

* Investigate various magnetic structures, exchange interactions
* electronic structure:

e bandstructure + DOS

e compare with ARPES, XANES, XES, EELS, ...
* hyperfine parameters

* Isomer shifts, hyperfine fields, electric field gradients
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@ APW Augmented Plane Wave method | 2%

The unit cell is partitioned into:
atomic spheres
Interstitial region

| unit cell
00 .
/
Basisset: Ut ) are the numerical solutions
P\ i(k+K).F of the radial Schrodinger equation
. | in a given spherical potential for a

: : join particular energy ¢
Atomic partial waves A coefficients for matching the PW

> A u,(r €)Y, (F)
/m

“Exact” solution for given (spherical) potential!




Structure generator

s Spacegroup selection

« import cif file

step by step initialization

= Symmetry detection

s gutomatic input generation
SCF calculations

s Magnetism (spin-polarization)
= Spin-orbit coupling

= Forces (automatic geometry
optimization)

Guided Tasks

« Energy band structure
= DOS

= Electron density

= X-ray spectra

= Optics

Execution >>

StructGen™
initialize calc.
run SCF

single prog.
optimize(V cfa)
mini. positions

Utils. >>
Tasks >>

Files >>
struct file(s)
input files
output files
SCF files

Session Mgmt. >>
change session
change dir
change info

Configuration
Usersguide

htmk-Yersion
pdf-Yersion

dea and realization

Py

Session: TiC
farea51/phlaha/lapw/2005-june/TiC

StructGenm

You have to click "Save Structure" for changes to take effect!
l Save Structure l

Title: TiC
Lattice:
Type: F

—"
B

CXY

CYZ

X2

R
H

1_P1 v

Lattice parametersin A ¥
a=4.328000038( h=4.328000038 ¢=4.328000038

Spacegroups from
Bilbao Cryst Server

=90.000000 | 3=90.000000 | y=90.000000
Inequivalent Atoms: 2
Atom 1; [Ti 7=220 | RMT=2.0000

Pos 1: x=0.00000000 | y=0.00000000 | z=0.00000000  remove
add position

Atom 2: C 7=60 RMT= 1.9000
Pos 1: x=0.50000000 | y=0.50000000 | z=0.50000000  remove

add position

remove atom

remove atom



theoretical EFG calculations U

* The coulomb potential V_ is a central quantity in any theoretical calculation
(part of the Hamiltonian) and is obtained from

 The EFG is a tensor of second derivatives of V. at the nucleus:

« Since we use an “all-electron” method, we have the full charge distribution
of all electrons+nuclei and can

The spherical harmonics Y,, projects out the (and non-cubic)
part of p. The EFG is proportional to the

(eg. p, vs. px/Py)

/4

* We do not need any "
(these shielding effects are included in the self-consistent charge density)



@ theoretical EFG calculations L

= The charge density p in the integral v _ « fp(rZYZO dr  can
be decomposed in various ways for analysis: "

= dccording to energy (into various valence or semi-core
contributions) I

= dccording to angular momentum [ and m (orbitals)
= spatial decomposition into "atomic spheres” and the "rest” (interstital)

= Due to the 1/r3 factor, contributions near the nucleus
dominate.




theoretical EFG calculations 'L

We write the charge density and the potential inside the atomic spheres in
an lattice-harmonics expansion

pP(r)y=2 P, ()Y, (F)  V(r)=2 v, (NY,, (F)

spatial decomposit ion :

D.p (Y., Y
2(rY LM LM ' 20 ()Y
o (200 g SO T g R,

sphere int erstital

P (1)

dr *+ interstiti al

77

orbital decomposit ion :

pgo(")—j Z¢”k¢”kY dfi = p-p;d—d;(s—d) contr .

I'm" " 20
k,n.I,I',m,m’

— dd . ‘-
V=V PV + o+ interstiti al



@ theoretical EFG calculations LY,

1 -
Vzgd oc<r_3> Xy+dX2—y2_%(dxz+dyz)_dzz—
d

« EFG is proportial to differences of orbital occupations,
e.g. between p,, p, and p.,.

