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Review of SXRD: CTRs and SRs

Surface x-ray diffraction (SXRD, SXS, GIXS, GIXD, ...
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Review of SXRD: CTRs and SRs

Surface x-ray diffraction (SXRD, SXS, GIXS, GIXD, ...)
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Motivation: Watch materials creation

fluoresced e atomic structure
RHEED .
o (SXRD)

HAXPES f;:"’__,,}’.. & o Occupied the®es®iatas Y

Rt T | electronic levels m

0 e D AR (HAXPES) XXX
electronS: S aipts > | * unoccupied -

X-rays electronic levels

(XANES)

* band structure
(HARPES) H. Zhou et al., PNAS 107, 8103 (2010).

08 -04 00 04 o8 04 02 00 02 04
. . 0 o : o
k 110y (A7) k11z) (A7)

T.C. Rddel et al., Phys. Rev. Appl. 1, 051002 (2014).

Dillon Fong Surface and Interface Scattering



Section

Motivation: VWatch materials creation & property evolution during creation
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Section

Motivation: VWatch materials creation & property evolution during creation
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Section

Motivation: Watch surfaces during reaction

electrocatalysis, AFPS Sector .
™ :

Dillon Fong Surface and Interface Scattering



Motivation

Example from APS Sector |2

PbTiO3/SrTiO3 (001)
* can look at 3D atomic resolution structure (like
TEM)
* but can look at non-destructively
sITio, . PbTio, _&°oW™

12345678 910111213
Layer Number

D. D. Fong et al. Phys. Rev. B 71, 144112 (2005)
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. Surface X-ray Diffraction (SXRD)
* Modeling F(Q)
- Structure factor for a crystal
- Structure for a film / substrate
- Effect of roughness
- Fitting examples

ll. Direct methods
lll. Example results
V. Practicalities

V. X-ray photon correlation spectroscopy (XPCY)
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Review of SXRD: CTRs and SRs

SXRD geometry

off-specular rod

/ specular rod
© /

Ewald
Sphere
\\co
a . .
@) (b) origin of
real space reciprocal space reciprocal space

T. T. Fister & D. D. Fong in Thin Film Metal-Oxides, Springer (2010)
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Review of SXRD: CTRs and SRs

Modeling F(Q) for a CTR

Ex. PbTiO3 / SrTiOs (001)

© Pb n=0— _C \
FCTR(Q) — N1N2Fcolumn(Q) T on=1— -C N
‘ O n=2 — n
/
column Z Fumt cell —n(zden—|—dn /Cn) © Sr n=3 — é
a
n=4 — :
Geometric series: {I, 1/2, 1/4, 1/8, 1/16, 1/32, ...} n=5 — _a
What is the sum over the first 6 terms!? .
a= | (first term) o
r = 1/2 (common ratio)
N = 6 terms for |r] < |: series converges
N—1 1 — rN — 1
Y ar'=a Zar"—a(l_r>
0 l—r n=0

= 1.96875
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Review of SXRD: CTRs and SRs

Modeling F(Q) for a CTR

Ex. PbTiO3 / SrTiOs (001)

© Pb n=0— _C \
FCTR(Q) — N1N2Fcolumn(Q) T on=1— -C N
’ O n=2 — n
oo g /

Fcolumn(Q) _ Z Fnunjt cell(Q)e—n(indn—i—dn/Cn) © Sr N=3 — _
n=0 a
n=4 — :
A
: N—1 oo
1=t () o B (i) = 8B
n=0 n=0 ®
N—-1 ixN )
Z eixn L l1—e
1 —eix
n=_ €
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Review of SXRD: CTRs and SRs

Modeling F(Q) for a CTR

Ex. PbTiO3 / SrTiOs (001)

©Pb n=0— _C \
FCTR(Q) — N1N2Fcolumn(Q) T on=1— -C N
‘ O n=2 — n
o0 g /

Fcolumn(Q) — Z Fnumt cell(Q)e—n(zden+dn/§n) O Sr N=3 — _
n=0 4 a
unit cell ] — e NCe - -a
Fcolumn(Q) F PbTi03 (Q) ( ] — e ilzc ) n=5— . -
. 1 o
LS "4 N 11
e e RS (0

or if N is not too big, and you can fit many parameters:

Npp 0 N 0 No Q- it cell 1
1O-r; IVUr; l r unit ce
:beZe J‘|‘fTiZ€ J‘|‘fOZe ]_I_FSI’TIO3 (Q)l_e—ina
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Review of SXRD: CTRs and SRs

Modeling F(Q) for a CTR

Ex. PbTiO3 / SrTiOs (001)

© Pb n=0— _C \
FCTR(Q) — N1N2Fcolumn(Q) T on=1— -C N
‘ O n=2 — n
00 g /

Frotumn(Q) = Z Fnunit Cell(Q)e_n(indn+dn/ Cn) ©Sr 3—
n=0

1 — ¢~ iNQzc ,~Nc/CpbTio, )

1 — p—iQzc ¢/ CPbTiO;

