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@ Definition of Hyperfine Interactions TU

hyperfine interaction

all aspects of the nucleus-electron interaction which go
beyond an electric point charge for a nucleus

and is
measured at the nucleus
(affects the nucleus)



@ description of the nucleus:

> — &
/\
&

electric point charge (Z/r)
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nucleus with volume, shape and magnetic moment
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@ How to measure hyperfine interactions ?

sNMR

«sNQR

sMossbauer spectroscopy
«TDPAC
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@ Electric Hyperfine-Interaction U

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

E=V,Z

+> 8\(;50) j o(X) X, dx

(monopole interaction)

4+ — 282\/ (0) I j a(X) X X; dx electric fieldgradient x

OX;0X; nuclear quadrupol moment Q

g

nucleus with charge Z, but not a sphere



@ Electric monopole interaction

= MOssbauer Isomer Shift 6:
= /ntegral over nuclear radius of electron density x nuclear charge
s nuclear radii are different for ground and excited state

8§ = AE, — AE,

= (pA(0)— po (0)\RZ - R

= a(p,(0) = po (0))

a (°’Fe)=-0.24 mm/s a,?
- large p,(0)-> neg. IS
Fe2*, Fe3+,...

:RTOxxx = p(0)
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Quadrupole interaction WTEH
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Q(>’Fe)=0.16 barn
V;+ traceless 3x3 tensor of electric field
gradient EFG (2" derivative of V(0))

similarity transformation 82V 0
V,., V. V. V., 0 0 Vo4V 4V =0 V, = (0)
: XX yy 7z J OX.OX .
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First-principles calculation of EFG | TY

m Fll
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VOLUME 54, Numsir 111192 PHYSICAL REVIEW LETTERS 18 MARCH 1985

First-Principles Calculation of the LElectric Field Gradient of Li;N

P. Blaha and K. Schwarz

Institur fiir Technische Elekerochemie, Technische Universidar Wien, A-1060 Vienna, Ausiria

and

P. Herzig
Insiitut fiir Physikalische Chemie, Universitat Wien, A-1090 Vienna, Ausiria
(Received 5 December 1984)

Cm) N TABLE I. Electric field gradient & in 10V m~2
%) 2 Li(1)
O Li(2) Model for @, Li(1) Li@ Li(1)/Li2) N

Fig. 1. Crystal structure of Li,N with increased ¢ dimension

=== Point charge -20.37 9.01 2.26 w— (.33

E Muffin-tin LAPW =747 372 2.00 3.41
——p Present work -6.94 341 2.04 == 11.16

- Experiment -587 288 2.04 w13 04

i ru‘ iy 'u't

mm 'l,l'.

Previous: point charge model and
Sternheimer factor to experimental value
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VOLUME 75, NUMBER 19 |, 3545 PHYSICAL REVIEW LETTERS 6 NOVEMBER 1995

Determination of the Nuclear Quadrupole Moment of 5'Fe

Philipp Dufek, Peter Blaha, and Karlheinz Schwarz

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

1
E=-S'V.
Theoretical and experimental Fe-EFG in Fe-compounds 9) ZJ: . Q
20 T Qo= 016 = From the slope between
15+ s e =H 0D, # . Fofe s the theoreical EFG and
: N s experimental quadrupole
10+ F -“ Q_gpa=0.18 .
< d . splitting 4, (mmy/s)
& ) = the nuclear quadrupole
£ ¥ iiiiifféf;f\“J' o . o moment Q of the most
N R C LSDA important M6ssbauer nucleus
o is found to be about twice as
1 7 large (Q=0.16 b) as so far in
RS SRR TS S S literature (Q=0.082 b)



@ theoretical EFG calculations L,

We write the charge density and the potential inside the atomic spheres in
a lattice-harmonics expansio

p(r) = ZIOLM (MY (F);

VC(r):J'Lr’),dr’

Z Pim (MY Yo

d’r +




@ theoretical EFG calculations L,

V, =V P4V ..+ interstitial

V,2? oc<%>p[%(px +p,)-p,)

VA <%>d [dxy + dxz_y?- _%(dxz + dyz)—dzz]

* 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.



