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Surface & Interface Scattering — What can be measured?

« Surface and interface structure
— Atomic level positions of atoms at a surface or interface
- Growth and dissolution mechanisms (kinetics)
- Structure and binding modes of adsorbates
- Structure reactivity relationships

 Interface electron density profiles @ the atomic
scale
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Why use x-rays to Study Surfaces and Interfaces

 Advantages

— Large penetration depth allows for in-situ measurements

 Liquid water, controlled atmospheres, growth chambers, hazardous
materials (i.e. radioactive)

* Provides access to buried interfaces
— Kinematic scattering, simplifies the analysis

* Disadvantages
— The generally weak signals requires a synchrotron source
— Systems need to be well ordered and low roughness
— Intense x-ray exposure can alter the system
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The Results: Goethite — FeOOH (100)

Hydrated goethite (a-FeOOH) (100) interface structure

Double hydroxyl, double water terminated S. Ghose et al. Geochim. Cosmochim. Acta 74, 1943-1953 (2010)
interface with significant atom relaxations

(H,0) - (H,0) - OH,—Fe—O -0 -Fe -R
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Diffraction — Theory

Constructive interference when:;

Incident

plan wave -
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nA = 2dsinf
Bragg’s Law
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Diffraction — Theory

The scattered intensity into the detector is proportional to the square

modulus of the Fourier transform of the electron density
e
Ez > Q 2F &
Lo =E E"oc = |FT[p(r)]
e’ B k.
Where, 7.= p—— 2.82x107 angstroms Inciden}[x .
FT[p()]e | pr)e®dv oy
Where, Q =k_ -k,
. Master Equation for X-ray Scattering
FT[p(r)]oc Z fa’nelQ k from a collection of atoms
! 2
— 1Qer 2 e
= J"Oﬂ (l‘) C dV [= ‘E(R)‘ o Z fa,nelQ r,
The sum is over all n atoms at r,, with n
v atomic scattering factors f, |
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Diffraction — Theory

The instrument measures Q in the lab

X-ray
Source Q 0&&\\
(plane wave) t 66\60\
K, k,
260
sample

21
Q=k,—k; wnere, |k,.|=|kj|]=—

A

The scattering vector diagram gives:

Q = Q{z%ﬂsinze/z

| =

X-ray beam

41
Q| =

A

sin 260 /2
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Diffraction — Theory

Real Space Planes PN Reciprocal Space Points
(Miller Indices H K'L) (Miller Indices H K L)
O O O O
=0 LD o . e (1D
_ b’ Ga,
| L0 o URILEY
N AN I I a’
oy U L 1-1)
‘~ R ® (0.-1) ® (1-1)
bl d(H=0,K=1)
@ <, aJQ Q)
e bxc O 2 L axb
| @ bxc T bxc ~""a-bxc
LA G=Ha +Kb +Lc¢
¥ d(H=1,K=1)
d(H=1,K=0) |Gy | = Vs L (HKL)
HKL) defines a plane with intercepts: . 2. € * * *
( ) defines a plane with intercepts: E’ E,Z Q=27Z'(Ha + Kb +L¢ )
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Diffraction — Theory

Scattering from a crystal consisting of collection of unit cells

Q

Rewrite r,, from the master equation as:

=R (nn,n;) +r,(Xyz) R
R. is the origin of the (n,n,n3) unit cell ki
w/r/to some arbitrary “center”: Nj
R .(nn,n;)=n,a + n,b +n;c¢ an

Where a, b, and ¢ are vectors
describing the unit cell

T, is the position of the ji" atom in the unit cell,
expressed in terms of its fractional coordinates

(Xyz):

rj = xja+yjb+ zjc
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Diffraction — Theory

Using:
Q=2r(Ha +Kb +Lc)

Dot products in sum become simple to evaluate
Qer, =QeR_ +Qer,

QeR =27(n;H + n, K +n, L) Location of the n" unit cell

Qer,=27(xH + yK +zL) Location of the atoms within a unit cell
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Diffraction — Theory

Substitute for Q and r,, in the master equation:

E(R)cc FT[p(r)] = D f,e'%"

k.
Sum over n, Sum over n, Sum over n,
N, total cells N, tOtall cells N; total cells
N, - N,— —
(N,-1)/2 (N,-1)/2 (N;-1)/2
127 nH 127 n,K 127 n5L
Boc e Dt pe SZ c
—~(N,-1)/2 —~(N,—1)/2 —~(N;-1)/2 \ Thermal disorder
parameter
Slmpllfylng to: Sum over the m
atoms in the unit cell
E o E.S,(H)S,(K)S, (L)

Where F. is the structure factor of the unit cell:
F Z 1Qor -M;
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Diffraction — Theory

The lattice sums can be evaluation using sum the geometric series:

(Ny—1)/2 (N1—1)/2 Ny Ny
. _ k2 —k 2 i2mH
S{(H) = Z el2mniH Using: z k™M = — - Where: k =¢€
~(N1—1)/2 —(N1—1)/2 k2 —k 2
Results in:
eiT[NlH _ e—iT[NlH Sin(NlTCH)

S1(H) =

elmH — =it gin(7H)

The behavior of the lattice sum when H is close to integer can be
determined using L'HOpital's rule:
fley .. f(e) sin(NymH) . cos(N;H)
—>

' Ii = 1 =N
1:1—>0g(g) (lsl—r}(l)g(g)’ Hoine sin(mH) Hoine cos(mtH )

The lattice sum then approaches:

S1(H) - N as H - interger
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Diffraction — Theory
Scattering intensity at a Bragg point: Where HKL are integers:

PY ® Q21 o
(LD o . 0,1) o (LD
(-1,0) b’ (1,0)
e ¢ 30—
a*
(L) o ® (- ® (I-1)
° ® °

» sin”(N,nH ) sin’(N,nK) sin”(N,nL)
sin“(nH) sin’(nK)  sin’(nl)

Loc|E[oc|E] —|E |’ N2N2N?