19 column(Q) — I;Ibn%ti(():iu(Q) (

—iQ;((N—1)c+§) ,—((N—1)c+&)/LpvTio, prunit cell
Te € *Fsiio; Q) | — ¢—iQza,~9/CsTiog

Rshift

Fcolumn (Q) — S(Q) -|- B(Q) g old origin

Note that you can move the origin by multiplying by 'Lz Rshift § " new origin

D. D. Fong and C. Thompson, Annu. Rev. Mater. Res. 36, 431 (2006)
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Review of SXRD: CTRs and SRs

Modeling F(Q) for a CTR

Don’t forget the phase factor
* Ex. PbTiO3 / SrTiO3 (001)

unit cell
+ F3:Tio, [ _ o-i0:a

08—
with phase factor with §{ = ¢
107 without phase factor ]
10° :
Tz,

. a a
thickness = —<  ~ ref
Arninima FWHMBragg
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Section

Modeling F(Q) for a CTR

Nuc

Unit cell structure factor:  Fié, (Q) = Y fi(Q)e Bi(@/4m) JQR,;
j=1

= forry(Q)e P (/47

- 2 i0ya/2 iQ; —c
Atomic form factor: fo() (Q)eBo@ (@/47)" i0ya/2 fiC:(£020() ~¢/2)

0 (Q)e—BO(Z) (Q/47t)2eiQxa/Zeian/Zein(:t5z0(2)—C/2)

_I_

L (ryy, ) + Joe)
i fri(0) o Bri(Q/ Am)* Qe (+6z1i—¢/2)
_|_

foo(Q)e B/ 47)* 4i0xa/2 4iQya/2 ,iQ; (+8zpp)

f(Q.E) = fo(Q) + f'(E) +if"(E)
see f0_WaasKirf.dat J\j —

- based on Waasmaier-Kirfel model:
D. Waasmaier & A. Kirfel, Acta Cryst.

A51, 416-413 (1995).

37300 E‘\e" %Y

see http://henke.lbl.gov/optical constants/sf/sf.tar.gz, from D.T. Cromer & D. Liberman, Acta Cryst. A37, 267 (1981)
or http://www.tagen.tohoku.ac.jp/general/building/iamp/database/scm/AXS/ from Y. Waseda, Novel Application of
Anomalous (Resonance) X-ray Scattering for Structural Characterization of Disordered Materials. New York. Springer.

0Q /
[ )
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http://henke.lbl.gov/optical_constants/
http://www.tagen.tohoku.ac.jp/general/building/iamp/database/scm/AXS/

Review of SXRD: CTRs and SRs

Modeling F(Q) for a CTR

Debye-Waller factors 5
* need to look up in the literature
- e.g., isotropic Debye Waller factors

0.2
B(x) (A°)

Table 5. Calculated temperature factors B(x), A2, for models 4, 5 and 6 compared with
experimentally determined values for BaTiO,.

Temperature  Model B(Sr) B(Ti) B(O,) B(O,) ‘ ) ‘ ‘
(K) 0 100 200 300 400 500
Temperature (K)
100 4 (90) 0-199 0-135 0-194 0402
5(90) 0-208 0-155 0-185 0-397
6 (90) 0-228 0-194 0195 0-399
300 4(297) 0492 0-251 0278 0-807
5(297) 0-511 0303 0-258 0-790
6(297) 0:526 0-352 0-275 0783 ' o o ‘
1010 i no DW ]
o
for SrTiO3: W. G. Stirling, ). Phys. C 5, 2711 (1972) DW at 25°C
DW ht 550°C
8 at
10
Table 2. Summary of parameters refined at all temperatures (Pb at origin)
% 106
—183°C —115°C 25°C 550°C
Isotropic temperature factor refinement 4
dz.(A) 0-167 0-171 0-162 0 107 + +
02y (A) 0-492 0-479 0-473 0
020y (A) 0-505 0-504 0-486 0
B(Pb) 0-378 (100) 0-757 (84) 0-706 (89) 2-711 (167) 100 |
B(Ti) 0-284 (215) 0-364 (187) 0-060 (170) 0-694 (225) :
B[O(1)] 0-670 (140) 0-713 (123) 0-351(117) 1-549 (102) . . .
B(O(2)] 0-498 (98) 0-862 (85) 0-477 (15) BlO(1)] |5 unit cell PbTiO3 / SrTiOs3
R, 5.22 5-90 4.35 3.10 | A R — T A
R, 12-47 12-21 10-19 12-07
.y 15-20 15-87 12-83 16-57 0 1 2 3 4 5

w

L
for PbTiO3: A. M. Glazer & S. A. Mabud, Acta Cryst. B 34, 1065 (1978)
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Modeling F(Q) for a CTR

The Debye-Waller factors depend on phase

* can tell phase transitions by intensity changes
* e.g, for a I5 unit cell thick BaTiO3 / SrTiOs3

260F 1 | | | -
. BTO 003 at 37.53 keV
240 - -
L 200 - - |
pafjaelectric
200 - \ -
| I I I

J)
300 400 500 600 700
Temp (°C)
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Review of SXRD: CTRs and SRs

Modeling F(Q) for a CTR

Continuous roughness

 Gaussian distribution of step heights about a mean surface

R2 — 47 (Ap?) (0~ 0p)’

o) mean square deviation of step heights in units of the lattice spacing

-0.30 -0.20 -0.10 0.00 0.10 0.20 q

Fig. 6. Intensity change of the CTR scattering along the rod for
| : : several different degrees of surface roughness. (a) Ideal flat
surface; (b), (¢) and (d) rough surfaces with (4p?) = 0.2, 0.4 and
0.6 in Debye-Waller-like factor, respectively; (e) the 1/ q° rela-
tion, showing its deviation from the exact calculation (a) for
the ideally flat surface.

