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Surfaces and Interfaces Studied with X-ray Standing Waves,

A Light for Science

Diffraction and Spectroscopy

(Hard X-ray) photoelectron spectroscopy (HA)XPES,

XSW and SXRD at the ID32 beamline :
Complementary surface science tools and efficient use of beamtime

X-ray diffraction and electrochemical interfaces

XSW element specific imaging (dilute samples)

XSW and ESCA 1/3 ML Sn phase on Ge(111)

Structure and Fermi edge of doped SrTiO4 and
SrTiO4/LaAlO; interfaces

Concluding remarks

ESCA = electron spectroscopy for chemical analysis
XSW = X-ray standing waves
HAXPES = hard X-ray photoelectron spectroscopy
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A Light for Science

Schematic Beamline Layout

Transfocator
34 Bel in total ) )
Ex. hutch 2 Post-monochromators ©enses In fota Primary slits
HAXPES - UHV __l_ _F/ Undulators
Ex. hutch 1 - L
diffractometer Monochromator
Si(111)
28 m
15.5m 30m
22 m 32m
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A Light for Science

Point detector .
Sample on a six-circle

diffractometer
Incident angle ~ 0.1-0.3°

Beam size
300 xm (H)

X-ray mirror
% 20 zm (V) 4

LN2-cooled Si(111) double-

Up to 34 2-dimensional , crystal monochromator

Be compound refractive lenses

ID32: 3 undulators

energy: 2-35 keV

flux: 101® photons/second

two experimental stations, 1. hutch:
*six-circle diffractometer
» beamsize ~20 x 200 ym?
* beam position monitor &
feedback

undulator
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Structure of Cg, on Ge(111) fUgNtACE SCiAncE

UHV surface X-ray crystallography at ID32

Cgo Molecule LEED image STM image

Preparation in g

) Transfer into baby chamber, GIXRD measurement in UHV on the ID32 6-circle
diffractometer, about 2000 structure factors; data analysis using direct methods

| »n$ The SCL
' ‘ Deposition on

: . ®.  Clean Ge(111)

2® -c(2x8), annealing
to about 500C

11

Resultant structure Calculated
STM image

Electron desity map
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X. Torrelles, T.-L. Lee, J. Rius, O. Bikondoa, P. Ordejon, E. Machado, J. Zegenhagen,
ESRF Highlights 2003, ESRF Newsletter June 2004
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Electrochemistry at realistic speed #tiontforscience

High-speed in situ surface X-ray diffraction studies

of the electrochemical dissolution of Au(001) ...
F. Golks, K. Krug, Y. Griinder, J. Zegenhagen, J. Stettner, O. Magnussen: Tmber21
Journal of the American Chemical Society 133, 3772 (2011). BRI

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Dissolution studied at around 1 V | A
(Beyond the range of this volammogram)
T T T T T T T Ll 1
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&Li T 50 ms
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. . : . o = DO
0.2 0.0 0.2 0.4 0.6 ! ‘ g d !\“J.f".‘-‘ ‘
Potential [V ag/agci] - 7_‘ . : . ' ' . \‘ |
Cyclic voltammogram of Au(001) in 0.1 M HCI C2T 1) SRR AR AR
(dE/dt=20mV/s), showing three characteristic current - $ > . ‘ :
peaks: With increasing potential, the transition from the ACS Publications SR,
hexagonal reconstructed to the unreconstructed surface is W e on o o

observable at 0V and the disorder to c(2xp)R45
order phase transition of the chloride adlayer at 0.6 V.
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A Light for Science

Mythen 1D detector
1280 pixel “stripes”
fast acquisition time up to 200 Hz

reference electrode
Kel-F
a

liquid bridge

Aluminum
electrolyte inlet

counter electrode
e

x-ray beam

meniscus

Crystal surface 4 mm Beam size 20 x 200 ym?

