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Kohn-Sham equations

LDA, GGA
——  E=T[p)+ [Veup(F)dF += jp(r)p(r)ff’+E (o]

7

1-electron equations (Kohn Sham)
vary p

1
—| VAV g (D) AV (PF) + Voo (PN (7) = £,D,(7)

f PP o Ep)
s \ op oy

p(F)= Y |0,

ExLDA o« J‘ () 5 p(r)] dr LDA _ treats both,

exchange and correlation effects,

ESCGAOCIP(V) FP(V)aV/O(V)] dr GGA - but approximately

New (better ?) functionals are still an active field of research




nuclear point charges
| interacting with
electron charge distribution

— E=TIpI§ [Veur ()i I

1-electron equations (Kohn Sham)
vary p

|
— {—5 V2 4V (F) Ve (p(F) + Vo (PP, (F) = £,D,(F)
f p(r) oE (p)

—r —

r—r\ op

p(F)= Y |0,

8 SEF

EfoA o J‘ p(r) 5 p(r)] dr LDA _ treats both,

exchange and correlation effects,

ESCGAOCIP(V) FP(V)aV/O(V)] dr GGA - but approximately

New (better ?) functionals are still an active field of research




Definition :

hyperfine interaction

all aspects of the
nucleus-electron interaction
which go beyond
an electric point charge for a nucleus.
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How to measure hyperfine interactions ?

* NMR

 NQR

e M0Ossbauer spectroscopy
* TDPAC

e Laser spectroscopy
 LTNO

* NMR/ON

* PAD

This talk:
e Hyperfine physics
* How to calculate HFF with WIEN2k



Content

e Definitions

e magnetic hyperfine interaction
e electric quadrupole interaction
e isomer shift

* summary
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I m =-1
/ — m =0
) 30 60 90 120 150 180
I m =+1
e.g. =1
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Ih

— BB cos 6



Classical Quantum
(=quantization)

1.5
m =-1
1 |
=
= 05 -
()
= —— m =0
C
= 0 T T T T
> ) 30 60 90 120 150 180
[o14]
2 05
2 _
S I m =+1
_1 —
1.5
e.g. =1

Hamiltonian : H = I,



nuclear property electron property

(vector) (vector)

wuf]

Interaction energy (dot product)
F = —ji-B



Source of magnetic fields at a nuclear site in an atom/solid

Btot = Bdip t Borb T Bfermi t BIat
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Source of magnetic fields at the nuclear site in an atom/solid

Btot = Bdip t Borb T Bfermi t BIat

» By, = electron as bar » B, = electron as current
magnet loop

> B = electron at nucleus

o~

Fermi_

—n=2 |=0
n=2 I=1

S00.0
2s




Source of magnetic fields at a nuclear site in an atom/solid

Btot = Bdip t Borb T Bfermi t BIat

» By, = electron as bar » B, = electron as current
magnet loop
L
I Y
-€
I\/Iorb
» Bremi = €lectron at nucleus B

—_h=z =0 orb

__n=2 I=1




How to do it in WIEN2k ?

Magnetic hyperfine field

In regular scf file:
- HFFXXX (Fermi contact contribution)

After post-processing with LAPWDM :

» orbital hyperfine field ("3 3" in case.indmc)
» dipolar hyperfine field ("3 5" in case.indmc)

in case.scfdmup - o fErfnitffftdmgyhhdtt o
oo L e Gaime TN

After post-processing with DIPAN : more info:

* lattice contribution UG 7.8 (lapwdm)

in case.outputdipan UG 8.3 (dipan)



@ MoOssbauer spectroscopy: TU

WIEN

m Isomer shift: & = a (py>2mPle — pReference): g=-.291 au®mm s

= proportional to the electron density p at the nucleus

u I\/Iagnetic Hyperfine fields: Btot:Bcontact = Borb + Bdip

» Boontact = /3 15 [0,p(0) — pan(0)] spin-density at the nucleus

. S(r) -
By — 205 200 )

3 orbital-moment

— S r L2
By = 250|222 [3(57

. ;} D) ... spin-moment
.