J. Harada, Acta Cryst. A 48, 764 (1992)
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Review of SXRD: CTRs and SRs

Modeling F(Q) for a CTR

Discrete roughness - film thickness gradient
* On top of “continuous roughness”, we may have thickness non-uniformity of the film

* If we have a Gaussian distribution of thicknesses about a mean thickness, we simply
coherently add up contributions from each thickness

FcTr (Q) = P1Fthickness I(Q) + P2Fthickness 2(Q) + P3Fihickness 3 (Q) + ...

thickness

C. Thompson et al., Appl. Phys. Lett. 71, 3516 (1997)

Dillon Fong Surface and Interface Scattering 20



Review of SXRD: CTRs and SRs

Modeling F(Q) for a CTR

AFM of PLD film: bimodal thickness

D. Dale et al., Phys. Rev. B 74, 085419 (2006)
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Review of SXRD: CTRs and SRs

Modeling F(Q) for a CTR

Discrete roughness - more general
* can account for non-Gaussian thickness non-uniformity (e.g., bimodal distribution)
-e.g., in PLD, for n pulses of (random) growth

k=3
k=2
k=1

Probability of getting exactly k layers to grow at unit cell position x after n pulses,
with each pulse resulting in a coverage of p (i.e., binomial distribution)

P(X =k)= (Z) Pr(1=p)"™" where (Z) - k!(nni k)!

in our language o

b = coverage, O R> = [1 —46(1—0) Sinz(nL)] 20(1-0)

n = od® / (c* 6(1-0)) D. Dale et al,, Phys. Rev. B 74, 085419 (2006)
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Review of SXRD: CTRs and SRs

More on roughness

In situ growth & roughness evolution for LSMO/STO(001)

@00 12

I I

Ototal = \/O-czontmous + O-(%iscrete becomes b Step-flow heteroepitaxy, Kiessig oscillations (normal osc of F)
== Layer-by-layer homoepitaxy, Roughness oscillations
7 = 50 (rough/smooth)
) _40-62" Sinz(Q a/z) ) Gd 2
R(QP =e @ ™42 11 _40(1 - 0)sin?(xL)] Z0-0) 3
2 T 10 ]
I(Q) = R*(Q)1h(Q)
GFOWth Of LSMO/STO(OO I) by PLD ) step-flow*LBL :'(F)l;zzzed ]
6.0 T T T | T 1 | —
a =
) — \/02+o0: 5
o
- O, _ E
4.0 — 0d / :;‘
g o. = Joi + (atf)?, .‘ é
b L
201 N A oo =co/PA—p), |
0 2 4 6 8 10 12 14 16
Thickness (ML)
O 0 ] ] | ] ] | ]
0 2 4 6 8 10 12 14 16
Thickness (ML) D. Dale et al,, ]. Phys: Condens. Matter 20, 264008 (2008)
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Review of SXRD: CTRs and SRs

More on roughness

Dale model: Continuous roughness + discrete roughness

2 2
Ototal = \/O-contmous + Odiscrete

1010 S s S B e S — T =
no roughness 15 unit cell BaTiO3 / SrTiO3 |
108 3 E
& 106 —
104 3 E
0.0 0.5 10 1.5 2.0
L
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Review of SXRD: CTRs and SRs

More on roughness

Dale model: Continuous roughness + discrete roughness

2 2
Ototal = \/O-contmous + Odiscrete

1010 e B B s s s s B L =
no roughness 15 unit cell BaTiO3 / SrTiO3 |
oc=2A

10° - )
N (U _
10% 3

100 ' ‘ ' ' : : : : ' ' ' : l L I L ! L L |
0.0 0.5 1.0 1.5 2.0

L
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Review of SXRD: CTRs and SRs

More on roughness

Dale model: Continuous roughness + discrete roughness

2 2
Ototal = \/O-contmous T Ogiscrete
"4 really important at mid-zones

(why we watch during growth)

109 ¢ no roughness |5 unit cell BaTiOs / SFTiO: ]

O'c=2/e\ .

