The Electric Field Gradient:
a useful tool to study complex questions

In solid state physics/chemistry

Katrin Koch, Frank Haarmann, Stefaan Cottenier & Helge Rosner

Fraunhofer Institute for Transportation and Infrastructure Sy stems
[Max Planck Institute for Chemical Physics of Solids]

02%20 2.05 — cPAxc01s @ clectrons )
°<°>° %lo//‘x \ / \ \_/LD/AXO <l nucleus .
C°= — -Q ;;0-0;/ /\\//\ / 0\ °®
Sl | LAV %‘“E)

1/24



N
9
9
9
K
K
9o
9
K
9

Acknowledgment

Prof. Juri Grin
Helge Rosner

Alexander Tsirlin

Alim Ormeci

Klaus Koepernik Deepa Kasinathan

Frank Haarmann Miriam Schmitt

Stefaan Cottenier Monika Gamza

Roman Kuzian Oleg Janson

© © o o o o @

Hans-Joachim Grafe Vivien Petzold
Peter Jeglic & Denis Arcon
Institute for Theoretical Solid State Physics

International Max Planck Research School

2/24



Outline

® Motivation/introduction

# Application of the EFG

s MGa,+MGay

s cuprates

# Beyond the EFG: the quadrupole shift

® Conclusion/outlook

3/24



Motivation

Goal: deeper understanding of the basic principles of
condensed matter
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Introduction: EFG

#® EFG due to deviation from spherical symmetry of the
charge distribution surrounding the nucleus

® 0=

Vzz=0 Vz;<0 Vz;z>0
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Introduction: EFG

#® EFG due to deviation from spherical symmetry of the
charge distribution surrounding the nucleus

® 0=

Vzz=0 Vz;<0 Vz;z>0

# Quadrupole interaction:
2 Experiment @® clectrons

@

(e.9. NMR, NQR) «<ll» nucleus .
¢CE = h°/ QV

) Q Q V4 ® ®

Q8§ ¢Q from literature ™

2 Theory ¢E
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Introduction: EFG

H g M=
- : V) 1 _
o Electric Field Gradient: V; = ¢ V(P —
Y . 0» o .
® V) Myl ] Vxjand: 7 = (Vaxi Wy)=Vsz
Yo . Va o,

# density functional theory (DFT) based band structure
codes, e.g. WIEN2k and FPLO

Z
L Yo0(r)
0 X

dx

.1

# straightforward comparison of experiment and theory
) analysis of the changes in the charge density
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EFG module in FPLO

The newly implemented EFG module was successfully
applied on different systems:

#® hcp metals) thorough testing of the EFG module
#® Alg9B2 ) Intrinsic vacancies in Al sublattice
# SrTiO3+BaTiO3) extended model Hamiltonian

® AFeyAs,+REFeAsO ) Fe As interaction in DFT

® MGax+t MGasg) structure model and chemical bonding

#® cuprates) determination of repulsion parameter U
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Outline

# Application of the EFG

s MGa,+MGay

o
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Strategy
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SYMMETRY MENU

e(®)it (+) Update {H)elp
{Cyompaund + SrGa2

(S)pacegroup + PEAHMM (191)

{(Unit of length + Angstroem

{L}attice constantz 3 4,29113 4,29113 4,54696
{A)xiz angles T 90, 90, 120,

(H)aximum L g 12

{(Munber of atoms 1 2
Wyckoff positions

{1}  -th atom =ort : S o, 0,0,
(2 -th atom sort : Ga 1/3 2/3 1/2

STATUS: Ok

{5,00-19:H-CPA)
]

DFT
calculations
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) M Gay and M Gas: model compounds to test feasibility
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M Gay

6f b4% ® -

Ga(4b) . 5%6 1% |
5t i ® Ga(5b) WIEN}

- 840 3% m Ga(5b) FPLO|

® Ga(4b) WIEN}

Ga(5h)
= Ga(4b) FPLO !