—1
_ —V{
S(r) Is reciprocal of the relativistic mass enhancement S(r) = [1 + ‘ 5 (;) }
2mc



@ Verwey transition in YBaFe,O,
Charged ordered Valence mixed
Fe2+ Fe3+ Fe2.5+
CO structure: Pmma VM structure: Pmmm
a:b:c=2.09:1:1.96 (20K) a:b:c=1.003:1:1.93 (340K)

= Fe?* and Fe3* chains along b Fe2:5*
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DOS: GGA+U vs. GGA

GGA

TU

WIEN

single lower Hubbard-band in VM splits in CO with Fe3* states lower than Fe?*

GGA+U
Fei ” CO ) Bos
1| et | ]
210 h Ih’lr"'i it n
ol ! . e
A T |
LM u ﬂb T
L ﬁr | B e S
| Vm | i I';::J:I ;DS
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Difference densities Ap=pgys-pac® TU

= CO phase

8 Fe2*: d-xz
Fe3+: d-x?2
99] O1 and O3: polarized |
toward Fe3* |

Fe: d-z2 Fe-Fe interaction 5%
$ O: symmetric ’

&
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YBaFe,O: HFF, IS and EFG with GGA+U, LDA/GGA

WIEN

TABLE VIII: Hyperfine fields B (in Tesla). isomer shifts 4 (mm/s) and quadrupole coupling constants eQ)V:: (mm/s) for the
CO phase for various exchange and correlation potentials and experiment™ 17

. GGA+U
CO Uers [eV] | 5 6
Baip — -16.29 -16.49
Bars . -6.73 -6.90 +
Fe2®* ~Beontaee | ______ZZ 8225 38223 HFF(Fe?*)
L
A ~ 1 0.92 0.94
eQV, . 3.6 — 4° 3.66 3.7
Baip — -0.67 -0.60 3+
Bars . -0.52 -0.45 H FF(Fe )
Fel®t Beontact — 37.65 38.28
| Bt - B0l 1 3646 3724 1
e I ~ 04 BT T T
eQV:; 1 —1.5° 1.46 1.50
*depending on rare earth ion
VM exp. GGA+U
Uerr [eV] : 5 6
Baip . -3.00 -2.98
Bors — -3.11 -2.99
P | Bamww = __mar____wes  HFF(Fe*®)
L ek ., [ W N oL N B
o ~ 0.5 0.53 0.52
eV, ~ 0.1 0.12 0.13

LDA QoA
-G6.68 -12.67
-0.57 -6.34
322 31.58
15.96 12.57 1
————————————— ol
0.74 0.70
=) EE E.i_ll_..l
1.20 0.39
-7.04 -2.65
20.64 31.63
F= 2007 20.37 |
______________
0.50 0.47
1.04 -0.30
LDA QGA
-2.13 -2.83
-5.47 -4 .56
3300 __ 36,36
25.50 28.08 1
————————————— ol
0,60 .60
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@ Electric Hyperfine-Interaction ALY,

= between nuclear charge distribution (o) and external potential
E = [6,()V (x) dx
= Taylor-expansion at the nuclear position

E=V,2Z

+ Z 8\(;50) j o(X) x. dx

82\/(0) _[ .[ o(X) X, X; dx _electric fieldgradient x

@X OX; nuclear quadrupol moment Q

g

nucleus with charge Z, but not a sphere
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* Force on a point charge:

F = QF
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* Force on a point charge:

—

F = QF

* Force on a general charge:

ﬁ/ﬁd@

— QF
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nuclear property electron property

(tensor —rank 2 ) (tensor —rank 2 )

- Vv
Q

s

Interaction energy (dot product)
7
EQ X Q V
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@ Electric field gradients (EFG) TU

= Nuclei with a nuclear quantum number | = 1 have an electrical quadrupole
moment Q

= Nuclear quadrupole interaction (NQI) can aid to determine the distribution
of the electronic charge surrounding such a nuclear site