0c=2A, 6=0.5, 6s=2A
109 3 |
~ 1000+ ]
1 |
coor- Lo
0.0 0.5 1.0 1.5 2.0
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Review of SXRD: CTRs and SRs

Fitting example: ferroelectric PbTiO3 / SrTiO3 (001)

Friedel’s law: intensities appear the same at
Bragg peaks (regardless of centrosymmetry)

10° | ----- Irp 2 (@) |
107 }

107 }

|2

10° |

10° |

C. Thompson et al., Appl. Phys. Lett. 71, 3516 (1997)
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Review of SXRD: CTRs and SRs

Example calculations

Thickness fringes - compare to STO
* changes in electron density and/or lattice parameter
- see Mathematica file FPTO_STO_scattering_tests.nb

A : . (both d
|0uc PTO/STO with ciim=4.1 A, a:s=3.905 A, € = 3.905 A e P24 9

109 ET T T T T T T T T T T T T T T T [ T T T T T T T T I T T
iy 5
d
»
™
. n
N T
'R
/ ’
| L 4
1000  ==.7"% s FVWVVES !
F M tame?® e nnmem®”
| | | | | | |
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Review of SXRD: CTRs and SRs

Example calculations

Thickness fringes - compare to STO
* changes in electron density and/or lattice parameter
- see Mathematica file FPTO_STO_scattering_tests.nb
|0uc PTO/STO with ciim=4.1 A, as=3.905 A, § = 3.905 A (both p and c)

|0uc STO/STO with cim=4.1 A, asu=3.905 A, & 3.905 A (just Ac)

107 7
10"
= 10°

1000
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Review of SXRD: CTRs and SRs

Example calculations

Thickness fringes - compare to STO
* changes in electron density and/or lattice parameter

. o o . (just Ap)
|Ouc PTO/STO with cim=3.905 A, asub=3.905 A, { = 3.905 A

10°
10’
)
10()0?- S M
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Review of SXRD: CTRs and SRs

Example calculations

Thickness fringes - compare to STO
* changes in electron density and/or lattice parameter

10uc PTO/STO with cim=3.905 A, asub=3.905 A, € = 3.905 A (just Ap)
|0uc STO/STO with cim=3.905 A, asw=3.905 A, € = 3.93 A (just §)

10% = :

107 ]
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Review of SXRD: CTRs and SRs

Experimental verification - hybrid MBE + MOCVD

stoichiometric STO on STO

® Experiment — Calculation

£l
L
2
0
| =
2
L=
3
-
8 [Q) T, =725C Film Thickness = 151 nm

TTIP/Sr=41.41 Offset = 24 pm
6 = Py, =5x10°tor

i
2 J o .
319 320 321 322 323 324

q, (nm’") LeBeau et al,, Appl. Phys. Lett. 95, 142905 (2009)
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Review of SXRD: CTRs and SRs

Experimental verification - hybrid MBE + MOCVD

stoichiometric STO on STO

® Experiment — Calculation

3

S,

=

7]

5 8 Tsub=800°C Film Thickness = 146 nm
€ -  TTIPSr=44.19 Offset =15 pm
§ 6 - Py, =5%10°tor

]

-
| 1 1 1 1

8 Ty =729°C
i TTIP/Sr=41.41
6 = Py, =5x10°tor

Film Thickness = 151 nm
Offset = 24 pm

al

319 320 321 322 323 324
q, (nm’") LeBeau et al,, Appl. Phys. Lett. 95, 142905 (2009)
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Review of SXRD: CTRs and SRs

Experimental verification - hybrid MBE + MOCVD

stoichiometric STO on STO

® Experiment — Calculation

Ty =800°C
TTIP/Sr=43.45
Poy = 5%10° torr

Film Thickness = 153 nm
Offset =3 pm

»

H
T T

T

3

S 2

E | | | | | 1
7]

5 8 Tsub=800°C Film Thickness = 146 nm
€ -  TTIPSr=44.19 Offset =15 pm
§ 6 - Py, =5%10°tor

]

-
| 1 1 1 1

8 Ty =729°C
i TTIP/Sr=41.41
6 = Py, =5x10°tor

Film Thickness = 151 nm
Offset = 24 pm

al

319 320 321 322 323 324
q, (nm’") LeBeau et al,, Appl. Phys. Lett. 95, 142905 (2009)
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Review of SXRD: CTRs and SRs

Experimental verification - hybrid MBE + MOCVD

stoichiometric STO on STO

® Experiment — Calculation

purposefully non-stoichiometric STO

T, =800°C Film Thickness = 150 nm
 TTIP/Sr=46.06 Offset =0 pm Calculation
gl HErosen _ e Experiment - No offset — Offset (23 pm)
3: Tsub =725°C g Thickness = 140 nm
S g lLTTIP/Sr=46.18 i ¢, =0.39097 nm
':‘>, Poy = 5%10° torr
| 1 1 1 | .a 6 ~
o
T,,, =800°C Film Thickness = 153 nm E 4L . aA.
" TTIP/Sr=4345 Offset =3 pm o !
8 | Pg =5%10°torr 9 2 s . . il ™
31.9 32.0 32.1 32.2 32.3 32.4
—~ -1
= d, (nm )
O
E | | | | 1
c g [®) ., =800 Film Thickness = 146 nm ﬂ Vi Ic ~ | 111 h i h
g sub _ re ECtIVIt)’ IS Insensitive to the stoic |ometry
T -  TTIP/Sr=44.19 Offset =15 pm
= 8L =5x10° t N S . . -
§’ i I P o Non-stoichiometric Film Stoichiometric Film
4l ST Q) | (b)

2

-
| 1 1 1 1

8 [Q) T, =725°C

Film Thickness = 151 nm

T, =725°C

Log [Intensity] (a.u.)