- if these occupancies are the same by symmetry (cubic): V,,=0

- with “axial” (hexagonal, tetragonal) symmetry (p,=p,): n=0

In the following various examples will be presented.
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Determination of the Nuclear Quadrupole Moment of 5"Fe

Philipp Dufek, Peter Blaha, and Karlheinz Schwarz

Compare theoretical and experimental EFGs ) Q

Z0 - _ . - .
. |
| 1 .
- = Qy=0_08%Z b previous value) _u
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= | FeNi
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. @ F - EFGs in fluoroaluminates WTU

Isolated octahedra Rings formed by four
Isolated chains of X octahedra sharing
octahedra linked by @L» b corners

corners

Ba+2
© Al+3
¢ Cat2
@F-1

Ca,AlF,, Ba,AlF,-Ib, BazAl,F;,
B-Ba,AlF,

B-BaAlFs, y-BaAlF.



&

v and nq calculations using XRD data

vo = 4,712.10°16 |V,,| with R2 = 0,77

1,8e+6

1,6e+6 -

1,4e+6

1,2e+6

1,0e+6 -

8,0e+5 -

4 PO O @ €K > E O

AlF,
a-CaAlF,
B-caAlF,
Ca,AlF,
a-BaAlF,
B-BaAlF,
Y-BaAlF,
Ba,ALF,,
Ba,AlF,-Ib
B-Ba,AlF,

a-BaCaAlF,
Régression/

Expenmental{\ Q (Hz)

6,0e+5 1

4,0e+5 -

2,0e+5 1

0,0

0,0

T
1,0e+21

Calculated ‘sz‘ (V.m'z)

T
2,0e+21

T
3,0e+21

L @

Experimental

1,0

0,8

0,6

0,4

0,0

WIEN

nQ,exp = 01803 nQ,caI

N’
® 4« OO O S&J > BB O

AlF,
a-CaAlF,
B-caAlF,
Ca,AlF,
a-BaAlF,
B-BaAlF,
7-BaAlF,
Ba,AlLF,,
Ba,AlF,-Ib
B-Ba,AlF,

a-BaCaAlF,

Regression

......

R? = 0,38

0,4

Calculated ﬂQ

0.8 1,0

Important discrepancies when structures are used which
were determined from X-ray powder diffraction data



v and n, after structure optimization

Experimental (Hz)
A Q

1,6e+6 o

1,4e+6

1,2e+6 -

1,0e+6 o

8,0e+5 -

6,0e+5 1

4,0e+5 1

2,0e+5 +

0,0

1,0
va = 5,85.10°16 V N = 0,972
Q 2 / zz Q, exp / Q,cal
R4 = 0,993 R2 = 0,983
0.8 -
© 0,6 1
J——
3 / ) AlF,
® AlF, c -] a-CaAlF,
(]
B «-CaAlF, 1S A B-caAlF,
3]
A B-caAlF, S / v Ca,AlF,
v Ca,AlF, o 0.4 A y * o-BaAlF,
& ®-BaAlF, (] B-BaAIF,
@ B-BaAlF, ] V-BaAlF,
O r-BaAlF, / o Ba,AlLF,,
O Ba,AlLF, 02 | v A Ba,AlF -Ib
A Ba,AlFIb v B-Ba,AlF,
v B-Ba,AlF, o ®-BaCaAlF,
¥ ¢ “-BaCaAlF, Regression
Regression — — — M. Mg cal
0,0
0,0 5,0e+20 1,0e+21 1,5e+21 2,0e+21 2,5e+21 3,0e+2: 0.0 0.2 0.4 0.6 0.8 1,0

-2
Calculated‘vu‘(v.m ) Calculated T1Q

Very fine agreement between experimental and calculated values

M.Body, et al., J.Phys.Chem. A 2007, 111, 11873 (Univ. LeMans)



@ pressure induced phase transition in (Mg,Fe)SiO;