FC

Where F, is the structure factor of the unitcell: F, =Y f, e *e™

=1
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Diffraction — Theory

The structure factor for the unit cell:
m
F. = 2 fa,jeiQ'rj e~
j=1
using:
rj =xja+y;b+ zc (location of the jth atom in the unit cell)
Q=2n(Ha" + Kb* + Lc*) (scattering vector in reciprocal space)

The dot product is then:

Substituting into the structure factor equation gives:

m
— i2n(xjH+yiK+z;iL) ,—M;
Fc_Zfa,je (x; J J)e J

Jj=1
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Diffraction — Theory

Real Space
(BCC)

Example of a Single Crystal of alpha Iron- BCC

Where:
a=b=c=3.61A

a=F=y =90

(Y V4 1)

m
— i2n(xjH+yK+z;L) ,—M;
Fc_Zfa,je (x; J J)e J

J=1

Substituting the coordinates for
the two atoms in the crystal:

F = f, {pizm(0H+0K+0L) eizn(%HJf%K%L)}e‘Mf
Cc e

Fc — fFe(e_Mj){l + eiTL’(H+K+L)}

F, = F{1 + (-1)H+K+D} = {ZFFe for,H+K+L even}

0,for,H+ K + L odd
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Diffraction — Theory

Real Space
(BCC)

Example of a Single Crystal of alpha Iron- BCC Fe—

Where:
a=b=c=3.61A
B (4 Y %)
a=p=y=90
(000)
—_— bxc cxa . axb
a = n— = T — = T —
l a-bxcl aobxcl a-bXxc
a* = g GLOX2)  pe a2 @XR) o _ ., a’ (BXF)
a’x-(yxz) a3x-(Px2) a3%-(Jx2)
l l l (022)  Reciprocal Space
CcC
a* =z b* = 2% * __ 2T, (FCC)
a x - a y CcC = TZ o
a* =b* =c*=1.74A71 002)
2, or,H+ K + L even 011
F. = F{l + (_1)(H+K+L)} :{ f } .y
0,for,H+ K + L odd

“Selection rule”

000)

200) A £

X
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Diffraction — On the Instrument

GSECARS 13BMC Diffractometer

—— — 7 - a = e

(022)  Reciprocal Space
(FCC)

(222)

— N>

(002)

011)®

* (02 0)
\,(2 11

@(101)

(220)

@20 0)\A x
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Diffraction — On the Instrument

(022)  Reciprocal Space
(FCC)

(222)

011)®

a* (02 0)
\\.(2 11

@(101)

(220)

Q0 0)\A x
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Diffraction — Single Crystal

Single Crystal diffraction data  ——> Single Crystal structure refinement

Detector integrated signal
during a wide angle *
rotation of the sample

Locafion of directed
(un-reflected)
beam.
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Diffraction — Theory

What about the scattering away from Bragg peak (slit functions)

N;-1)/2 ;
™ 127 n;L _ Sln(N3TCL)

S5(L) = Ze

— N, as L — integer

~(N;-1)12 SiIl(Tl:L)
1 | | | n 100
j N=10 | £
S3260 i N=10
SalvW\ vy (v e
N
b | 0 R
J L
8 08 1 L 15 2 2.5 10000
* Intensity is small for non-integer , 80001 \1=100
values. S’ 6000
« But its not zero if the xtal is a 4000 |
finite size! 2000(
» . A

L
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Diffraction — Theory

Intensity variation between Bragg peaks as a function of xtal dimension

8 H=integer

10 K=integer Q

2 i

-4 | | I |

0 0.5 1 1.5 2
L
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Diffraction — Theory

Intensity variation between Bragg peaks as a function of xtal dimension

108 | H=integer
K=integer Q
10° - k. ‘
10* -
2
53 N,= N,=6
10° -

—]
gt

T T
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Diffraction — Theory

Intensity variation between Bragg peaks as a function of xtal dimension

108 ¢ H=integer
K=integer Q

N,=30

0 05 1 15 2
L
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Diffraction — Theory

Intensity variation between Bragg peaks as a function of xtal dimension

8 H=integer
K=integer

10

A/l/ sin’ (7L )

1.5

2

For N=1 no oscillations,
scattering from a single layer.

Oscillations for N>1 due to
interference between x-rays
scattering from the top and
bottom

Intensity variation follows the
1/sin? profile

At mid-point (anti-Bragg) the
intensity is the same as from a
single layer!
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CTR Diffraction — Theory

Crystal truncation rods (CTR)

Real

space

ﬁ

Recip.
space

Truncated Bulk

Infinite Densjty
Crystal B

Crystal X Step

..... ®
|
Intensity 1/2
(111) of substrate
monolayer
(000) ~(110)1/(200)

(111)
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CTR Diffraction — Theory

« The sharp boundaries of a finite size (i.e. small) crystal results in
intensity between Bragg peaks

« However, for a large single crystal in the Bragg geometry a better
model for a surface is a semi-infinite stacking of slabs

5mm The crystal in this geometry
appears infinite in-plane, and
200um | semi-infinite along the n,
H direction
N3
J
ny

A GeoSoilEnviroCARS 24t National School on Neutron and X-Ray Scattering
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CTR Diffraction — Theory

Return to the sums and take large N, and N, and sum n; from O (the surface) to -«