@ EFG (102! V/m?) in YBa,Cu;0,

= Site VXX Vyy Vzz N

mY theory -0.9 2.9 -2.0 0.4
n exp. - - - -

= Ba theory -8.7 -1.0 9.7 0.8
§ exp. 8.4 0.3 8.7 0.9
= Cu(l) theory -5.2 6.6 -1.5 0.6
n exp. 7.4 7.5 0.1 1.0

= O(1) theory -5.7 179 -12.2 0.4

¥ exp. 6.1 i 12.1 0.3
= O(2) theory 12.3 -7.5 -4.8 0.2
N exp. 10.5 6.3 4.1 0.2
= O(3) theory -7.5 12.5 -5.0 0.2
o exp. 6.3 10.2 3.9 0.2
= O(4) theory -4.7 -7.1 e 0.2
§ exp. 4.0 7.6 116 0.3

K.Schwarz, C.Ambrosch-Draxl, P.Blaha, Phys.Rev. B42, 2051 (1990)
D.].Singh, K.Schwarz, K.Schwarz, Phys.Rev. B46, 5849 (1992)




EFG in YBa,Cu;0,

= Interpretation of the EFG at the oxygen sites

Px Py P; Vaa Voo | Ve
O(1) [1.18 |0.91 |1.25 |-6.1 |18.3 |-12.2
0(2) |1.01 [1.21 [1.18 [11.8 [-7.0 |-4.8
0(3) [1.21 [1.00 [1.18 [-70 [11.9 [-4.9
0(4) |1.18 [1.19 [0.99 [-47 |-70 [11.7 - |
Asymmetry count  EFG (p-contribution) /,"'Cul-d
An, = pz—%(px+py) VZ? ocAnp <ri3>IO Ol—_py

EFG is proportional to asymmetric charge distribution

_ partly occupied
around given nucleus



[ Px Py P: dz
Cu() [0.03 |[007 |0.10 |[1.41

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

Vi<Anm,(=),  An, =12(,%2)-P, dote VP = 0.038 x 250 = 9.5 (10" V/m?)
— e et

Vi=An, (2), Ang=(d+dp_ ) - 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

V(ziz = _14 x 47 = -6.6 brmgl!wg it to =11.6 inclose to the
— S Experimental value (-12.3 1021 V/m?)




@ Cu(2) and O(4) EFG as function of r
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= EFG is determined by the non-spherical charge density inside

sphere
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@ EFG contributions: T

= Depending on the atom, the main EFG-contributions come
from anisotropies (in occupation or wave function)
s Semicore p-states (eqg. Ti 3p much more important than Cu 3p)

s valence p-states (eq. O Z2p or Cu 4p)
s valence d-states (eqg. TM 3d,4d,5d states; in metals "small”)

s valence f-states (only for “localized” 41,51 systems)

T —— usually only contributions within the first node
i or within 1 bohr are important.
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1 2 0.0 0.5 1.0 1.5 2.0
r (ow) r (au.)




@ LDA problems in Cuprates 'y

= Undoped Cuprates (La,CuQ,, YBa,Cu;0,) are nonmagnetic
metals instead of antiferromagnetic insulators

= Both, doped and undoped cuprates have a “planar Cu” — EFG
which is by a factor of 2-3 too small

= We need a method which giver a better description of
correlated 3d electrons: can LDA+U fix these problems ??



Cu moment (u,)

Cu EFG (10*'V/m?)
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AMF La,Cu0, FLL
,»8:;! _ ..-8;'.':—'""""2
8T a ’,' /
e ’/ .--"""’/.
-'../’ . .;'}’ -
o, ! ¢ 7
0/ T g,
—a— DA + U(AFM) | ] —a— DA + U(FLL) | ]
- - PBE + U(AMF)| | -~ PBE + U(FLL)|
- @ EV + U(AMF) @ EV + U(FLL)
P ¢
exp. exp. 47
= ,._ﬁ". ]
o ,-’-':"/

g ~1#— LDA + U(AMF) L7 oA+ UL
.V -+ - PBE + U(AMF) ‘.a-"’/. PBE + U(FLL)J]
" 1@ EV + U(AMF M EV + U(FLL)

é 2 A | é | é | b 0 2 4 6 8 10
U (eV) U (eV)

WIEN

{ LDA+U gives AF
1 insulator with
1 reasonable moment

1 U of 5-6 eV gives
1 exp. EFG

'- GGAs "mimic"a U

of 1-2 eV

| (EV-GGA more effective
1 than PBE, but very bad
| E-tot 1)



EFGs in fluoroaluminates
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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