V.| [10°*V/m?]
Tw  a

C - Wg% I experiment
'(b Al 10%9 _'
a ! .
M Gay: 1 | | 16%i -
M = Na, Sr, Ba NaGa4 CaGa4 SrGa4 BaGa4

) good agreement between FPLO and WIEN

) good agreement between theory and experiment
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M Gay

5.5 . .
' |@ Ga(3b) FPLO l
— 5}|®@ Ga(3b) WIEN .
£ | I experiment
>
SrGaz,BaGay 3 a5t %
= | O 2.2% " |
N @21%
> Ab ’ -
0
| @15%
3.5 1 1 1
CaGay CaGa, SrGa, BaGa,

) good agreement between FPLO and WIEN
) deviation between theory and experiment for SrGa,
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01 0 01 02
Displacement along [001] [A]

I , !
-0.3 -0.2

) puckered instead of planar Ga layer

X1

X3
U1
Uss
U2 X5
A|Bz Uiq = 0:007
U333 =0:017

split atom model
AlB» Usz3 = 0:009

with puckering:
Jexp = 0.09 A
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Displacement along [001] [A]

) puckered instead of planar Ga layer
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M Ga,+M Ga,

.I ! | ! | ! | ! | ! | ! | VZZ — Vzozn+ VZOfo

o ® MGa2 Ga(3b) WIEN|]
12F © © MGa4 Ga(4b) WIEN| .

_ o ® MGa4 Ga(5b) WIEN|| V' consists of
1.1+ ®e { pp, sd, dd, ..

: o 1 contributions

1+ @)

' = 1 MGay, MGay:
0.9- | 2 4-
0.8-— "% 2Voz ' Vg

! . ! . ! . . ! . I . I 2\/70Nn I
6 4 2 0 2 4 6 \k/)zz tggm_'nigen({
V__ [10°V/m?] y the p-p
22 tribution
n .
Rp= 7 z vS. Vz; )  Ga 4p electrons responsible for
5(Nx + Ny)

exibility in chemical bonding
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Outline

Application of the EFG

cuprates
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Cuprates
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Cuprates

La,CuQOy 15

O

/
2

N

[EEY
o
1

DOS [states/eV/cell]
ul

Coulomb repulsion parameter U unknown,

can be obtained from exchange integral J (complicated!)

Challenge for the EFG: how large i1s U?
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Cuprates

[0@V_(U) FPLO A La,CuOy
18F mmV_(U)WIEN i
o 2 LSDA
> ur 1 ) occupation of Cu 3d
g 12 NMR experiment too iSOtrOpiC
;Hlol _./f{ 1 ) CuEFG too small
o U from V_ —T= +— U from J _ 2 LSDA+ U
99— | | |7 ) EFGincreases with U
0 2 4 6 8 10
U [eV]

) constantshiftinU: ¢U=U;j Uy, “%2eV

) Cu EFG experimental easy & unambiguously accessible
property to obtain values for U, also for related J
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Cuprates
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2 large error bar in experimental V,; / °o=Qdue to ¢ Q
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Outline

Beyond the EFG: the quadrupole shift
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Beyond the EFG

guadrupole interaction (Ql): neglects (s, p%) electron
penetration into the nucleus
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Beyond the EFG

guadrupole interaction (Ql): neglects (s, p%) electron
penetration into the nucleus ) quadrupole shift (QS)
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Quadrupole  + Quadrupole
Interaction Shift
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Beyond the EFG

guadrupole interaction (Ql): neglects (s, p%) electron
penetration into the nucleus ) quadrupole shift (QS)

m, = §g A A
2’q 2o + °0s)
~____ y
— &3
"R o I "al + °0s
Yy ——m
m, = §%

Quadrupole  + Quadrupole
Interaction Shift

= th Ya EQ| + EQS = hOQ| + thS
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Beyond the EFG

h°q = h°q +h%s
o _ eQV;; ) o _ eQnz;
ol x (well-known) QS VR (new)

band structure codes
) electronic properties V,, and n;

Nz, 2 fully relativistic treatment (FPLO code)
2 nite nucleus (FPLO code)

model for deformation of the nucleus) Q' a?Q
literature ) nuclear properties a and Q
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A hcp metals
+ hypothetical test models
— fit of test models

hcp and bct structure 4 data points
-8 ¢ each with 2 c/a ratios per Z _
| L | L | L | L
0 20 40 60 80 100
nuclear charge Z
0 0S _ |
t —~>-=3:26¢10 *'z*

0]
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Conclusion

The combination of measured and calculated electric eld
gradients is a useful tool to study the

crystal structure

chemical bonding

and allows for an easy determination of the

Coulomb repulsion parameter U
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