= The earth lower mantle consists of (Mg,Fe)O and

o (Mg, _,Fe,)SiO; perovskite

upper mantie 2,290 km thick
530 km thick guzt% c'g;emck

crust 6-40 km thick

~
=

o
n
(D

~—

inner core
2,500 km diameter

12,756 km equatorial diameter
(12,714 km polar diameter)

 —

Relative transmission

iInterpretation:
high-spin -2 intermediate spin
transition

Welocity (mmfs)

: 3.5 mm/s



spin states of Fe2+ (3d6) TU

HS (M=4u;) IS (M=2u,) LS (M=0)

tzg . e —
= _

6 1#; I 1;+$ Iﬁ%

crystal field: small intermediate large
spin splitting: large intermediate Zero




@ possible phases: TU

-extensive structure optimizations (including soft

phonons) of various possible spin states at different pressures
and with different orbital occupations:

» leading to several (meta-) stable phases:

HS (3.3) HS (2.3) HS (2.1) we

GGA LS
0.1 f P — IS T
HS (high QS)
0.08 f ~ — — HS(owQS) |]
0.06 | ]

0.04 1

AH (Ry/Fe)

LS (0.8) LS (0.2) LS (1.7)
e e. (% « © ®
& & ® © « .
« two different HS states compete with each other

» [S state never the ground state
* LS state not stable at relevant pressures

0.02 1

0 5IO 1(.)0 150
P (GPa)




@ our interpretation of the phase transition:

electronic HS - HS transition

HS (2.3)

2.461

spin-dn e: d

H. Hsu et al.,

357+ 3
HS (3.3)13——9——9-‘—5—81

25 [4s ( 3). l
, [Hs (2.1 Rzsg- ~g - -

LS(1 T8, N

o

QS (mm/s)

LS (0.8)0———o——0 o

LSOy - -F - -F--¥F~~"Y y¥« £ I +d -3/ +d )-d
¢ 0 30 60 90 120 ° 2,0 A < :
P (GPa)

Earth and Planetary Science Letters 294 (2010) 19-26



@ The Verwey transition in RBaFe,O; 1Y,

WIEN

(temperature induced PT between charge-ordered and mixed valence state)
2 Fe?>+ > Fe?* + Fe3*

ABO; O-deficient double-perovskite

square pyramidal

" f ~ coordination

Antiferromagnet with a 2 step Verwey transition around 300 K
Woodward&Karen, Inorganic Chemistry 42, 1121 (2003)




@ structural changes TU
CO structure: Pmma VM structure: Pmmm
a:b:c=2.09:1:1.96 (20K) a:b:c=1.003:1:1.93 (340K)

= Fe2* and Fe3+ chains along b

= contradicts Anderson charge-ordering conditions with minimal electrostatic
repulsion (checkerboard like pattern)

= has to be compensated by orbital ordering and e -lattice coupling



@ GGA-results: TU

« Metallic behaviour/No bandgap Fe-ch M b
= Fe-dn t,, states not splitted at E; 79 2979 t‘gg

= overestimated covalency between O-p and Fe-g, J__lotalDOS
= Magnetic moments too small 7 ==
« Experiment: @ | I
CO: 4.15/3.65 (for Tb), 3.82 (av. for Y) °
VM: ~3.90
» Calculation:
CO: 3.37/3.02
VM: 3.34
= 10 significant charge order T T UM [—emoos
» charges of Fe2* and Fe3* sites nearly identical 40 a ﬂ Hl [ By
= CO phase less stable than VM 2 | f'.'l‘ . h ) |‘|
- LimN .- ‘ o l.
207 / ':l'l Ill II,":'"II t| ) I ||"f.|' |I| |
[/ ﬁi;ﬁ '\*ﬁ | 11 . l rn
= LDA/GGA NOT suited for this compound! | ARl -ﬂp’f:'l::"_ ;'.,;.,f"”"_b $|

Energy [eV]



@ “Localized electrons”: GGA+U TU

= Hybrid-DFT
= ExcPBEO [p] = ExcPBE [p] + (ExHF[chel] - ExPBE[pseI])