(001) surface termination
(N,-1)/2 (N,-1)2

E oc F 2 :elzﬂ'an 2 :6127rn2K§ :el2ﬂn3L , ¢ = surface normal

—~(N,-1)2 —~(N,—1)/2 "k - 0
1 a -1
s o -z
Fctr = z e'2m™n3L Evaluate using:z k™ = 1—% Jk| < 1 3
— 00 — 00 -4
Fctr = z el2m sl — 1. )
— (1—etmlh) 2 -1 0 1 2 3
2 1 1 1
|Fctr|? = ‘ . = : — = = —
1—eteml 2 — (etm2L 4 e—im2ly  2(1 — cos(2mL)) 4sin?(mlL)
2N\ 2 2 2 2 _ 1
[ « N{N5 |F.(HKL)|* |Fctr(L)|* where: |Fctr| >
 4sin?(rl)

A GeoSoilEnviroCARS 24t National School on Neutron and X-Ray Scattering
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CTR Diffraction — Theory

This is the origin of the crystal truncation rod:
* Forinteger H and K the intensity is proportional to N,xN,xF (L)
» For non-integer H and K, S, and S, ~0, i.e. no sharp boundary in-plane

« Therefore, rods only occur in the direction perpendicular to the surface (n; direction)
(001) surface A

n
© 000000 O0
10° © 0 000000
| Real _ 00000000
© © 0 000 0 0
10° } Space 0000000
© © 0 000 0 0
A © ©0 00 0 0 0
10* | © © 0 000 0 0
) 1/sin?(rcl) . 4 l 8 (202)
10 1/4sin?(nl) Q/2n L
| \ / M 2 ars
10 *
~____— ~_ . c
Recip. ¢ (-4 (200)
2 ) ) ) ) a*
9% 0.5 1 1.5 2 space
L C q ) ( (20-1)
F. lower at anti-Bragg than finite xtal. because
the CTR only scatters from one side of the xtal. q . T 1 (20-2)
A GeoSoilEnviroCARS 24t Natjonal School on Neutron and X-Ray Scattering
T 7 July 21st, 2022 Peter J. Eng 29




CTR Diffraction — Theory

The scattering between Bragg peaks along a CTR results from a sharp termination

of the crystal, and has a well defined functional form. But what does that tell us
about the interface structure?

Loc N{N3 |E(HKL)[ |Ferg (L)

F. contains all the structure information (e.g. atomic coordinates). But so far we've

assumed all cells are structurally equivalent. What if we add a surface cell with a
different structure factor?

n3 | | ET — Ebulk + Esurf

| surface cells

0 Ebulk — N1N2 Fc, bulk (HKL) FCTR (L)
! E . =NN,F _ (HKL)e*"*

bulk cells surf = ~'1- Y2 “c,surf

-2

-3
-4
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CTR Diffraction — Theory
Therefore final expression:

2
[ x N%N% |Fc,bulk (HKL)Fctr(L) + Fc,surf(HKL) |

F = Z fjeiQ'rie'Mi Qer(xyz)=27(xH + yK +zL)
j=1

0
. 1
— 12ZmrN3L _—
Fctr—Ze 3 —(1_ei2nL)
* In the mid-zone between Bragg peaks Fg ~1 00|
» Therefore the “bulk” scattering and “surface” are of 10° |

similar magnitude between Bragg peaks, i.e. sensitive
to one bulk cell (modified by F,) and one surface cell [ 1}

. The “surface” and “bulk” sum in-phase or interfere if the
F.u IS different from the Fi ) .

1/4sin?(m/)

 Near Bragg peaks the surface signal is completely 10

0 0.5 1

swamped: lBragg! lcTr > 10° ;

1.5

A GeoSoilEnviroCARS 24t National School on Neutron and X-Ray Scattering

¥ " July 21st, 2022 Peter J. Eng

31



CTR Diffraction — Theory

Influence of surface structure:

Bragg peak

/

|
I
I
I
I
[
I

N
()
L)
/

N
()
L)
/
N
()
/
N
()
/
I
o)
/
N
o)
\

,
,

103

Anti-Bragg

10°
EXPANDED LAYER

—
-

CALCULATED INTENSITY

ROUGH SURFACE

Observe several orders of magnitude intensity variation with changes in surface:
« atomic site occupancy
* relaxation (position)
* presence of adatoms
* roughness
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CTR Diffraction — Theory

Simulations of Pb/Fe,0,
1000 ¢ ‘ ‘
; (10L)

A. Calculations as a function of

100 r
; surface coverage

o3 i Pb occupation number
10 ¢ 0
r 0.1
03
0.5
1 ‘ ‘ ‘ ‘
-10 -5 0 5 10
L(r.l.u.)
1000 ‘ ‘ ‘ \
(10L) B
100 | . .
_ _ ; B. Calculations as a function of the
2 Pb displacement z-displacement (along the c-axis),
0 : . .
10 - 05A | the Pb occupation number is fixed
+0.5A — at 0.3.
1 L
5 10 15

-10 -5 0 L(r.l.u.)
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CTR Diffraction — Theory

Roughness “kills” rod intensity

Scattering between different

0, 3B height features cause
000 .0 g B destructive interference
00 0DO0OD0DO0O0O0O0O0O0OOOON B<1
00 0000000000000 1
D.DDSGODDOGGGGOG.D_‘]
BULK CRYSTAL 1— B)?
Robinson p model — B* = 2B cos(nL)
10 z 1
I o=0A2 _ p2
/ Orms = mdl
1.0 ¢ L~ o=1A7
. o=10A2
04 | — 6=50A?
3 -2 1 0 1 2 3 :
/ When the roughness is too
Distinguish roughness from structure because large the CTR is no longer
roughness is uniform decrease in intensity measurable above
background!
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CTR Diffraction — Theory