Technical Documentation Mythen1K Detector System, DECTRIS Ltd.
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A Light for Science

Electrochemical dissolution of Au(001)

25 _I T | T T T

> time resolution of 5 ms

> layer-by-layer dissolution for entire active
dissolution regime

> dissolution rates > 20 ML/s

20

15

Intensity [10° cts/s]

Integrated Intensity [arb.un.]
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Use of fast 1D detector:
- more information :
lateral morphology
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X-ray Standing Wave Analysis A Light for Science

Yield: Y(0)oc1+R(0)+2./R(0)-f, -cos[v(0)—-2rP, ]
e.g. Fluorescence | | \ \

Reflectivity Coherent Phase Coherent
fraction  difference  position

Element-specific “structure factor”: GH — j p(r). eZ™HTdr = fH . 2™Pu
VUC

X-ray Standing Wave Analysis of Bismuth Implanted in Si(110) |

N. Hertel, G. Materlik and J. Zegenhagen Normalized atomic distribution
Z. Phys. B Condensed Matter 58, 199 — 204(1985). —

XSW

» measures directly phases of “structure factors” <> phase problem in diffraction
= s element and chemical-state specific and sensitive to low-Z elements

= does not require long-range order

= offers high spatial resolution

= requires good-quality crystals — backscattering geometry

= provides only folded structural information (no info on length scales > a crate)
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Reflectivity detector L

6 Beam intensity B
monitor

Fluorescence
detector

ESRF
storage ring

Si(555) channel-cut
high-resolution
monochromator

50 meV, 5 prad

Si(111) double-crystal
primary monochromator

(a)
Undulators
*First demonstration : L. Cheng, P. Fenter, M. J. Bedzyk, and N. C. Sturchio, Phys. Rev. Lett. 90, 255503 (2003).
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A Light for Science

Postmono modes

i E.=10.0keV |
- Si(555)/Si(111) :
S (D1) .
g | | ‘-‘\\ IFWHM |
2> = 1346 meV
o FWHM n
GCJ . =19.8 meV |
£ i Si(555)/Si(555) |

(D2)
T Ll L} Ll l T Ll T Ll I Ll Ll 2§ T L Ll g Ll ' Ll T T I T L} Ll LS
-1500 -1000 -500 0 500 1000 1500

AE_/ (meV) (scan of post-mono)

High resolution secondary monochromators in UHV ; view inside

« channel cut
crystals

“.-

Up to five sets of channel cut crystals can be selected
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XSW measurement of Mn in GaAs

A Light for Science

(4% Mn in 4nm film on GaAs)
XSW data XSW modulated Mn fluorescence
yield curves

16 — 22 reflections measured for each sample _ | H
o _w &_ (004)
L Reflectivity curves (202)
E = 10.00 keV mwﬂ (-333)

(333)
W fsnge “oossesssesnecs| (-427)
q 8| (224)
W (331)
pomaen gy a1

(313)

_ | (-313)
) o| (113)
e g N
| | (-131)
| | (111)

3 4 5 6 7 8 9 10 Step of energy scans
Energy (keV)

I Yield: Y(0)oc1+R(0)+2./R(0)-f, -cos[v(0)—2rP, ]

N. Hertel, G. Materlik and J. Zegenhagen ‘ ‘ \

Z. Phys. B Cond d Matter 58, 199 (1985). .-
Vo = OnEEnseaanet (198 Reflectivity Coherent Phase  Coherent
fraction  difference  position

=
o

GaAs(422) GaAs(111)

Reflectivity
o
ik

0.0-

o
>
i
©
S
ol
Normalized Mn fluorescene yield

Intensity (arb. units)
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(a) — (c) 3-dimensional images of Hydrogenated As-grown Post-annealed

tomic distributi f Mn by direct
atomic distributions of Mn by direc Q.‘Q’ ‘..‘. .'."

Fourier transform of the element

specific structure factors (amplitude 20 e e e . . . ®
AND phase) from ~20 XSW scans.

Q"Q’ ¢‘0¢D n‘o,n

(d) - (f) Images of reconstructed
from the measured Fourier
components after the subtraction
of the contribution of the Mn

on the Ga site.

Mn on As interstitial site AND on
Ga inerstitial site

(g) Ball-and-stick model of GaAs.
(h) FCC sublattices of GaAs that
correspond to the Ga and As
interstitial sites. The blue boxes
denote the cubic unit cell of the

GaAs substrate.