= LDA+U, GGA+U
« ELDA+U(p ) = ELPA(p) + Eob(n) — EPCC(p)
separate electrons into “itinerant” (LDA) and localized e (TM-3d, RE 4f e")
treat them with “approximate screened Hartree-Fock”
correct for “double counting”

b o o r— o
EQT I:HII - E Z NgeaNm' —a + T Z NgaTlm' s

m,m’ o mFn o

= Hubbard-U describes coulomb energy for 2e- at the same site

| | /f.l. \ ||
| | U |

= Orbital dependent potential

Voo =0 =3)Y =0, 00




&

DOS: GGA+U vs. GGA

GGA+U

Fel) | |cOo ______:F:;” 5os
" | Fez2! ||E'. [ |‘I
v i Fe1
g o
10 4 : '| I"rlllIII rr ““lﬂllﬂl IIIII' 'lu h
| '||:.,| llrl r. ‘_h;n'r'.il Y Ltlr
Lw,f o 1’|. Fe2| | W
o ]'w.‘_ﬁf_:-‘.--'-""'ﬂ‘f F“uhL'-‘t Yoo o
| | HM :I'::-:I DOE
40 F'El FE1I —--o0
2 I .
TTH LL!EE' H ||1IAI| |
| ﬁ 'ﬂnll"'i]' | L“' “ |.|Iﬂ
) | e i'11 l ﬂ E
o i A N0 il""",' 1"‘:] H .-I"h"""i""; "'"1' ----:..--1JI;-4
_ _ ] Energy [eV]
Insulator

GGA

single lower Hubbard-band in VM splits in CO with Fe>* states lower than Fe**

|I| CO total DOS
20 ! iy
|I | | Il
|
S Y l al
- | | |I [ ] .l| ) I, |
I l || I“ ! |"|I
10 ~ ||| | '.l I I |'||||| |
| | | aj Ul ‘,J I|| W K
1|,:":-"~ 'n.d wo,oA
A TRA I XL Sl
MY !"-"h “ |
TANL 1 N
A B Al | 10 C A Pt SISV
-10 3 CI 10
1

¢

Energy [eV]

metal




@ Can we understand these changes ?

= Fe2+ (3d6)

Cco

strong covalency effects

in Ex and d-xz orbitals

= m=) short bond iny

DOS (states/eV/spin/cell)

d-xz fully occupied (localized)

1 L Fa2 d-yz
a — . T

a1 i

'2_ T TR | T 4

14 Fe2 d-xz
i L VUE

1l | q

2 T

14 1 A . Fa2 d-xy
':I ‘. N, T

-1

21T T T i

;I { ﬂj. d Fe2 d-x’-y"
1]t y

2 :

11 ! B Fe2 d-2*
0] * o
-1

_2 T L | T T T T 7T T T T

=10 ] 0 B 10

Energy (eV)

majority-spin fully occupied
very localized states at lower energy than Fe2*

DOS (states/eV/spin/cell)

Fe3+ (3d5)

minority-spin states

empty

short bond in z (one O missing)

1 Fal d-yz

-

11
.l

i
i3
g

potd | 1

] ' 1

0w 5 0 5 10
Energy (eV)

TU

WIEN

VM Fe2.5+ (3d55)

DOS (states/eV/spin/cell)

d-z2 partly occupied

FM Fe-Fe; distances in z ??

14 Fed-yz A_ f
-I} a
-1 |
i .
4;_‘ Fe d-xz A I|
11 |
-2_.,.., ,,
e
gl I
;'. Fe d-x"-y" i .}L '
1au |
2 N R ——r—y—r—r—r—
E_ Td—z" oal :
-1
pn 5 0 5
Energy (eV)

0



WIEN

@ Difference densities Ap=pye-Pat™P TU

= CO phase

L Fe’t: d-xz

N Fe3+: d-x?