» Experiments
= NVIR (I) EFG traceless tensor
1
= Mossbauer 3 :
. PAC / '\ | g, 2V
Nuclear electronic OX;OX

with |V,, +V, +V,, =0 | traceless

Vaa Van V V., 0 0 _
Vaava Vac XX Vo > (V] >V n= IV, 1 /Vyy/

ba Vbb Vbe| = |0V, O o IV, |
Vca Vcb Vcc 0 0 sz EFG VZZ

orincipal component asymmetry parameter



@ First-principles calculation of EFG TU

WIEN
VOLUME 54, NUMBER 111192 PHYSICAL REVIEW LETTERS 18 MARCH 1985
First-Principles Calculation of the Electric Field Gradient of Li;N
P. Blaha and K. Schwarz
Institut fiir Technische Elekirochemie, Technische Universitat Wien, A-1060 Vienna, Austria
and
P. Herzig
Institut flir Physikalische Chemie, Universitat Wien, A-1090 Vienna, Austria
(Received S December 1984)
N TABLE 1. Electric field gradient & in 10 V.m~2
D 2 Li(1)
O Li(2) Model for @ Li(1)  Li2 Li(D/LiQ N
Fig. 1. Crystal structure of Li;N with increased ¢ dimension Plidl charge _203—] 901 226 | 033
Muffin-tin LAPW =747 372 2.00 341
— Present work -6.94 34] 2.04 —>11.16
— Experiment -5.87 288 2.04 —>13.04

Previous: point charge model and
Sternheimer factor to experimental value




@ Electronic structure of Li;N

i e = %
J \\\‘-'{/ ™~ :"'t

F = J 1

b _,/) /—1 -,._‘7 .................. e \

e i — =

FIG. 1. Difference electron density of Li3N in th}e_ (}1@)
plane with recrect to a superposition of Li* and N ionic
densities; contour intervals and numbers arc in units of 0.01
e A% (a) GP-LAPW (present work), (b) MT-LAPW ftak-
an fram Fio §(h) of Réf 101.

=
p__
\

WIEN

6 1+ 2 £. 4 & & 3
& A states/el

The charge anisotropy
around N differs strongly
between

e muffin-tin and
e full-potential

affecting the EFG.
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@ Nuclear quadrupole moment of 5Fe TU

VOLUME 75, NUMBER 19 |, 3545 PHYSICAL REVIEW LETTERS 6 NOVEMBER 1995

Determination of the Nuclear Quadrupole Moment of 57Fe

Philipp Dufek, Peter Blaha, and Karlheinz Schwarz

Institut fiir Technische Elektrochemie, Technische Universitit Wien, A-1060 Vienna, Austria
' (Received 17 July 1995)

Theoretical and experimental Fe-EFG in Fe-compounds

= _ = From the slope between
i P Qo =016
15 Q 7 FeRs = the theoreical EFG and
e Q/i0p=0.18 = experimental quadrupole
- splitting 4, (mm/s)
E 5
Ly i = the nuclear quadrupole
= o i‘i;zj?iif;s""" _ e moment Q of the most
% I R - o W ) o LSDA Important Mossbauer nucleus
T | is found to be about twice as
R large (Q=0.16 b) as so far in
e s T - . A literature (Q=0.082 b)



@ theoretical EFG calculations:

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

Cartesian LM-repr.

V.(r) = j 20} dr'=> V,, (r)Y, () V,, oV, (r =0)

r—r'
V,, <= 20V, =V,

Vi o€ _%Vzo +Vy,

v VO

T ox0x

V, OCJ‘P(:ZYzo dr =V} +VZ(Z]I

A oc<%>p[%(px +p,)-p.]

v oc<%>d dy+d. .~ Y (d,+d,)~d,]

EFG is proportional to differences in orbital occupations




@ High temperature superconductor

= YBa,Cu,;0,
» Electronic structure
= Charge density, EFG
EFG (electric field gradient)

—_ - +0.3 — -

_/\_A_

-0.,8 e 1 |
A &

S
SINIIM)
=

0(3) ==

-4.3

M

/\

. = =5 o' “ > o
O B T PR

A 7 0
I ~ 7

1
£ o v’l. ¥,
‘ -"," o

Ry

K.Schwarz, C.Ambrosch-Draxl, P.Blaha,
Phys.Rev. B 42, 2051 (1990)
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EFG at O sites in YBa,Cu;0-