Reciprocal Space (FCC)

Real Space (BCC)

VA
T 022)
o 2 222)
1 (112) P
©002) ° ’
¢ 121y
“011) ®
° Iy (2 02)
1 1 1 e
_— (AL Y%) a* 162 0) @11
(1ong p—
-
o (220
, (1 10) /
(00 0) 000 & at
a* (200
\ x
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CTR Diffraction — Theory

Real Space (BCC) Reciprocal Space (FCC)
With a surface
z 022)
Fe— > ;- SRR
T B e .(1 12) //9

(%Y%)

‘/'.. " N
L

GeoSoilEnviroCARS 24 National School on Neutron and X-Ray Scattering
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CTR Diffraction — Theory

Real Space (BCC) Reciprocal Space (FCC)
With a (001) Surface

(%Y%)

A GeoSoilEnviroCARS 24t National School on Neutron and X-Ray Scattering
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CTR Diffraction — Theory

(202)

200

GeoSoilEnviroCARS

Reciprocal Space (FCC)
With a (001) Surface

022)

(222)

(002)

20

‘i(

24th National School on Neutron and X-Ray Scattering
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CTR Diffraction — On the Instrumentation

GSECARS 13BMC Diffractometer

Reciprocal Space (FCC)
With a (001) Surface
(0 22)

A GeoSoilEnviroCARS 24t National School on Neutron and X-Ray Scattering
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CTR Diffraction — On the Instrumentation

Detector Arm

Detector Rotations (two) Pixel Array Area

Detector

Sample Rotations (four)

Sample Location and

Center of all Rotations Reciprocal Space (FCC)

With a (001) Surface
022)

Flux Monitor,
Instrument Shutter,

)
- Five Axis Instrument
Beam Slits and Filters Centering Table
A GeoSoilEnviroCARS 24 National School on Neutron and X-Ray Scattering
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CTR Diffraction — On the Instrumentation

Reciprocal Space (FCC)
With a (001) Surface
022)

Sample

B —

X-rays delivered from
upstream optics

) (e

/

‘(( {3y

GeoSoilEnviroCARS 24 National School on Neutron and X-Ray Scattering
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CTR Diffraction — On the Instrumentation

Reciprocal Space (FCC)
With a (001) Surface
2022)

Sample:

bcc single crystal
with a 001 surface

A GeoSoilEnviroCARS 24t National School on Neutron and X-Ray Scattering
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CTR Diffraction — On the Instrumentation

Reciprocal Space (FCC)
With a (001) Surface
(022)

A GeoSoilEnviroCARS 24t National School on Neutron and X-Ray Scattering
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CTR Diffraction — Measurement

GeoSoilEnviroCARS 24 National School on Neutron and X-Ray Scattering
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CTR Diffraction — Measurement

/- Ewald Sphere

GeoSoilEnviroCARS 24 National School on Neutron and X-Ray Scattering
July 21st, 2022 Peter J. Eng

45




CTR Diffraction — Measurement

Ewald Sphere

Q,013)

1Q0,0,1.3) |

GeoSoilEnviroCARS
July 21st, 2022 Peter J. Eng
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CTR Diffraction — Measurement

Specular Rod: Off-Specular Rods:
* Arod that only probes * Rods the probe structure
Ewald Sphere the z direction of the inzas well as xand y.

crystal + Requires order in x and y
* Does not require order in
xandy.

GeoSoilEnviroCARS 24 National School on Neutron and X-Ray Scattering
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CTR Diffraction — Measurement- Off Specular Rod

(1,1,L)Rod

103_

- 102_. |

0 100 200 300 400 |

0 1 2
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CTR Diffraction — Measurement- Off Specular Rod

(1,1,L)Rod

0 100 200 300 400 |
0 1 2
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CTR Diffraction — Measurement- Off Specular Rod

(1,1,L)Rod

|
0 1 2

A_ GeoSoilEnviroCARS 24t National School on Neutron and X-Ray Scattering
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CTR Diffraction — Measurement- Off Specular Rod

(1,1,L)Rod
L=18 /

<Ly

0 100 200 300 400 |
0 1 2
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CTR Diffraction — Measurement — Pixel Array Detector

FeOOH 00L Rod

PILATUS 100K detector
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CTR Diffraction — Measurement — Specular Rod

(0,0,L) or (Specular)Rod
L=0.3
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CTR Diffraction — Measurement — Specular Rod

(0,0,L) or (Specular)Rod

. SIS L= 0 ] 6
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CTR Diffraction — Measurement — Specular Rod

(0,0,L) or (Specular)Rod
=1.3
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CTR Diffraction — Measurement — Specular Rod

(0,0,L) or (Specular)Rod
L=1.8
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Data collection and reduction

Data integration —> Data Shell:

Scan and
point tree

Aall

Info

File Edit View

Image view, ROI control, background

subtraction and integration

=-Scan 38

Paint 1
Point 2
Point 3
Point 4
Point 5
Paint 6
Paint 7
Paint &
Paint9
Paint 10
Paint 11
Point 12
Point 13
Point 14
Point 15
Paint 16
Paint 17
Paint 18
Paint 19

Paint 20
Paint 21
Point 22
Point 23
Point 24
Point 25
Paint 26
Paint 27
Paint 23
Paint 29
Paint 30
Paint 31
Point 32
Point 33

;