T.-L. Lee, C. Bihler, W. Schoch, W. Limmer, J. Daeubler, S. Thiess, J. Zegenhagen, Phys.Rev. B. 81, 235202 (2010).
turopean Synchrotron Radiation facility «%{,
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XSW measurement of Mn in GaAs : Result of refinement

A Light for Science

(4% Mn in 20 nm film on GaAs)

. Hydrogenated 4 ,:8 0.88 _‘
o 1f (@) 3 = ;
= 2 080 3
2 8 i(a) ]
L 0.76 3
3 = . .
o)
= 0.12 .
3 s ] M
Y—
L o= . n
— cw 0084 Asl -
o g ] ]
& PRz L ki
S E Qo -1 () MnGaI
T £ ] ]
e 0.00 , , l
o)
©
< c 22 J
Q % g 1 O/<>NO ]
E 2% 187 :
:EI g = ] T
O c -'g 14 1 (C) (e} P
3 = ] Xy .
= 10 T T T
=
< /8 0.030 _:
< ] 2
‘5 0.025 ¢
5 1 .
5 0.020](d 3
g co03(d) i
L 1 ;
Reflection H Hydrogenated As-grown Post-annealed
Visualizing Dopant Atoms in Dilute Magnetic Semiconductors Sample treatment

T.-L. Lee, C. Bihler, W. Schoch, W. Limmer, J. Daeubler, S. Thiess, J. Zegenhagen
Phys.Rev. B. 81, 235202 (2010).
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A Light for Science

Schematic set-up for XSW/HAXPES experiments in EH2

s Electron analyser
N

>
\
N

Sample
crystal

Fluorescence
detector

Slits

Secondary monochromator

= Plane wave generator

LN,-cooled double-crystal
Si(111) monochromator

ESRF Storage ring

3 undulators
Plane wave = collimated and monochrome
J Z, B. Detlefs, T.-L. Lee, S.Thiess, H. Isern, L.Petit, L. André, J. Roy, Y. Mi, |. Joumard, J. El. Spectr. and Rel. Phenom. 178-179, 258 (2010).
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" - L

3-axes “Kappa” manipulator with x, y, z
stage and detector arm during installation

Irradiated
Area
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A Light for Science

Example XSW analysis: Graphene on the Ir(111) surface

Side view

(a) (b) top fcc hcp top
e Gy —y—y- g Ry ]
Top view &7 R4 00 20 oo _eo_o0 eo ee oo 00 00.,

ISR

e e ey i —— -

saue|d MSX

B

B ‘}ﬂkjb&4 ’q 'v ' ‘ ‘ -

» -

o ‘ 0 Q 0 ~'
@ e O
1 XSW result
3,5 -
g - § P11=0.53+0.01and
e 5l : FW1=0.87+0.04
& 3500 g =] c
> 5 20 £ —2>mean height above the surface :
E z 15 ! 2 <h>=(3.38+0.04) A
. g 1of 9% | Theory :
© 0.5 0,5 : _ A
2500 - - mean height <h> = 3.41
L ) . - : 0.0 L L 0.0 Busse, C.; Lazic, P.; Djemour, R.; Coraux, J.; Gerber, T.; Atodiresei, N.; Caciuc,
285 284 283 4 2 0 2 4 V.; Brako, R.; N'Diaye, A. T.; Blugel, S.; Zegenhagen, J.; Michely, T.

binding energy (eV) relative photon energy (eV) P, IR, (L2t 107, ElEnon (2001
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A Light for Science

WSTM | YBa,Cu,0,._,
b s T = G (P Superconductor. T. =90 K
—_ - - - SrT|O3 .Q_’_:‘v
perovskite

4.5
4.0
35
E 3.0
= 25
f_’ 2.0
o 1.5
T 40
0.5
0.0

1.168 nm

=

a=0.391 nm T|

0 10 20 30 40 50 60 70
Distance (nm)

T. Haage, J. Zegenhagen,
H. —U Habermeier, M. Cardona,
PRL 80, 4225 (1998)
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EXpel’i mental A light for Science

« sample: 0.5 0.1 ML YBa,Cu;0,_s deposited on SrTiO5;(001)

T 1| 7 (R '///vf
‘ \ I i substrate
Sr Ti

(111) (002) (121) (112) (202) (103) (222)