Gl o SRRt 2 TTIPIST = 46.18 " TTIP/Sr = 4141
L. = 11 pox=l5x10*‘lton | . | Pox —15"10'51torr | 1
il 05 10 15 20 05 10 15 20
2 /) q, (hm”) g, (hm”)
319 320 821 322 323 324
q, (nm’") LeBeau et al,, Appl. Phys. Lett. 95, 142905 (2009)
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Review of SXRD: CTRs and SRs

Aside: In-plane peaks (L ~ 0): grazing incidence diffraction

5 Mgo BulkN
Substrate T ulk Ni
Bra E
’ peaﬁg 1 O
g Substrate
Z CTR 4
VA r— '5
% Epilayer (7)) 1 O
. _— Bragg . -
é peak _‘(2 ;
4 Epilayer :Cj 3-
Z
Z d E
ro 8 1 3
4 > T
()~ Q(or h) D oM
-
510 .
£ Na
v, —a—
£ W
B\
! —=—27.5ML
1 O —0—17.5ML
—— 12.5ML
—o—6ML
0 —v—2ML
—v— 1ML
1 O w— OML
b e A T
2 2.2 2.4
a~0.1° H (rlu, MgO)
G. Renaud, Surf. Sci. Rep. 32, | (1998) K=0, L=0.1
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Review of SXRD: CTRs and SRs

Aside: In-plane peaks (L = 0): grazing incidence diffraction

A 4054 ' : : a=0.04°
at 402 peak
Substrate
Bragg o 4.00
’ peak =
g = rent Position
Substrate Zd 395 =
Z CTR a Relaxed PZT| 8.6% Zr in PZT
% 8 elaxe .0/0 Fin
A Epilayer =
Bragg I 390
peak
VE%%%yer 983 T T T T
0 500 1000 1500
é Time after Growth Starnt (s)
(/  Qu (or B) . . .
B 405
m 4.00
=
-
IS .
o e 15.9% Zr in PZT
S
o
T 390

3.85

Time after Growth Start (s)

G. Renaud, Surf. Sci. Rep. 32, | (1998)

R.-V. Wang et al,, Thin Solid Films 515, 5593 (2007
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Review of SXRD: CTRs and SRs

Aside: In-plane peaks (L ~ 0): surface reconstructions

— <
I 31 £ 6000
2500 57 0 ,8-
z 4000+
—~ 2000F )
< >
g £ 2000F
£ 5
® 1500 =
2 0.20 -0.10 0.00 0.10 0.20
> Theta (deg)
D
c 1000f 31
£ 232"
0 1 1 1 1 1
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

K (reciprocal lattice units)

A. Munkholm et al,, Phys. Rev. Lett. 88, 016101 (2001)
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Review of SXRD: CTRs and SRs

Aside: In-plane peaks (L ~ 0): surface reconstructions

PbTiO3: PbO-induced reconstruction o r=750"C
P(PbO) = p(PbO) =
30000} 3.0e-7 Torr 4.8e-6 Torr

(a)

2,0,0.5
20000F

10000F

4000

Intensity (cps at 100mA)

3000 |
20001
1000 }
0
() '
1500F 413,00

I
I
|
1 L 1 R ’
0 200 400 600 800 1000
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Review of SXRD: CTRs and SRs

Aside: Reminder on grazing incidence

at and below a,
» penetration depth ~ 30 A (“perfect” reflection below o)
- can work at ac for in-plane diffraction studies [some people do grazing exit scans]
- e.g., H 0 0 scan [grazing incidence + grazing exit]
- can also do CTR-scans on ultrathin films (e.g., 1-5 unit cells)
- can improve signal from intensity boost at ac (¢*€)+ large footprint
- but you don’t need to vary penetration depth to get depth dependent info!

A’ . 2 2 2 . 2 _1/2
A= (sm ai—acz,n) +4B,%+ac,n—sm o

272

a-GeSe, at 11 keV

~1/2
2 (\/(sin2 Y= acz,n)z +4B7 + acz,n —sin® '}’)

_____ Reflectivi_ty"“‘ 46000
............... 1/e Dgpth y
€”(0)'€(0)

(A)

Reflectivity

N
l

|

W

o

o

o

1/e Depth

2 A
SN
" =

. . ...-i\:‘r--__ | NN PRI [ ; \ /
0.1 0.2 0.3 0.4 0.5 0.6 \

i Active area
¢ (Degrees)

P. H. Fuoss and S. Brennan, Annu. Rev. Mater. Sci. 20, 365 (1990) O. Robach et al,, J. Appl. Cryst. 33, 1006 (2000)
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Review of SXRD: CTRs and SRs