Point 35
Paint 36
Paint 37
Paint 33
Paint 39
Paint 40
Paint 41
Point 42
Point 43
Point 44
Point 45
Point 46
Paint 47
Paint 43
Paint 49
Paint 50
Paint 51
Point 52
Point 53
Point 54
Point 55
Point 56
Paint 57
Paint 58
Paint 59

m

Col sum
I|_c=12017.4, lerr_c = 109.624, Ibgr ¢ =0

— raw sum
— bar
— data-bgr

110 120373.4, Isor = 202.25Fplbg
(background subtracted)

-

Bad Paint: [ Image Max: -1

0 00 200 300 400

| R

1
0 15 30 45 gofQum 75 90 105 120
Lr =12017.4, lerr_r = 109.624, Ibgr_r = 0

(]

5 —  raw sum
10 — bgr

15 — data-bgr
20

25

30 |

35

40

0 500 1000 1500 2000 2500 3000

Freeze: [7] ROI Max: 120

Point Parameters: .
Integration
Apply to: Freeze:

: parameters
#bar col: Scan || Custom =]
bagr col power: 20 Scan || Custom (=]

15

bar col width: Scan || Custom [

5
#bar row: Sean || Custom | [T P

0.0

bar row power: Scan || Custom B

ROL:

[228, 95, 311, 137]

15
bar row width: sean || Custom
1
Fiag: Sean || Custom

Custom

Scan 38, Point 34

10°

10°

g
[ R

0.0
Rotate image: Scan Custom

Correction
factors

Apply above to: ’ Scan “ Custom... I

Scan Parameters:

1000000.0
Scale:

horz': 0.33, 'vert': 0.4
Beam slits: g 7

Detector slits: o
Sample angles:

3.0
Sample diameter:
Sample polygon:

([[233, 113], [233, 114], [253, 3], [264, 3], [2€
Bad pixel map:

Point
information

Apply above to: Custom... ‘

oint Information:
H: 1.0 K: 0.0 L:3.371
I: 12017.42 Terr: 202,26 Ibgr: 28830.58
F:92.39 Ferr: 0.78 Ctot: 0.64
Corrected
Alpha: 2.01 Beta: 15.13 Seconds: 30.01
structure
Integrate Scan [ integrete cugpe™. |

factor
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Data collection and reduction

Rod data set:

Fhal

10"

L[rlu] L[rlu]
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Data analysis
Fitting with GenX — genetic algorithm:

Journal of
Applied
Crystallography

GenX: an extensible X-ray reflectivity refinement program utilizing differential
evolution

Matts Bjorck and Gabriella Andersson,
2011, J. Appl. Cryst. (2007)

e HS o®eBa 'm —  X-ray reflectivity, CTR, multilayers
EFPRtT IR
B o-
B * Allows simultaneous stable refinement of many
i parameters
% E A S KA A 1
%g —6 -4 -2 0 2 3 6
o —T = — - -| < Python - easily modified, extended

« Surface XRD code for layered structures

 User-friendly GUI

0330138
0,324980

0 o3 [
pata_[view | {ord ]St

Simulation Sucessful xy

A GeoSoilEnviroCARS 24t National School on Neutron and X-Ray Scattering
—ad " July 21st, 2022 Peter J. Eng 59




Data analysis

Fitting with GenX — genetic algorithm:

;_test3_fortall

(([§

File Edit View Fit Settings Help

EHS=@C¢H

EPRTIRA

Mame

Bo.o
Data control |

Beo
| [e3)]
[

N

Show Use Errors
Mo ‘fes ‘fes
Yes ‘fes ‘fes
Mo ‘fes ‘fes
Mo ‘fes ‘fes
Mo ‘fes ‘fes
Mo ‘fes ‘fes

111%wo02-30e_bme_2011-3\h47_272hours\res_tests - GenX 2.0b trunk

Data and fit

FOM chi2bars: 2.4544e+00

LI
e

results

Difference plot

|

=0 -4 -2 2 4
Data FOM Pars FOM scans F .
Parameter Value Fit HMin Max Erre i lt parameter‘
o inst.set_inten 4.000000 6.000000 |-
1 usr.setbeta 0.000000 0.400000 - ® Value
2 usr.setRes 0.000000 0.500000 -
= 0.000000 D 0.000000 0.000000 - E M
3 ulayerée.setO6oc 0.789588 0.,000000 1,000000 - ° Valld range
= 0.000000 D 0.000000 0.000000 -
4 ulayeréc.seti3u 0.015191 0.003000 0.020000 |-
5 ulayeréb.setl2u 0.010055 0.003000 0.020000 - b error
6 ulayeréa.setl1u 0.016852 0.003000 0.020000 |-
7 ulayerSc.setl3u 0.014250 0.003000 0.020000 - (/
8 ulayerSh.setlU2u 0.013854 0.003000 0.020000 |-
9 ulayer5a.setllu 0.011823 0.003000 0.020000 -
10 |ulayerdc.seti3u 0.009649 0.003000 0.020000 |-
11 ulayerdb.setl2u 0.008670 0.003000 0.020000 -
12 |ulayerda.setliu 0.007451 0.003000 0.020000 |-
13 |ulayer3c.seti3u 0.006629 0.003000 0.020000 -
= ulayer3b.setlU2u 0.004000 D 0.003000 0.005000 |-
0.000000 D 0.000000 0.000000 -

ulayerée.set_c 0.323081 0.200000 0.416670 -

ulayersb.set_c 0.326548 0.250000 0.416670 -

ulayeréa.set_c 0.330138 0.250000 0.416670 -

ulayerse.set_c 0.324980 0.250000 0.416667 - -

< 1 r .
Data | View cript J
Simulation Sucessful Xy
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Data analysis