3.5

Ba3p
3

Y2p

A _ target

2.5

Cu2p

Norm. yield

Ols
1.5

Sr2p

Ti2p

0.5 -+ -+ -+ -+ -

Reflectivity

O T T
n 1 n 1 n 1 n 1 n 1 n 1 n 1

> Reconstruction of p(r) =1+2> f -COS[Z%(P —H- r)]
image in real space H - :
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3D reconstructed images fIRLIGEECIERE

0.5 ML YBa,Cu;0,_,

— N e
@ » » ‘ R Perovskite
g structure
O
Ve — 1 [ e
— I > * perovskite structure
@  oxygen visible
« 2 distinct layer spacings
. . .. yer sp . g |
Ba — > Y and Ba occupy different sites
S .
o
Sr@ "

< > projections into the SrTiO4 unit cell
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LAO/STO interface A light for Science

Conductive interfaces between

the insulating oxides LaAlO, NI o il i i
(LAO) and SrTiO, (STO) (a0, {}'}}g}% — .
 Sharp interface wor e e —

wo SN L. =1

(LaO)" @@

* Critical thickness >4uc AN AN

«— pa—

o . L. .
o) NS . ol
107 B Sas | [L(;o). \’1’7 \\Z g - .
o : < ff;.; @“
107 _—y V.
% 7 L@] ¢%§/®;
o (SrO]’ \'JW
W'r-=@®
0 2
(0) _
Electronic STEM Possible reasons :
properties Cation intermixing

O-vacancies

Growth conditions: .
Valence change / intrinsic e

pO,= 10 mbar Sheet carrier density: .
— o 14 ~ -2 doping
T =800°C ~3Xx 10**cm ; : :
Lattice distortions

F =2 J/cm? C. Aruta et al., Appl. Phys. Lett. 97, 252105 (2010)
R.-Perna et al., Appl. Phys. Lett. 97, 152111 (2010)
A. Savoia et al., Phys. Rev. B 80, 075110 (2009)
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— Lattice distortion : This can be measured with XSW

A Light for Science

DFT SXRD
—+¢ ——§ ¢——=+¢
L el le]
%66
.STO(OOZ)‘ Q e I 0 I
¢ 6+ ¢ 0 o¢[¥
¢ - e @ o 0(08:
o—¢ © o€ ©—1o—¢€ (A

Qualitative images similar to:
DFT: R. Pentcheva and W.E. Pickett, PRL 102, 107602 (2009)
SXRD: S. A. Pauli et al., PRL 106, 036101 (2011)
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Imaging of a 2uc LAO film A tight for Science

Alls La3d Ols Ti2p Sr3s I
(hkDjE PH | PH | PH |H PH |H PH | o oo
1 1 1]0%2 057 [068 095 [066 094 090 053 90 099 | =~
11 2/020 088 [0.66 002 025 053 099 1.00 [0.96 099 | “er e | e e
0 0 20042 093 073 003 [0.64 100 [108 0.01 082 099 | o oo o
20 2054 096 [0.61 0.01 [0.45 002 094 099 [1LO1 0.00 | o o o
10 3036 093 0.70 0.05 041 047 |LO2 0.02 092 001 | | -
1 1 3[050 043 0.63 001 (088 0.02 [1.10 050 [0.82 0.02 | o | e e | O
12 10034 083 056 094 (039 062 [1.05 099 | -~ -

The film will follw the substrate symmetry.  Multipicity:
Im3m — P4mm (111),(112),(113),
(103),(202) 4
(002) 1
We can apply the 4-fold symmetry of the (211) 3

surface to our results and obtain 27
Fourier components of the atomic
distribution function for each element.
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A Light for Science

Direct Fourier Transform

- Ofotal C/—.—f;

@ La
@ Al @  © ©

Measured displacement x2

Reconstruction of “image” via :
p(r)=1+2>"f".cos|2z(P" —H-r)|
H

Displacements :

Al -10 pm
La +5pm
Ototal +2 pm

Contains contribution from bulk STO oxygen
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Site specific photoelectron emission A Light for Science