Aside: Grazing incidence: effects of refraction

In-plane diffraction (L ~ 0): no problem
But if you stay at o to run up a CTR or SR:

* diffracted beam appears at altered L-position
M. F. Toney and S. Brennan, Phys. Rev. B 39, 7963

Diffracted (|989) — §I ——pe
2400 |- o
Incident
/>
@ Reflected & 208 ¢ ¢ 2000
S et
NNR NNNAN\Refracte
\ \ —~ £ 1600
S
Angular shift in out-of-plane direction: = 120f8
2A60=20—26, Jebd
o, (k,),
(ky ) 1200
s N - ol G RN 29 30 31 32 33 34
~¢ 5 {[(¢°— ;) +4B7] o547}, 20 (deg)

So in general, we like to keep o ~ |°
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Review of SXRD: CTRs and SRs

A few more refinements on models for surface reconstructions (ANA-ROD)

Could add occupancies in form factor Surface
. A
surface could build a roughness model
unit ce
Fut = Y f6,expl—B,Q* /(167 exp2ri(hx; + ky, + I1z)l, =0 29299‘;@2@3qu393@2@2@
j SO OOOOOOOO
| | o0 0000000
Could add occupancies for surface domains 020%6%%0%% %% %%%"°
: : : v O00000OCGCOGIOGOOO
- e.g., for a surface reconstruction only covering portions Bulk

N, N, 1/2
F,, = SR[(I —f.) Zaijz,j + £ Do o(F,; + Fb,j)z] . (incoherent addition of each domain)
J ]

1/2

Foum,con = SR{(l - fs)( Z aij,j) + fs[ ; aj(Fs,j + Fb,j)] } . (coherent addition of each domain)
j

total crystal area

S = scale factor S,

R = roughness factor R

fs = fractional surface coverage f

Fb = structure factor for bulk
surface fraction

Fs = structure factor for surface

Nd = number of symmetry-related surface domains

* 0j = occupancy of domain j

surface fraction f;

People have been using ANA-ROD for relatively simple surface structures
* http://www.esrf.eu/computing/scientific/joint_projects/ANA-ROD/

E. Vlieg, ]. Appl. Cryst. 33, 401 (2000)
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Review of SXRD: CTRs and SRs

A word on coherent vs incoherent addition

Intensity is given by incoherent sum of all “coherent regions” N

2

2 F(Q)e"QR®)
{S||} 1 - elQZCO

Q)= C(Q)
N

* C(Q) is a geometrical prefactor (discussed later)
* R(s||) is a vector pointing to the “column”

Coherent region depends on coherence length of x-ray source and correlation length of sample
* synchrotron coherence length ~ | ym
* lab source coherence length ~ | nm
* correlation length of perfect single crystal ~ size of sample
* correlation length of amorphous material ~ very small

2.

For coherent scattering, the goal is the make sure the g:} sum dominates over “-
I

* But sometimes you can’t avoid incoherent components: | = |1 + I2 + I3 + |4 + ... where each |j
comes from different domains (e.g., surface domains, grains, variants (including octahedral
rotations))

* However -- you can limit the size of your synchrotron beam to ~ synchrotron coherence length;
then scattered intensity will be mostly coherent; then you could reconstruct an amorphous region

or look at surfaces D. Dale et al,, Phys. Rev. B 74, 085419 (2006))
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Review of SXRD: CTRs and SRs

Fitting complex structures & the problem with fitting

Lots of parameters

* Lot of coupled parameters: e.g., occupancy factors vs Debye-Waller factors

* need a large range in Q to tell the difference (need huge data set for better
uniqueness)

* genetic algorithm (GenX) - http://genx.sourceforge.net

. GenX - Editor (PyAlaCarte)

File Windows FR Settings Mic

Ifram YModellnterdiff import * AR QEEEHE @@l xf#3
2
3/ nFe=1-2.24e-5+2.891e-6J (a) FOM:25.272762

4 nPt=1-5.193e~5+4.895e~-6J
& nMg0~1-5.58%e~6+5.793e~-80
&
7 MLFe=Llayer (n=nFe, d=11.15, sigrar=2 .81, reldena=1.0)
8 HLPt=layer (n=nPfc, d=15.99,sigwar=z .56, re ldens=1.0)
3 butPreLayer (nwnPt, dw44.28, sigmare2 .52, reldens=1.0)
10 bufFe=Layer (n=nFe, d=3.75, sigwar=1.35, re ldens=1.0)
1L sub=Layer (n=nNgO, sigmar=0.2)
12 TopPt~Layer (n=nPt,d=1.72,sigrar~1,98, re ldens~1.0)
18 TopOx=Layer {n=nPt,d=1.72 =igrwar=1.08, re lden==1.0)
14
15 NL=3tack(Layers=[NLTe, NLPC],Repecicions=24)
16 but=Stack (Layers=(burFe,butPt] , Repetitions=1)
17 top=Stack (Layers=[MLFe, TopPt, TopOx] )
18 samp le=Samp le (Stacks=[buf, KL, top] , imbient=Layer (n=1.0) , Substrate=sub|
13 insct=Inscrumentc (Vavelength=1.54, Coordinaves=1, Rescype=1,Res=0.,01, Resxran
20 semp le.setEta_z(350.0)
21 sample.setita_x(20.0)
22 samp le.seth (0.25)