= Interpretation of the EFG (measured by NQR)
at the oxygen sites ,
Px Py P, Vaa | Vb | Ve !
O(1) [1.18 |0.91 |1.25 |-6.1 |18.3 |-12.2 |
O |[1.01 |1.21 |1.18 |11.8 |-7.0 |-4.8 g’f,o /y
O(3) [1.21 |1.00 |1.18 |-7.0 |[11.9 |-4.9 X‘;
O(4) (1.18 |1.19 |0.99 |-47 |-7.0 |11.7 3 _
Asymmetry count  EFG (p-contribution) _'/"'Cul'd
An, = pz—%(px+ p,)|| V.0 oc An <i3>p nﬂ’[,\?ona’?'ng Op(
r O;-py

EFG is proportional to asymmetric charge distribution

_ partly occupied
around given nucleus



@ EFG (10% V/m?) in YBa,Cu,;0,

WIEN
= Site VXX Vyy Vzz N FEg i
.Y theory -0.9 29 20 04 -f,-;.f-;.o.
o exp. . . . . S T
= Ba theory -8.7 -1.0 9.7 0.8
o exp. 8.4 0.3 8.7 0.9
m Cu(l) theory -5.2 6.6 -1.5 0.6
! exp. 7.4 7.5 0.1 1.0
= Cu(2) theory 2.6 2.4 -5.0 0.0 standard LDA calculations give
o exp. 6.2 6.2 12.3 0.0 good EFGs for all sites except Cu(2)
=« O(1) theory -5.7 179 -12.2 0.4
o exp. 6.1 17.3 12.1 0.3 e BE T an
] . -/. -4, . 27N & FERSAN
2% e 108 s a1 o2 |BRD N G
= O(3) theory -7.5 125 -50 0.2 “ae Y =

. exp. 6.3 10.2 3.9 0.2 -
= O(4) theory -4.7 -7.1 11.8 0.2 @ 0(4) @
3 exp. 4.0 7.6 11.6 0.3 <,

0(1)

-0.8
(,_ +0.4
g
NS
== Cu(l) =R 5
//@,\ VLR
K.Schwarz, C.Ambrosch-Draxl, P.Blaha, Phys.Rev. B42, 2051 (1990) (,(((7 ﬁ‘)\\\ T ) ,//(/" ﬁn
» D.J.Singh, K.Schwarz, P.Blaha, Phys.Rev. B46, 5849 (1992) \\\‘& }’} kkk& ‘ \\\k ),’fﬂ
N __,_*)/ - ‘:'_%ﬁ/
R

1.3
= +0.8 1.5 T=

=




@ Cu partial charges in YBa,Cu,0, TU

WIEN

Px py Pz dz?' dxz-y2 dxy dxz dyz |

_—
Cu(1) | 0.03 0.07 0.10 1.41 1.65 1.84 1.84 1.86

Cu(2) | 0.07 0.07 0.03 1.76 1.44 1.85 1.82 1.82

il

Vi<an, (), An, =12(p,*p,) -P, dote VP =0.038 x 250 = 9.5 (10°' V/m?)
—r

Viean, ke Ang=(d+da)-12(d +d,)~d, Vo, =-.288 x 47 = -13.5

r

a transfer of 0.07 e into the d,? would increase the EFG from -5.0 by

chiz - .14 x 47 = -6.6 brlngl-ng It to -11.6 inclose to the
- —_— Experimental value (-12.3 1021 V/m?)




How to do it in WIEN2k ?