O1 and O3: polarized
toward Fe3*

Fe: d-z2 Fe-Fe interaction
= O: symmetric

|

|

I

|

- |
PR
W

-

£ttt




@ d,, spin density (pup-pdn) of CO phase WTU

. (¢

=
L

+0.00
+0.05

+0.15
+0.20

Fe1l CO

Fe2!

10 4

DO
Ko
i ™
&, |
Fm..m
a—

-10 -5 O

Fe3+: no contribution
Fe2*: d,,

weak rn-bond with O
tilting of O3 r-orbital



@ Mossbauer spectroscopy:

TU

WIEN

s Isomer shift: & = a (py>@mple — pReference)s o =-,291 au3mm s

= proportional to the electron density p at the nucleus

= Magnetic Hyperfine fields: By,,=Bntact + Borb + Baip

= Bontace = 87/3 pg [pyp(0) — pan(0)] ... Spin-density at the nucleus

S(r)
3

By, = 2pp(®|—=1|P)

orbital-moment

B} S( L
Baip = 2p5(P (;1 ) {3(5’ P — §] D) ... spin-moment

r? ®

S(r) is reciprocal of the relativistic mass enhancement S(r) = [1 1L




a-10

EFG: Fe2* has too small anisotropy in LDA/GGA

TABLE VIII: Hyperfine fields B {in Tesla). isomer shifts 4 (mm/s) and quadrupole coupling constants eQV::
CO phase for various exchange and correlation potentials and experiment

TU

WIEN

(mm /s) for the

exp. GGA4+U LDA GGA
Co Uers [eV] : 5 6 7 B

Baip — -16.29 -16.49 -16.66 -16.83 -6.68 -12.67

Bars — -6.73 -6.90 -5.26 -7.65 -9.57 -6.34

Fe2?t B contant — 32.25 32.23 32.58 32.60 32.21 31.58
Biot ~ 8 9.23 8.83 7.66 8.13 15.96 12.57

d ~ 1 0.92 0.94 0.06 0.99 0.74 0.79

eQV.. 3.6 — 4% 3.66 3.74 351 180 -0.82 260

Baip — -0.67 -0.60 -0.52 -0.45 1.29 0.39

Bars — -0.52 -0.45 -0.37 -0.28 -7.96 -2.65

Fel®* Brontact — 37.65 38.28 38.15 37.56 29.64 31.63
Btot e ol 36.46 37.24 37.2¢ 37.12 22.97 29.37

A ~ 0.4 0.33 0.30 0.28 0.25 0.50 0.47

eQVs. ] —1.5° l.46 1.50 [.51 1.52 [.04 -0.30

*depending on rare earth ion
V M exp. GGA+U LDA GGA
Uerr [V] - 5 6 7 5

Baip — -3.00 -2.98 -2.95 -2.87 -2.13 -2.83

Bors — -3.11 -2.99 -2.84 -2.74 -5.47 -4.56
Fel5+ Beontact — 41.17 40.96 41.45 41.17 33.10 36.36
Biot ~ 30 35.06 34.98 35.67 35.56 25.50 28.08

i ~ (0.5 0.53 0.52 0.51 0.49 0.60 0.60

eV, ~ (.1 0.12 0.13 0.13 0.13 0.19 -0.27




Summary TU

= EFGs can routinely be calculated for all kinds of solids.
« "semi-core” contribution large for “left-atoms of the periodic table
s p-p contribution always large (on-site (eqg. O-2p) vs. off-site (Fe-4p))
« d-d (-f) contributions for TM (lanthanide/actinide) compound's
« EFG stems from different orbital occupations due to covalency or crystal
field effects
» EFG is very sensitive to
s correct structural data (internal atomic positions)

s correct theoretical description of the electronic structure
= 'highly correlated” transition metal compounds (oxides, halides)
= 4f and 5f compounds
« "beyond” LDA (LDA+U, Hybrid-DFT, ...)