~Te A octahedra sharing
octahedra linked by b corners
corners

Ba+2]
©® A3
& Ca+2
@F-1

%B:"pz"&ﬁ «-BaCaAlF,
a-LaAlFs, p- . Ba-Al,F
CaA|F5, Ca2A|F7, Ba3AIF9 3Fu)8 19



Vo and ng calculations using XRD data  |TU)

WIEN
Noex = 0,803
16 ith R2 . cow Mol RZ=
— = — o a-CaAlF -_
vo = 4,712.107%° |V, | with R = ek el
1.8e+6 A—F7 10 v CaAlF; .
e AR U]/ / * a-BaAlF, ‘
6o | ™ “CWFs . o-BaA¥, % | _l_
D801 4 pCaAF, E I o 1-BaAlF,
v CaAF, / 08 o BaALF,, '
14e+6{ @ o-BaAlF, ; A Ba,AlF,-1b ' '
e (-BaAlF, v p-BajAlF, ’
| & NG ® ! . a-BaCaAlF
= 12e+6 o BaALF, ”’ Regression? :
< A BaAFgb £ 06 - C e Momm Mo
= 10e+6{ v B-BaAF, 3 |
e ¢ o-BaCaAF, ’ o ,
] —— Régression / 4 € ‘ :
% 8,0e+5 y § os - { )
m : r . .
6,0e+5 - @ % C
4,0e+5 A

0,0

0,0 1,0e+21 2,0e+21 3.0e+21 0,0 0,2 04 06 0,8 1,0
Calculated |VJ (v.m?) Calculated n

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



Experimental v, (Hz)

1,6e+6

1,4e+6

1,2e+6

1,0e+6

8,0e+5

6,0e+5

4,0e+5

2,0e+5

0.0

vo and n, after structure optimization

-

vq = 5,85.1016 V,,
R2 = 0,993

f.
x

&

)id

¢ 4 OO ® ¢4 P> EeO

AlF,
a-CaAlF,
g-CaAlF,
CaAlF;
a-BaAlF,
B-BaAlF,
r-BaAlF;
BaALF,,
Ba AlF;-Ib
g-BaAlF,
a-BaCaAlF;

—— Regression

0.0

5,0e+20 1,0e+21 1,5e+21 2,0e+21

Calculated|V_|(v.m?)

2,5e+21

3,0e+2

Experimental n,

TU
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1,0 l =
NQ exp = 0,972 Nl ﬁ
R2 = 0,983 --
0.8 -
06
/ 8 AlF,
= a-CaAlF;
7 A B-CaAlF,
. . CaAlF,
04 1 4 * a-BaAlF,
: o B-BaAlF,
Y, % o 1-BaAlF;
V4 o BaALF,,
02 - A Ba,AlF-Ib
' v B-Ba AlF,
+ } . a-BaCaAlF,
L Y 2
/] Regression
T 7 © Mgep. “Mg,can
00 & T T T T
0.0 02 04 06 08

Calculated ng

Very fine agreement between experimental and calculated values

M.Body, et al., JPhys.Chem. A 200/, 111, 11873

(Univ. LeMans)
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@ Magnetic hyperfine interaction ,,'U,

= Zeman - interaction between magnetic moment I of the
nucleus and the external magnetic field B (at the nucleus,

produced by the spin-polarized e in a FM)

-
—

B1=O,V22=D BFO,VZZ>O m,
_ s +312
B oc (,(0) - p, (0) : :
1=3/2 ’_A_{:‘L' | t o Tt o
B proportional to the Y 1% P
spindensity at the \ e RN 312
nucleus _I
. P Yy A 4 /2
- | o :
B often proportionalto | =~ 4 a9 1
the magnetIC moment Isomérie h ‘l H Y ? Y : : i!"\!\ 2
. . verscmebung Zeemanaufspaltung [ Zeeman-und Qu adrupol-
Of an atOm N a SOI'd. 1 l!‘ }' f ellufsp?ltunlg 't‘
SRRy RUR
I

W

vimms -1
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@ magnetic fields at nucleus: TU

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

Biot = Baip + Boro * Brermi t Blat

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

7 Bremi = €lectron in nucleus

4077
=z =0 orb
h=2 =1

Fafy)

I
WK
RO

20 fto T .2 I, o 2
- (e 1 ()] e, 1(0)7)



@ Magnetic fields at the nucleus:

—|I
P
S=n

= Magnetic Hyperfine fields: By,=B,ntact + Borb + Baip

» Boontact = 87/3 pg [pup(0) — pan(0)] spin-density at the nucleus

-3 LS‘ i X
B, = 2#3(‘1)’ (i ) [ “D)
.‘"lc

B} S(
Baip = 21up(QP| r)

orbital-moment

—

r3 [3(57) 7:“’ — §] |(I)> ... Spin-moment

- - V(r)] !
S(r) is reciprocal of the relativistic mass enhancement S(r) = [1 + - 5 (,')]
2mes




@ How to do it in WIEN2Kk: LA
Magnetic hyperfine field
In regular scf file:
s HFF'xxx (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 " - fg*i‘lffffimud R

00 : ;[—li;:je‘-f l(lt )t nde'—ml e e |

After post-processing with DIPAN :
* lattice contribution

in case.outputdipan

more info:
UG 7.8 (lapwdm)
UG 8.3 (dipan)



@ Verwey transition in YBaFe,O. TU

charge ordered (CO) phase: valence mixed (VM) phase:
Pmma a:b:c=2.09:1:1.96 (20K) Pmmm a:b:c=1.003:1:1.93 (340K)

= Fe2* and Fe3+* form 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
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DOS: GGA+U vs. GGA

TU
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GGA+U GGA
single lower Hubbard-band in VM splits in CO with Fe’* states lower than Fe*
' | CO ' — ,f:" ,;';I.;.s cO — th::aI DOS
- Fez| ||§ [ III| .-l |
@ f Fe1
E |'I,l,r||r”rI l |IJ
10 4 M ! i Ilh I""I
W “ U
|| I fy I II Ill L( f
S*r | ‘ﬂ: :fl. Fe2| | |
. ’ i f‘wqhuhl,'-‘r._ﬁ.__,_.
|. VM :I';::-:I ek
A0 Fel FE]I —-=0
g i mJ
20 - ] i LI: H
ﬁ il a A/ |‘1|ﬂ|| |
L :'I!._‘j" ] ;| ﬁ F U] . | |,||.'|
5 n"'lg:fi?.-:"fr""ll‘.ri.l J"fl M .-I"h"”l""“ """1 -*'-":r‘-.i"-v‘l

Energy [eV]

] Energy [=V]
insulator < | metal




@ Difference densities Ap=p PP TU

= CO phase

k. = N
, — *

N Fe2*: d-xz

R Fe3+: d-x2
] O1 and O3: polarized |
- toward Fe3+ &

&

!
hy
-
b
el
r




Mossbauer spectroscopy

TU

TABLE VIII: Hyperfine fields B (in Tesla). isomer shifts 4 (mm/s) and quadrupole coupling constants eQV:: (mm/s) for the
CO phase for varions exchange and correlation potentials and experiment® 7.

CO GGA4U LDA GGA
Uepr [eV] 5 6 7 8 _— -
Baip -16.29 -16.49 -16.66 -16.83 -6.68 -12.67
Bows -6.73 -6.90 -8.26 -T7.65 -0.57 -6.34
Fe22t Beontact 32.25 32.23 32.58 32.60 32.21 31.58
Bio 0.23 5.53 7.66 8.13 15.96 12.57
il 0.92 0.94 0.96 0.99 0.74 0.79
eV, . 3.66 3.74 351 3.50 -0.82 2.60
Baip = -0.67 -0.60 -0.52 -0.45 1.29 0.39
Bows — -0.52 -0.45 -0.37 -0.28 -7.96 -2.65
Fel®t Beontact - 37.65 38.28 38.15 37.86 20.64 31.63
Biot ~ Bl 36.46 a7.24 37.26 37.12 22.97 20.37
il r (4 0.33 0.30 0.25 0.25 0.50 0.47
eV 1-15" 1.46 1.50 1.51 1.52 1.04 -0.30
*depending on rare earth ion
VM GGA4U LDA GGA
Uerr [eV] 5 G 7 5 — —
Bap -3.00 -2.98 -2.95 -2.87 -2.13 -2.83
Bors -3.11 -2.09 -2.84 -2.74 -5.47 -4.56
Fe?5+ Boontact 41.17 40.96 41.45 41.17 33.10 36.36
Bioe 35.06 34.98 35.67 35.56 25.50 28.98
il (.53 0.52 0.51 0.49 .60 0.60
eV, 0.12 0.13 0.13 0.13 0.19 -0.27




@ Isomer shift: charge transfer too small in LDA/GGA TU

TABLE VIII: Hyperfine fields B (in Tesla). isomer shifts 4 (mm/s) and quadrupole coupling constants eQV:: (mm/s) for the
CO phase for varions exchange and correlation potentials and experiment® 7.