Electric-field gradient

In regular scf file:
-EFGXXX 5
“ETAXXX egrees

Main directions of the EFG of freedom

Full analysis printed in case.output?2
if EFG keyword in case.in2 is put (UG 7.6)

(split intfo many different contributions)

more info:
* Blaha, Schwarz, Dederichs, PRB 37 (1988) 2792
- EFG document in wien2k FAQ (Katrin Koch, SC)




. @ EFGs in fluoroaluminates TU

10 different phases of known structures from CaF,-AlF,
BaF,-AlF; binary systems and CaF,-BaF,-AlF; ternary system

Isolated octahedra

) Rings formed by four
Isolated chains of I octahedra sharing
octahedra linked by ae—e b corners

corners

Ba+2]
© AI+3
¢ Ca+2
@ F-1

a-BaCaAlF,

Ca,AlF,, Ba,AlF,- BazAl,F,
b,




&

Vo and ng calculations using XRD data ]

Vo = 4,712.10°6 |V,,| with Rz =

D

1,8e+6 n ~7-7
m  o-CaAlF
1667 A pcanr, E
v CaAlF,
1,4e+6 { @ a-BaAlFg
e p-BaAlF,
o y-BaAlF,
1,2e+6
N o BaAlLF,
=5 A BaAF,b
o
> 1,0e+6 4 Vv B-BaAlF,
g ¢ o-BaCaAlF, §
7} —— Régression /
E  8,0e+5
g [)
3
LLi
6,0e+5 4 I :
4,0e+5
2,0e+5 A £ x @
0,0 T T T
0,0 1,0e+21 2,0e+21 3,0e+21

Calculated|V, | (v.m?)

Experimental n,

1,0

0,8

0,6

04

0,0

¢ 4« >»IOOC @ &4 D> HEH O

No
AlF, S
a-CaAlF,
B-CaAlF,
Ca,AlF,
a-BaAlF,
B-BaAlF,
y-BaAlF,
Ba,ALF,,
Ba,AlF,-1b
B-Ba,AlF,
a-BaCaAlF,
Regression

,,,,,

V

)

WIEN

= 0,803

11Q,ca| R =

T
04

Calculated Mo

T T 1
0,6 0,8 1,0

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



Experimental Vo (Hz)

1,6e+6 -

1,4e+6 4

1,2e+6 4

1,0e+6 4

8,0e+5 -

6,0e+5

4,0e+5

2,0et+5

0,0

vo and n, after structure optimization |[TU

WIEN

1,0
— -16 =
VQ 5,85.10 VZZ nQ’ exp 01972 nQ’Cal
2 = 2
R = 0,993 RZ = 0,983
0,8 -
o
o
s ) AlF,

e AlF, S ] a-CaAlF,

B o-CaAlF, E A B-CaAlF

A B-CaAlF, :.J_ v Ca,AlF,

v CaAlF, i * a-BaAlF,
¢ a-BaAlF, ) B-BaAlF,

@ p-BaAlr, ) y-BaAlF,

0 y-BaAlF, m] BagAlFy,

o BalLF, A Ba,AlF,-1b
A BaAlFgIb v B-Ba,AlF,

] v B-BajAlF, @ a-BaCaAlF,
¥ ¢ o-BaCaAlF, Regression
—— Regression Ng.exp. ~MNo, cal.
T T T T T s T T T T
0,0 5,0e+20 1,0e+21 1,5e+21 2,0e+21 2,5e+21 3,0e+21] 0,0 0,2 0,4 0,6 0,8 1,0
2
Calculated\vzz\(v.m ) Calculated ng,

Very fine agreement between experimental and calculated values

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



&

NMR shielding, chemical shift:

B Jina(T) IT B, (r

e j Pl j ﬂ

o(R)

Bex{ — jfnd(r) — Bind(r)

B..(R)=—7(R)B

ext

is the shielding tensor at the nucleus R

chemical shift: &§(ppm) = <L x 10°

ref
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a-10

YBaFe,O: HFF, IS and EFG with GGA+U, 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

U

[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. GGA4U 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 34.08 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



@ Cu(2) and O(4) EFG as function of r
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@ EFG contributions:
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= Depending on the atom, the main EFG-contributions come
from anisotropies (in occupation or wave function)
= Semicore p-states (eqg. Ti 3p much more important than Cu 3p)

= Valence p-states (eqg. O Z2p or Cu 4p)
= Valence d-states (eqg. TM 3d,4d,5d states, in metals “small”)

= Valence f-states (only for “localized” 47,57 systems)
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usually only contributions within the first node
or within 1 bohr are important.
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