K.Schwarz, C.Spiel, R.Laskowski, TU Vienna
Han Hsu, R. Wentzcovitch, Univ. Minnesota (perovskite)
M.Body, G.Silly, Univ. Le Mans (Al-fluorides)

Thank you for
your attention !



structural changes in YBaFe,O. TU

* above T\ (~430 K): tetragonal (P4/mmm)

» 430K: slight orthorhombic distortion (Pmmm) due to AFM
all Fe in class-III mixed valence state +2.5;

» ~334K: dynamic charge order transition into class-II MV state,

visible in calorimetry and T ) A
Mdssbauer, but not with X-rays |

7 68.35 /
- 308K: complete charge order into > a0 f@
class-I MV state (Fe2* + Fe3t) 5825 —
-0

large structural changes (Pmma) roode—e— o

)]

o

. . . ':‘Iit a
due to Jahn-Teller distortion; S 395 cososses
_ _ & 3.90 - o
change of magnetic ordering: |« 3854 o o oo
direct AFM Fe-Fe coupling vs. 0, o o o o o coceesss
— T T 1 1 1T ™71
FM Fe-Fe eXChange above TV 220 240 260 280 300 320 340

T (K)




&

CO phase: G-type AFM VM phase:
= AFM arrangement in all directions,
also across Y-layer

s Fe moments in b-direction

antiferromagnetic structure TU

AFM for all Fe-O-Fe superexchange paths
FM across Y-layer (direct Fe-Fe exchange)

FIG. 1. (Color online) The magnetic 1X2X 1 CO supercell.
The arrows depict the direction of the magnetic moments.

FIG. 2. (Color online) The magnetic 2X2X2 VM supercell.
The arrows depict the direction of the magnetic moments.



@ magnetic moments and band gap

TU

WIEN

TABLE V: Dependence of the band gap (in V), the orbital pome, spin gs and total moments giioe (in pg) on Ugpp for the CO

and VM phases. Experimental values are taken from ref.”.

(80 VM
exp. Uess [eV] exp Uerr [eV]
— 5 6 7 B — 5 G 7 5
3+ o . .
Horb Felg 0.01 0.01 0.01 0.01 B 0.05 005 004 004
fiorp Fe2°T — 0.10 0.10 0.12 0.11
134 o i Lrd
s Fel2 3.95 4.02 4.07 4.14 o 3.81 3.87 3.02 3 07
ps Fe2*t — 3.34 3.38 3.42 3.45
A4
ot Fel2 4.15 3.06 4.03 4.08 4.14 3 008 - 301 206 Lot
fige Fe24t 3.65 3.44 3.49 3.54 3.56
band gap — 1.8 2.1 2.4 2.7 — 0.9 1.0 1.0 1.1

= magnetic moments in very good agreement with exp.
= LDA/GGA: CO: 3.37/3.02

VM: 3.34 pg

=« orbital moments small (but significant for Fe2*)

= band gap: smaller for VM than for CO phase

« exp: semiconductor (like Ge); VM phase has increased conductivity

« LDA/GGA: metallic



@ Charge transfer (in GGA+U) '

= Charges according to Baders “"Atoms in Molecules” theory
= Define an "atom” as region within a zero flux surface Vo2 -n =0
= Integrate charge inside this region

CO VM

Atom Multiplicity Charge Multiplicity Charge
Ba + +1.51 8 +1.52
Y + +2.17 8 +2.15
Fel 4 +1.84

5 | 16 +1.62
Fe2-* + +1.36
O1 + —1.36 8 —1.36
O 2a + —1.40
i 16 —1.39
O 2b + —1.36
03 8 —1.38 16 —-1.39



@ Structure optimization (GGA+U)

= CO phase:

n FEe*. shortest bond in y (0O2b)
= FE’*; shortest bond in z (O1)

= VM phase:

n all Fe-0 distances similar

 theory deviates along z !!
» Fe-Fe interaction Bond

« different U ??
=« finite temp. ??

1.970
1.976.