CO _ GGA4U LDA GGA
Usss [eV] 5 6 7 5 . -
Baip -16.29 -16.49 -16.66 -16.83 -6.65 -12.67
Bow -6.73 -6.90 -5.26 -7.65 -0.57 -6.34

Fe2?t Beontact 32.25 32.23 32.58 32.60 32.21 31.58

8.83 7.66 12.57

B — -0.52 -0.45 -0.37 -0.28 -7.96 -2.65
Fel®* Beontaet —— 37.65 38.28 38.15 37.86 20.64 31.63
Biot ~ 50 36.46 37.24 37.26 37.12 22.97 20.37

eQV: 1. 1.46 1.50 1.51 1.52 1.04 -0.30

*depending on rare earth ion

VM ex GGA+U LDA CCA
Uerr [eV] 5 6 7 8 _— -
Bap -3.00 -2.985 -2.95 -2.87 -2.13 -2.583
B -3.11 -2.99 -2.84 -2.74 -5.47 -4.56

2.8
FE T Bcanmcc




@ Hyperfine fields: Fe?* has large B, and By, TU

TABLE VIII: Hyperfine fields B (in Tesla). isomer shifts 4 (mm/s) and quadrupole coupling constants eQV:: (mm/s) for the
CO phase for varions exchange and correlation potentials and experiment® 7.

GGA4U LDA GGA

Fe2?t

Fel®t
Biot = 5l 26.46 a37.24 37.26 arlz auay 20 37
) e 004 0.33 0.30 0.28 0.25 0,50 0.47
eV 1 1.0 1.46 1.50 1.51 1.52 1.04 -10.30

*depending on rare earth ion

VM

GCA+U
Uess [6V




@ EFG: Fe?* has too small anisotropy in LDA/GGA

TU

WIEN

TABLE VIII: Hyperfine fields B (in Tesla). isomer shifts 4 (mm/s) and quadrupole coupling constants eQV:: (mm/s) for the

O phase for various exchange and correlation potentials and experiment™ ",

C O GGA+4U LDA GGA
Uepr [eV] 5 6 7 8
Baip -16.29 -16.49 -16.66 -16.83 -6.68 -12.67
Borp -6.73 -6.90 -8.26 -T7.65 -0.57 -6.34

Fe22t Brontaet 32.25 32.23 32.58 32.60 32.21 31.58
Bio 0.23 5.53 7.66 8.13 15.96 12.57
il 0.92 0.94 0.96 0.99 0.74 0.79
eQV., 3.66 3.74 3.51 3.89 -[1.52 2.60
Baip i -0.67 -0.60 -0.52 -0.45 1.29 0.39
Borp = -0.52 -0.45 -0.37 -0.28 -7.96 -2.65

Fel®t Beontact i 37.65 38.28 38.15 37.86 20.64 31.63
Biot ~ 5l 36.46 a7.24 37.26 37.12 22.97 20.37
il ~ 04 0.33 0.30 0.25 0.25 0.50 0.47
el Vs 115 1.46 1.50 1.51 1.52 1.04 -0.30

*depending on rare earth ion

v M exp. GGA+U LDA CCA
Uerr [eV] — 5 6 7 5
Bap -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

Fe?5+ Boontact 41.17 40.96 41.45 41.17 33.10 36.36
Bioe 35.06 34.98 35.67 35.56 25.50 28.98
] (.53 .52 0.51 (.49 (.60 0.60
eV, 0.12 0.13 0.13 0.13 0.19 -0.27




conversion of exp. data to EFGs U

WIEN

s MOssbauer:
s A={eQ V (1+n2/3)7?} /2, A=(E A)/c
«A,=(QcV,)/2E, Q(’Fe)=0.16 b, E, =14410 eV

o VZz [10°77 VP ] = 6 * A, [mm/s]

s NMR:
s Vo=(3eQV)/{2hI(21-1)} I .. nuclear spin gquantum n.

o V,, [10°7 V/nP] = 4.135 10 vy [MHz] / Q [b] Q(*°Ti)=0.247 b