Fitting with GenX — genetic algorithm:

* Python scripting 1s used to setup the fit model

* Allows considerable customization and

flexibility

—_——

[T pastubbswescarchaaiag

File Edit Search View Encoding Language Settings Macro Run Plugins Window

unitcell — model.UnitCell({3.267, 3.867, 2.471, 20, 20, 120)
# 3 Define the instrument
inst = model.Instrument (wavel = .

w

33, alpha = 2.0)

# 3.a Define beta for roughness model and resolution
usr=UOserVars()

usr.new_var(’' ', 0.0)

usr.new var('res', 0.0)

# 4 Defining the bulk

bulk = model.5lab()

# 4.2 Define the atoms

+ atom name, element, X, VvV, Z, Uiso, mulciplicicy
bulk.add_atom{'T ' , 0.0000, 0.0000, 0.00000, 0.004, 1.0)

bulk.add atom( , 0.3333, 0.6667, 0.33333, 0.004, 1.0)
2 bulk.add_atom( , 0.6667, 0.3333, 0.66667, 0.004, 1.0)
2 bulk.add atom( 0.3333, D.6667, 0. o. 1.0)
F bulk.add atom( 0.0000, 0.0000, 0. o.
25 bulk.add_atom( 0.6667, 0.3333, 0. o.
26 bulk.add atom( 0.3333, 0.6667, 0. o.
bulk.add_atom( 0.0000, 0.0000, 0.7 o.
bulk.add atom( 0.6667, 0.3333, 0. o.

4 6.a bottom layer

ulayerla = model.Slab(ec = .333333333

# 6.b Define the atoms

ulayerla.add atom('T , 0.0000, 0.0000, 0.00, 0.004,
0.3333, 0.6667, 0.25, 0.008,

, 'o', 0.6667, 0.3333, 0.50, 0.008,
]

wlayerla.add_atem('02', 'o', 0.0000, 0.0000, 0.73, 0.004,

ulayerla.add atom(
ulayerla.add atom(

oo

# 6.c middle layer

ulayerlb = model.Slab(c = .333333333
% 6.d Define the atoms

ulayerlb.add_atom('U2", ' . . , 0.00,
ulayerlb.add atom( o', D.6667, 0.3333, 0.25, 0.
ulayerlb.add atom( ', 0.0000, 0.0000, 0.50, O.
ulayerlb.add atom( o', 0.3333, 0.6667, 0.75, 0.
# 6.e top laver
ulayerlc = model.Slab(c =
# 6.f Define the atoms
ulayerlc.add atom( 0.00,
ulayerlc.add atom( .25, o.
ulayerlc.add atom( .50, 0.

53 ulayerlc.add atom( 75, 0.

A —-E

55 ulayer2a = ulayerla.copy()

56

[

ulaver?b = ulaverlb.copv()
4 |

P 3 s &l | (g2 x| BE|1(EDEEDE »
[ script py ﬂl

1 1 -

2 import models.sxrd as model T

3 from models.utils import UserVars

4 import numpy as np

5

6 # 2 Defining the unit cell parameters

% & Creating independent UO2 layers for top - note asymmetric unit cell

(]

length : 5166 lines: 130 Ln:1 Col:1 Sel:0]|0 Dos\Windows ANSI as UTF-8
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Sample Environments

In-situ liquid cells:

(a)

ARV AR TRV TR TR NRA VAN

(@) Transmission and (b) thin film cells
(Fenter 2004)
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Sample Environments

GSECARS in situ liquid cell for radioactive material interface studies
Developed in collaboration with Moritz Schmidt, Paul Fenter and Lynda Soderholm (ANL)

The radiological hazard must be mitigated at the beamline during the measurements

e Multiple containment required
» X-ray scattering compatible

* Remote liquid control
Secondary Containment
Dome

Primary Containment
Dome Ta Liquid Membrane

Liquid Control and Handling

Sample

Sample Puck

/‘ = im B e
Hermetic Electrical d |

Feed-through

He Gas Purge

Secondary Containment / Liquid
Liquid Inlet / Outlet Control

A GeoSoilEnviroCARS 24t National School on Neutron and X-Ray Scattering
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Sample Environments

Adjustable gap thin membrane cell

Humidity
dome

{ \# solution syringe Lead screw nut

\
a \ . ) .
)| Gap Index ring Radial bearing

Gap adjustment
turn wheel

Solution inlet / outlet J
i

%”-20 Lead
Screw

300um dia. X 25um thick chalcophanite crysta

Kapton solution

capture membra&

Thin flexible PEEK
joint
O-ring membrane

Seal

Quartz single crystal
sample mount

+200pm -200pm
membrane gap membrane gap

A GeoSoilEnviroCARS 24t National School on Neutron and X-Ray Scattering
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Sample Environments

Miniature electrochemistry cell

Solution ports Ag-AgCl reference electrode

Sample
3mm Dia. |
Dome
0-ring Seal _ o
/ Total Cell
o Pt counter electrode
Dia.=19mm
Counter
Electrode Inlet
|
Working Electrode
Outlet
Reference Electrode
Collaboration with M. McBriarty, K. Rosso, PNNL Spherical Tefzel dome traps 200-500 pum

electrolyte solution

A GeoSoilEnviroCARS 24t National School on Neutron and X-Ray Scattering
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Electrochemistry at the (1-102) surface Hematite

Potential-Specific Structure at the Hematite—Electrolyte Interface
M.E. McBriarty, J.E. Stubbs, P.J. Eng, K.M. Rosso (2018) J. Phys. Chem. C. 121:12236

The atomic-scale structure of the interface between a transition metal oxide and
aqueous electrolyte regulates the interfacial chemical reactions fundamental to
(photo)electrochemical energy conversion and electrode degradation.