~

s,

1.8%
@

’ O2a

.’—L&‘wmog 12
03 W_‘
2

2.Jr2

‘01

Direction CO VM
exp. theory exp. theory
3+
Fel2 01 , 1.892  1.899 B - o
Fe2?t - O1 2.052  2.057
3+
Fel2 0O2b v 1.970  1.968 Loz Y
Fe2“t - 02a 1.958  1.965
34+
Fel2 03 . 1.976  1.957 B 1 oso
Fe24t - O3 2.109  2.128
Fel?t - Fe2%t z 3.587 3.576 | 3.571 3.456



@ Determination of U

III

s Take U as “empirical” parameter (fit to experiment)

s Estimate U from constraint LDA calculations
w constrain the occupation of certain states (add/subtract €)
s Switch off any hybridization of these states ("core”™-states)
s Calculate the resulting E, ;

». ] ] ] ]
FBH= SBdT(-I- 56’) — 83dT(_ 56’) — 8p(+ 56’) + SF(— 56’)

Phase CO VM
[on Fel’t Fe22t Fel-3+
U s 7.52 7.22 6.58

» we used U..=7eV for all calculations




@ magnetic interactions WTU

2 CO phase: I_{i-::hl:uug. [hlr.'.1| Energie |]_{}']
= magneto-crystalline anisotropy: :1 DD: -115578,24026
moments point into y-direction 010 -115578,24069
001 -115578,240)24

In agreement with exp.

n experimental G-type AFM structure (AFM direct Fe-Fe exchange) is 8.6
meV/f.u. more stable than magnetic order

of VM phase (direct FM)

= VM phase:
n experimental "FM across Y-layer” \ _
AFM structure (FM direct Fe-Fe exchange) &'TY_

is 24 meV/f.u. more stable than magnetic |
order of CO phase (G-type AFM)

FIG. 1. (Color online) The magnetic 1X2X 1 CO supercell.
The arrows depict the direction of the magnetic moments.



@ Exchange interactions J; TU

« Heisenberg model: /= 2 J; 8. 8;

= 4 different super-exchange interactions (Fe-Fe exchange
interaction mediated by an O atom)

w 0 1 Fe?*-Fe?* along b
n J,P 1 FESt-Fe’* along b
n J,5¢ ¢ Fe?*-Fe’* along ¢
n J,7 1 Fe’*-Fe’* along a

a 1 direct Fe-Fe interaction
n o FEZT-FE3* along c

s J o NEGative (AFM) in CO phase
s J o POSIGIVE (FM) in VM phase

(a) AFco (b) AF,,,
-0~ - . - -
e i
A A . -~ - .
E Jdirect 0 E Jdirect £ O
: i
-0 . - - -




= S.Chang etal., PRL 99, 037202 (2007)

l.]33b 59 mé’l/
n P =3.4meV

1 2 34 58 1T 2.3 4 5 6

- J23 — 6'0 mel/ mome'nturnltranster [A‘l‘)

—
>
T

— .
[ YBaFe,0, s

= Jo3 = (2125 + Lo5)/3

ekt N
o N
T

magnetic intensity (a. u.)

S N A~ O @

energy transfer (meV)

FIG. 2 (color online). (a) Inelastic neutron scattering intensity
S(Q, E) for YBaFe,05 at T =6 K. White lines are loci of
constant angles in (Q, E) space that denote limits of the angle
summation 26 = 1°-35°. (b) Calculation of S(Q,E) for
YBaFe,Os at T =6 K using a Heisenberg model with Ji; =
5.9 meV, J»» = 3.4 meV, and J5; = 6.0 meV. (c) Comparison
of angle-summed magnetic scattering data (open symbols) with
Heisenberg model calculation (line).