()

2 05
24 print sawple
28 0.0!
26/ Define a Gaussian ror intruwoent resolution v 2 4 6 8 10 12
< s Wl oma [Evor | Parsmeters | Escon |
File: C:\D 2nd Settings|Adn ADesheop) | daz\FPE8_Spec.py | Line: 1 | Column: 0
Parameter l value | Fit ’ Min Max | Error
1 |MFessto 11260559 ] 2.000000 20.000000 {-0.0147,0.00711)
2 |senambds 27258478 ] 20000000 30.000000 {-0.00263,0.000411)
ek - £t Data (] 3 |inst.setio 26033.576692 [] 5000.000000, 100000000000 {-27.7,41.5)
. 4 |MUFe.catsigmar 2.90023 7] 0.050000 £.000000 (-0.0147,0.02)
© © |oss[oste0 <] 12 5 |MFt.setSigmar 2577963 2] 0.050000 6.000000 [-0.0108,0.0109 ]
xeolt yeol: T eck 1 (d) 6 |bufPtseto 42.341539 [¢] 40.000000 50.000000 (-0.117,0.0397)
7 [bfFesen 4.286330 [] 2.000000 10.000000 {-0.0485,0.0384)
s= | ‘Aol 8 [bufFe.setSigmar 0.051665 ] 0.050000 8.000000 {-0.00166,0.496)
—_— 9 |bufPtsetsioma | 2.002672 /] 0050000 £.000000 {-0.0544,0.0505)
10 [Topet.setd 16.274397 /] 5.000000 25.000000 {-0.304,0.146)
y= |11 Apoly —
—_—] 11 [Toptsetsigmar 3.009353 [/] 2.000000 20.000000 {-0.536,0.387)
12 |sub.setSipmer 0050545 (<] 0.050000 £.000000 {-0.000532,0,51)
emor= [sqroiy+l) "where (y>100000,10.1) Aooly 13 |sotskg 0.477213 7] 0.000000 10.000000 {-0.335,0.184)
14 [TopOx.setd 1.231939 ] 1.000000 10.000000 {-0.146,0.318)
¥ Use for fitling W Use errorbars 15 | TepOx | 0999909 7] 0.100000 | 1.000000 {-0.00463,5.01a-007;
16| TopOx.setSigmar 1496695 (4] 0.050000 5.000000 (-0.0243,0.00699)
17 |seroffser -0.018484 ] -0.040000 0.040000 {-5.19¢-005,0.00036
| 18 [inst.setRes 0,013090 [] 0.005000 0.050000 {-3.93¢-005,9.20-005
19 [sett 0.295867 [] 0.000000 0.500000 (-0.00843,0.0396)
20 | 0.000000 (] 0.000000 0.000000

FenciEnemjiee] (©)

M. Bjorck and G. Andersson, J. Appl. Cryst. 40, 1174 (2007).

Dillon Fong Surface and Interface Scattering



http://genx.sourceforge.net
http://dx.doi.org/10.1107/S0021889807045086

Direct Methods
* Trying to avoid fitting

» Assumes coherent scattering
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Fourier cycling

Need to assign some phases (imaginary parts) to F(Q) to start
Ideally: |m

Q) Pell)
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Direct methods

Fourier cycling

So force it to be real & positive (zero the imaginary & negative parts)

Im Im
T | Q ? r
/ // »\\ 7 Z ;
—— Re — Re
el(r
F(Q) pei(r)
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Direct methods

Fourier cycling— now FT

pei(r) F(Q)

/ Fix the amplitude of F(Q) to match the data

This corresponds to error corrections in
reciprocal space: AF(Q)

Can be shown that these are “minimum-change” operations such that
the sum of the squared errors can be minimized through an iterative
algorithm (Fourier cycling)
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Direct methods
Fourier cycling

R. W. Gerchberg and W. O. Saxton, “A practical algorithm for the
determination of the phase from image and diffraction plane pictures,” Optik

35, 237 (1972)

J. R. Fienup, Opt. Letters 3, 27 (1978); Appl. Opt. 21, 2758 (1982)

Real space Reciprocal space

. FT .

Force p, to be real, positive

.. , Constrain FT quantities to
definite, and zero outside crystal

experimental amplitudes

FT-!
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Direct methods
Oversampling

How much data do you need to take to reconstruct pe?