Sample
3mm Dia.

Dome

0-ring Seal

Counter /

Electrodeg /7

Total Cell
Dia. =19 mm

Inlet

Working Electrode

Reference Electrode

T2 a4 s 12 3 4 5 8 7 8 9
10L 201

Crystal Truncation Rod
Data Set

(1-102) surface of hematite (a-Fe,0;) Electrochemical Cell
for Interface Scattering
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Electrochemistry at the (1-102) surface Hematite

Atomic models of the hematite—water interface Time-averaged atom density in the
derived from CTR fits. surface normal direction.
ocP1 0.2V 0.7V ocP2
D e
9 _
- .8 o
o
@ 10-
c
@ ]
©
B 8-
B
@
§ 6
S
L=
==
24
0 v
Water molecules flip in response to Distance from O plane [A]

applied potential at pH 7
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CTR Diffraction — RAXR
Resonant Anomalous X-ray Reflectivity (RAXR)

Adds elemental specificity to CTR measurements
The location, occupancy, and distribution width of a specific adsorbed element on a
surface can be determined by measuring the structure factor as a function of energy
through an absorption edge of the element at a fixed point on the CTR.

Non-resonant Structure factor - as a function of HKL at fixed energy far from absorption edge

atoms in the unit cell

F (H K, L) — z f elZTc(ka+ykK+sz) e~ M; Sum over all non-resonant

k=1 Non-resonant atomic
scattering factor

Resonant Structure factor — as a function or energy through an absorption edge at fixed HKL

F, (H,K,L,E) = z(f’(E) + if-”(E))eizn(fo+ny+ZfL) o —Mj Sum over all resonant atoms in
cres\Ut, 8, L, j ) _

the unit cell
j=1 . :
Anomalous dispersion terms

Eurs(HKL,E) = NyN,[F.(HKL) + Fyes(HKL, E)]e™™
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CTR Diffraction — RAXR

The resonant intensity results from the interference between the non-resonant and resonant
components of the total structure factor

2
I(HKLE) N%N% Fc,bulk(HKL)Fctr(L) + [FC(HKL) + FC:TQS(HKL’ E)]surf|

The anomalous dispersion terms: fj' (E) + ifj”(E) are determined experimentally

6
4t 1 «—— Measured XANES profile
< ot of element of interest
Y
0_
21 ]
— g
___________ s . .
4 «— Determined by difference
6} ] Kramers-Kroning transform
ol Vi T CL broadened Cross et al. Phys.Rev. B (1998)
= agueous
10— - - - '
0.2 -0.1 0 0.1 0.2
E-E_ (keV)

(Park et al., J Appl Crystallogr 2007)
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CTR Diffraction — RAXR

Surface-Mediated Formation of Pu(IV) Nanoparticles at the Muscovite-Electrolyte Interface
M. Schmidt, S.S. Lee, R.E. Wilson, K.E. Knope, F. Bellucci, P.J. Eng, J.E. Stubbs, L. Soderholm, P. Fenter (2013) Environ. Sci. Technol. 47: 14178-14184

Clean muscovite surface exposed to Pu(III) solution

q=014A" =045 ¢=017A" L=055 q=020 A",L-=065 q=028A"" L-089
18

o5 13 13
Specular CTR : ? .
45 n
15 115
10
T T T 3 4
] 1 11
3 35 9 ) 105
o micaPu(lll), fresh 1 3 8 12 10
—best fit ] 176 178 18 182 184 176 17.8 18 182 184 17.6 178 18 182 184 176 178 18 182 184

° micaDIW (Cheng, PRL, 2001)

q=038A" =121 q=049A" 1=165 g=056A" =177 g-073A"" L-231

54 3
29 0.018
52 29
2.8
e 5 28 0.016
1 26 26 0.014
4 48
."? 44 25 2.5 ¢
(2] 24 24 0.012
5 _E 176 178 18 182 184 176 178 18 182 184 176 178 18 182 184 176 178 18 182 184
E z 1 4 .
g= 0.‘85{\ , ‘L= ;_71 g= 1.‘085 , ‘L= 3.45 . 1= 139 Af‘,l L=4.44
0.028 0.056
= 10.5
0.027 0.054
0.026 0.052 10 o Data
0.025 $ 005 95 ——MI-RAXR fit
0.024
K 0.048 3
L _ 0.023
g 0.022 004 835
[ 176 178 18 182 184 176 178 18 182 184 176 178 18 182 184
f RAXR spectra:
10" L 1 ! 1 !
0 ! 2 4 5 6 Energy scans across Pu L;; edge at fixed Q

Fit phase & amplitude for Pu height & coverage
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CTR Diffraction — RAXR

Muscovity‘
surface

Pu(IV) Nanoparticles

Pu has broad vertical distribution, peaked at
. 10.5 A and extends >70 A

—Total electron density (CTR)
B Pu electron density (MD-RAXR)

[l Uncertainty of Pu ED

- - -micaDIW (CTR, Cheng, PRL, 2001)

micaPu-NP (Pu-RAXR, Schmidt, Langmuir, 2012)

Normalized Electron Density

0

0 10 60 70

El-?eighl from the4sourface5€li)
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Andrews S.R. and Cowley R.A. (1985) J. Phys C. 18, 642-6439. (-> original reference)

Vlieg E., et. al. (1989) Surf. Sci. 210(3), 301-321.
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Feedback

Lecture —9:45 — 10:45
Surface and Interface Scattering - Peter Eng
https://forms.office.com/g/NLyUDMAupR
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History

Total external reflection of x-rays — Arthur H. Compton
1922 Fig. 4.