@ Theoretical calculations of J; TU

= Total energy of a certain magnetic configuration given by:
n,... number of atoms i
N N . .
1 " (ay  Z-- humber of atoms j which
Ez Z Ticig {ﬂ ’-TE&’ are neighbors of i
i=1 ji=1 S. = 5/2 (Fe3+*); 2 (Fe?*)
C; = +1
= Calculate E-diff when a spin on atom i (A;) or on two atoms i,]
(A;) are flipped
B — B — A

(0 (0]
S:85n; *-_?r:r'“ "r:r'j,“ /

Ja_;__;; =

= Calculate a series of magnetic configurations and determine J;
by least-squares fit



@ Investigated magnetic configurations | 1Y

——————

3
’I

(a) AFM - Typ G

(d) AFM - FM yz

(g) AFM - Typ C

(b) AFM - Typ A (¢) AFM - FM xz
|
. FIG. 1. (Color online) The magnetic 1X2X 1 CO supercell.
e . The arrows depict the direction of the magnetic moments. :
(e) AFM - FM x (f) Ferrimagnetisch Fe
Arrangement Lia lig laa lag 210 245 220 223
AFM-Type G + 4+ - - - - + +
AFM-FM in x + - - + + - - +
AFM-Type C + - - + - + o+ -
ferrimagnetic + 4+  + + - - - -
AFM-FM in xz + + - - + -+ - -
3 1 AFM-Type F + - + - + + - -
.. . AFM-Type A  + -  + - 4+ - 4+ -
(h) AFM - Typ F (i) Ferromagnetisch AFM-FM in yz + _ + _ _ + _ +
ferromagnetic + 4+ + + + + + +




Calculated exchange parameters TU

WIEN

TABLE XI: Energy differences per formmula unit (meV) of different magnetic arrangements with respect to the most stable
AFM-Type G structure of the CO phase. AEPFT from direct DFT caleulations (column 2), AEYes'= using the calculated J
values from table XII (column 4) and AE"=f from J values obtained by least square fit {column 5). Contributions of J values

in column 3.

Arrangement AEPFT Contribution AE eate AEss

AFM-Tvpe G [exp.) 0 — 0 0

AFM-FM in x 36.7 J33 41.4 44.7

AFM-Type C 46.7 J5s 55.9 52.4

ferrimagnetic 60.6 i?_a%*’ﬁz_ 79.1 81.1

AFM-FM in xz 80.9 J3a + T3 7.3 7.1

i o b

AFM-Type F 107.1 Loatleat e 110.8 107.1
b b

AFM-Type A 124.4 TG + Tatles 120.5 125.8
b ]

AFM-FM in vz 120.8 Jgs 4 atlm 135.0 133.5

b ]
ferromagnetic 104.9 JF + S5 + iﬂ;—iﬂ 176.4 178.1
CO phase with VM arrangement 8.6 — — —

TABLE XII: Calculated exchange interactions J using equation 5 (column &) and by least square fit to the energies given in
table XI {column 7, together with estimated error). Experimental values®! in column 8. Difference energies A per formula unit
and exchange parameters J in meV.

Interaction Iron atoms Ay Ay Ay Theory (Equ. 5) Theory (least square fit) Exp.
JE Felit - Felit 53.3 53.3 14.5 10.0 9.4(2.0) 5.9
JE Fe27t - Fe22t 20.5 20.5 42.0 4.3 5.7(3.3) 3.4
Jg Felit - Fe2it 53.3 20.5 62.1 4.2 4.5(0.7) e
J& Felj} - Fe2{} 53.3 20.5 54.8 5.6 5.2(0.7)

, 2085 +J5
“experimentally averaged as .Joz = —E'SLH-



Summary TU

= Standard LDA/GGA methods cannot explain YBaFe,O-
= metallic, no charge order (Fe’*-Fe’*), too small moments

= Needs proper description of the Fe 3d electrons (GGA+U, ...)

= CO-phase: Fe?*: high-spin d, occupation of a single spin-dn orbital (d,,)

« FE2*/Fe’* ordered in chains along b, cooperative Jahn-Teller distortion
and strong e -lattice coupling which dominates simple Coulomb
arguments (checkerboard structure of Fe*/Fe’*)

= VM phase: small orthorhombic distortion (AFM order, moments along b)

« Fe d-Z spin-dn orbital partly occupied (top of the valence bands)

leads to direct Fe-Fe exchange across Y-layer and thus to ferromagnetic
order (AFM in CO phase).

= Quantitative interpretation of the Mossbauer data

= Calculated exchange parameters J;; in reasonable agreement
with exp.