Site-specific decomposition of the SrTiO4 valence band

Valence Yield excited by

1) ... asingle X-ray beam: 2) ...an XSW field:
o9
P &, QO
I
SrTiO,
Y (Eg) = { > Y;(Eg) } Y (Eg.E,)) =
J = Sr,Ti,Oq

--------------

A STO ]S l;(E,) Y;(Eg)

I & 4 ) o o
Yve i “': 11 =75rTi,0;5,
r () 'v. P b
| "4,1 - o |
Eg [[e
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Vacancies

A Light for Science

Intensity [cps]

1.6x10°

8.0x10°

0.0

T

[ Nb 3d

Sr 3d

10000 +
7500
50004
2500

04
12

Ti 3s

sat.

10 8 6 4 2

Ti3p+ Sr4p + )

Srd4s O2s

T T
200 150

T
100
Binding Energy [eV]

50

— Oxygen vacancies play a role in the conduction mechanism

Intensity [cps/I0]

6uc LAO
~0.5 ML of

In-gap state

-0.1eV B-site
+ 0.2eV A-site

electrons

European Synchrotron Radiation Facility @

(LaO)’

(AIO,)

(LaO)’

(AIO,)

(LaO)’

(AIO,)

(LaO)’

(AIO,)

(LaO)’

(TiO,)
(Sr0)
(TiO,)

4\
\‘1"/' A\ %

@

\(
\lﬂV \ﬁ' #

\'ﬂV A%
> 3
AN AN

\l,’y \lﬂy

Jorg Zegenhagen - Surface and Interface Studies -

100

50 -

STO(111)
@2.75keV

O-deficient

In-gap state

L} Ll
e off Bragg
A Ti-site
m  Sr/O - site

APS Feb. 2012



A Light for Science

Beyond element specificity

- Probing chemical states through core-
level binding energy shifts

Electron Spectroscopy for chemical analysis ESCA

&1 i i — T

— Nobel Prize 1981
T 20 July 2007 (aged 89)

/ Kai M. Siegbahn
# ot the ESRF at
ID32 in 2004

Combine core-level shift detection with XSW:

M. Sugiyama, S. Maeyama, S. Heun, and M. Oshima, PRB 51,
14778 (1995) — Sulfur passivated GaAs(001)

G.J. Jackson, D.P. Woodruff, R.G. Jones, N.K. Singh, A.S.Y. Chan,
B.C.C. Cowie, and V. Formoso, PRL 84, 119 (2000)
— CH,SH/Cu(111)

turopean Synchrotron Radiation Facility @

INTENSITY

Ethyl trifluoroacetate

0]
R
F—C—C—0—
F

=CI=:k

—G=H

— s B RS

oV 10 8 6 4 2
CHEMICAL SHIFT

0 Eg=291.2eV

U. Gelius, E. Basilier, S. Svensson,
T. Bergmark and K. Siegbahn,
J. Electron Spectrosc. 2, 405 (1974)
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A Light for Science

Molecular Distortions and Chemical Bonding of PTCDA/Ag(111)

A. Hauschild, K. Karki, B. C. C. Cowie, M. Rohlfing, F. S. Tautz, and M. Sokolowski, PRL 94, 036106 (2005)

3,4,9,10-perylene-tetracarboxylic-dianhydride O1s (@) . '
. o g ._C1 s total ! (a)
Epnoion= Eeragg - 10 €V K] L |
Off Bragg survey , © 2fF 'f '\ fo=057
o 5 E I
E | ) . LI 5 1 .
> < [ o g e B | SR | —
5 o 2'c rboxylic |
= Lo [carbox 1
B 'g 3 oxygen : (b)
8 S 2 :
g @ 1f
£l :
-§ 8 2 N i 1 " = 1 1 1
= 5 | anhydride !
: g -
g E 2 ]
(o] F (]
- 1 '
3 |
it o SN
542 540 538 536 534 532 530 paslonenegy [e
anhydride oxygen carboxylic oxygen binding energy [eV] Brage
DFT Experiment
_ anhydride O
oG ~.2.97£0.06 A
2834 2.83 2/-286+0.01 A--—4
T Ly ——
,5
Ag(111) surface
g(111) v