Phil. Total Reflearon of X-Rays. 1123 123 |

radiation is considerably higher than the natural frequency
of the electrons, this becomes very nearly,

ie?
_ 4
2amv?’ @) . ; Criblend
. . t
where n is the total number of electrons per unit volume of re 1;“ o ngi:
the mediam. Glass Theory

It X-rays of wave-length 1‘473_&. traverse calcite, this
expression (4) indicates an index of refraction which is less
than unity by about §x 1076, For A=1-279, §=6x 1078,
and for A=1096, 5=4'5x107° The close correspondence
between these theoretical values and the values calculated
from Duane and Patterson’s experiments can leave little
doubt but that the consistent changes in apparent wave-length
with order which they observe are due to refraction.

3. Observation of Total Reflexion of X-rays. o 19 20 30" P o=ze

Since the refractive index is less than unity, a beam of

X.rays striking o plane surface at a sufficiently large angle

of incidence should be totally reflected. The critical glancing
angle is given by

Intensity or Reflection

cos 0 = p, Reflaction
or g Ly
sin@ = 4/28 = Lacquer
* [
For 1°279 A., the value of & for crown glass of density 252 2 .
P L. O 106 - hich 90 =232 & Critical
is given by equation (4) as 52 x 107¢, in which case 20 =22 T o Angle
minutes of are, which is a readily measurable deflexion *, - B Theotry
Fig. L. =
=
&
i £ -
a Rarisction
E by Silver.

NPT Y Py Q 10! 20 30" 40! 50
Chamber Angle 26

[«
Total reflexion and eritical angles for A=1"279 A.
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History

Critical angle for total external reflection of x-rays

Snell law:
n,cos6; = n,cos0 , : :
Let: For single crystal of Si at 10 keV:
n, = 1,n= 1, and 6,=0 A=1244A,p = 2.33Cgm—m3, Z =14, A =28.09gm
Then critical angle for total external reflection is: 0. = 3.1mrad (0.18%)
6.=+2(1-n)
Let n =1 — § then:

0.[mrad] = V26 = 2.317 A /p%

.33, Jig=0.nm, FP=1., E=10000.eV

0, )
n2<0

From the CXRO Website:
http://henke.lbl.gov/optical constants/mirror2.html
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History

Surface x-ray diffraction measurements at grazing incidence

— Marra, Eisenberger and Cho 1979:

“X-ray total-external-reflection-Bragg diffraction: A structural study of
the GaAs-Al interface”

J. Appl. Phys. 50, 4146 (1979)
— |. K. Robinson 1983:

“Direct Determination of Au(110) Reconstructed Surface by X-Ray
Diffraction”

Phys. Rev. Lett. 50, 1145 (1983)
— S. Brennan 1985:

“Two-Dimensional X-Ray Scattering”
Surf. Sci. 153, 1 (1985)
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History

3-D surface x-ray diffraction

— |.K. Robinson 1986:

“Crystal truncation rods and surface roughness”
Phys. Rev. B 33, 3830 (1986)

sin?(+N3g3a3)
| FQ2wh /a\,2mk /ay,q3) | *=NINI—— 222

. 1
sin’(yq3a)

—prNim as Ny— oo for qia;#2ml
249343

un (222) Q

s [ITTTITTTA
uTH[ (2000 3w

._ .
10 (311 (a00)

INTEGRATED INTENSITY (COUNTS/30 sec)

[ SURFACE

— L 1 I . I 1 !
-06 -04 - o] o2 04 [+1:3 08 10
PERPENDICULAR MOMENTUM TRANSFER, K (RECIPROCAL LATTICE UNITS)

34

K=090 o

8

I K=075 é

o
, ‘5‘?;];, %Qﬁé

:

ouoo ®_oo

8

2x10*} 00

1% 10 s} %

8

INTENSIT Y (COUNTS/3058C)
w
5,
o]
INTENSITY (COUNTS/305e0)
[e]
INTENSITY (COUNTS/30s€eC)

o

1 s 1 . 4 o 1 1 1 PR n I
© -1 [o] [ -1° Q ”© 1° o
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CTR Diffraction — On the Instrumentation

quhdge

)

je’recfor Arm

A__ GeoSoilEnviroCARS 24t National School on Neutron and X-Ray Scattering
L 0 gy 21st, 2022 Peter J. Eng

79




Diffractometer Geometry — Off-Specular Rods

For off-specular specify two diffraction geometry parameters:
1) Incidence angle alpha that the k; vector makes with the crystal surface
2) The angle Naz that the surface normal vector makes with the horizontal plane (a plane parallel to the floor in our lab)

Sample normal
\ dlrectlon \

[ ———— (1,1,L)Rod

Qa.1,1.3)

View from the source View perpendicular to the source
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Diffractometer Geometry —Specular Rod

For specular specify one diffraction geometry parameters:
1) The angle Naz that the surface normal vector makes with the horizontal plane (a plane parallel to the floor in our lab).

(0,0,L) Rod/—\
L f(\Sample normal e
* direction \)\ e

Qa.1,13)

View from the source View perpendicular to the source
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Diffractometer Geometry — Finding the Surface Normal

PHJ

CHI

Rotation Center of Eta
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Diffractometer Geometry — Finding the Surface Normal

Phi +10

Chi -0.25
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Diffractometer Geometry: (1,1,1.6), Naz = 90°, alpha = 5°

Vertical Scattering Geometry

—
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Diffractometer Geometry: (1,1,1.6), Naz = 0°, alpha = 5°

Horizontal Scattering Geometry

o
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