Hauschild et al., ESRF Highlights 2005

N
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A Light for Science

VOLUME 79, NUMBER 15 PHYSICAL REVIEW LETTERS 13 OcToBER 1997

M. Goshtasbi Rad et al. | Surface Science 477 (2001) 227-234

Surface Charge Ordering Transition: @ Phase of Sn/Ge(111) ( Y3 x ]/3_) R30 (3x3)

J.M. Carpinelli,' H.H. Weitering.' M. Bartkowiak.' R. Stumpf.> and E. W. Plummer’
P9 emeere ool
N

Ay Ay YA . GAA LA,
e o o o e

"y A i A, N

bye A, SAA AL o

_ @ SAra A AAL

B ¢ ~ «Nn
o~

SAMAAAA A LA
- - —s

FILLED STATE

LAAAAA U R L L

-
0L
. * 2nd Layer Ge @ Down Sn
s K e 1st Layer Ge @)
-2 [}
° . . » Yy Up Sn
o om. O sn
- ’.- . . @ (b)
. -
. ... . » Ge 3d Sn 4d
. »9 » hv=55 eV hv=55 eV
s - ; I
y » » 3x(3 3x:3
LR . 2 2
. . - - g 4 5
- » s R
. - . £ )
AL AN ; = 8
2 2
S| 33 ﬁ .
31 30 29 28 27 26 25 24 23 2
Binding energy (eV) Binding energy (eV)

1. Registry aligned 105 X 60 A2 STM images sh
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A Light for Science

Combine core-level shift detection with XSW

o-Sn/Ge(111) surface

= Aseemingly simple structure:
T, site adsorption of 1/3 ML of Sn
adatoms

= Electron counting of dangling bond
per surface unit cell
=  Metallic and unstable ??

= RT V3xV3 < LT 3x3 phase transition
at ~ 200 K

* Fluctuation model: J. Avila et al., PRL 82, 442 (1999).

= Main question: structure of the RT
phase

* Calculations: G. Ballabio et al., PRL 89, 126803 (2002)
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A Light for Science

_ . RT Sn/Ge(111) probed by hard
i SEEs X-ray photoelectron spectroscopy
g o (hv = 2510 eV with AE ~ 500 meV)

z _V3xy3 @My
£ #%% snad
I b,
500 400 300 200 100
Binding energy (eV)
o 1400 meV

Normalized intensity (arb. units)

Relative Binding Energy (e;/) %2 (< 0.2 |\/||_)
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RT Sn 4d core-level spectra | \ Sn4d

modulated by Ge(111) XSW 1) 158 s ;
(normalized to the peak height)

hv = 2500 eV
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A Light for Science

RT investigation ofSn 3d core-level shift
E=25keV £ AE

Core hole lifetime width

of Sn 3d ~ 400 meV
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A Light for Science

Ge(111):Sn RT V3xV3 — XSW/XPS Analysis

Ah
Comp fin P11 1/, h (A) A
T B T T
] ) 142 066 078 255
9 Sn 4d
1+2 3d 1 075 080 261
1.92 0.23
, 2 052 073 238
1 142 068 079 258
4d 1 086 080 261
! 1.96 0.23
11— . 2 040 073 238

Reflectivity and normalized yield

T.L. Lee, B.C.C. Cowie, S. Warren, J. Zegenhagen, Phys. Rev. Lett. 96, 046103 (2006)

D32
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A Light for Science

A seemingly simple structure: T4 site adsorption of 1/3 ML of Sn adatoms, but atoms occupy
two different heights and flip fast and thus appear to be equivalent e.g. in STM images
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ConCIUdlng Remarks A Light for Science

»XSW very powerful in combination with spectroscopy

» With proper instrumentation, XSW imaging Is routine

» Further combinations of XSW with spectroscopy expected
(ARPES, RIXS, ...) also microscopy (presently 5 um)

» HAXPES, a powerful technique in its own right, combines
excellently with the XSW technique

» Importance of auxiliary support laboratories

» Consider efficient use of beamtime; allow staff to do
the best science; however, think careful about multi-technigque
capability for a state-of-the-art beamline because of
sophistication of set-ups

HAXPES/XSW workshop at the ESRF : February 6-8, 2012
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