AX(f)
sample in real space

a 7
-a

Need to sample by at least AQ = |/(2a), but this assumes we can access the
complex structure factor
* since we can only sample the structure factor amplitude, we need to sample
by AQ = |/(4a)
* for a thin film, this is AQ = |/(2t), so for a 2 unit cell film, we need to sample at
a spacing of AL~0.25

* Not a problem for CTRs (continuous): we typically usually sample at least
twice this (~ 7 points per thickness fringe) - oversampling (can only be
done along L for thin films)

D. Sayre, Struct. Chem. 13, 81 (2002)
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Direct methods

Other methods to directly solve for phase

Use of a reference wave [holography - D. Gabor, Nature 161, 777 (1948)]
* applied to SXRD with

F(Q)=S(Q)+B(Q)
“~"\_. reference wave

* Fsurf(Q) determined by IFT (but crude - fitting needed afterwards)

T. Takahashi et al., Surf. Sci. 493, 36 (2001)
K. Sumitani et al., Jpn. J. Appl. Phys. 42, L189 (2003)

dsS(Q) dB(Q)
* can also use the COBRA assumption that w < d0

“ther F (Q— ATQ) = (S(Q) +B (Q— %Q)

F (Q-I— ATQ) _|5(0)+B <Q+ ATQ)

* and you have 2 equations and 2 unknowns (complex $(Q))
M. Sowwan, Y. Yacoby, et al.,, Phys. Rev. B 66, 205311 (200
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Direct methods

Other methods to directly solve for phase

How can this assumption be true? ds(Q) < dB(Q)
dQ dQ

Can make it closer to being true by moving the origin of reciprocal space to
near the top of the film (works better for thinner films)

05 10 15 20 25 05 10 15 20 25

origin

so “tricks” can be played....
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Direct methods

Folded structures

COBRA only examines the CTRs (not SRs)

e still some information on SRs can be retrieved

NNp i Npasis Rn is a vector going to each repeat unit
Z e'CRn Z fi(Q )e'C7i s a vector describing the basis of
each repeat unit

Nbas1s Nyc ,basis Ny
Z !9 Rn Z f] lQ-rj Zfd(Q)ezQ r
d
\ _ L -
Y ~"
normal unit cell deviants
structure factor
._Q—T—.. o ) " ° . oo

atoms ‘“fold” into
substrate-defined unit cell
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Direct methods
Folded structures

Measure all independent rods Frk(L)
Nuc

F(@) =}, fi(a)e"”

E.g., for 4mm perovskite symmetry:
3 independent rods

&~ - (even, even, L) @
Fukr =jf]A_e”i(H+K) + fge™) - (odd, odd, L) @
+ fo [1 L KAL) em’(H—l—K+L)] - (odd, even,) @

Typically more rods are measured
for reduced error (at least 6 off-
specular + specular)

\ ' - specular is often different (non-
| registered surface layers can
modify the specular rod)

b (i)

log, , [FI’ (arb. units.)
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Direct methods
Folded structures

Gd203 on

GaAs(001)

300.000.000.
.OOO.OOD.OO‘
300600000.(
).00000000‘

sooooo()ooi

.00000000‘
-5 0 5
Y (A)
in GaAs(001) substrate

folded positions of Gd —

paired dots: each represents 2
atoms

single dots: each represents 4 atoms

I| hely dlff _Lgn helghts

Y (A)
9th layer of Gd20s3 film above interface

Y. Yacoby et al., Nature Mater. 1, 99 (2002)

Dillon Fong Surface and Interface Scattering 55



Direct methods

Folded structures

La2-xSrxCuO4 on LaSrAIO4(001)

single film bilayer film
La1.84Sro.16CuQ4

La2CuO4
La2CuO4

0 §0* La2CuO4

JBBBBE 5.0 LajssSro4sCuO4

O'O0"0YO0Y0DY(
O

' fo!o!ofﬁf ®~-La

OYaYo'0YO0YD a
R maa t Y LaissSrossCuOs4

T
N
N
N
M

Zhou et al., PNASI0, 8103 LSAO Substrate
(2010)
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Direct methods
More on algorithms

COBRA: Y. Yacoby et al. Phys. Rev. B 87, 014108 (201 3) & references therein

|. lots of data massage
2. fit F in reciprocal space (F = $S+B): this applies constraints in reciprocal space
3. apply COBRA assumption and solve for amplitude and phase of $
4.IFT[ F ] -- look at this real space solution
- could use this to make a new fitting model & start over

- could apply real space constraints (real, positive, support); if so, then return to step 2
5. once you get a p that makes sense, do Fourier cycling, which refines atomic positions

Difference map - modification to Fourier cycling
* avoids getting trapped in local minima (sort of like genetic algorithm)

PARADIGM: Fung et al., Acta Cryst. A 63, 239 (2007)
DCAF: M Bjorck et al. |. Phys.: Condens. Matter 20, 445006 (2008)

* uses Fourier cycling + difference map
* can start with random phases

Problem -- not unique (better with more data; ID data is not unique)

S. Marchesini, Rev. Sci. Instrum. 78, 011301 (2007)
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Section

Another way: DFT + fitting

To account for disorder, defects, and non-equilibrium processes,
we combine insights from theory and experiment into one fitting procedure

N 2 kT
Experiment - ’ S~ DFT

Fit residual R? for non-linear least squares fitting

of atomic positions {{;}, Debye-Waller factors
{07}, and occupancies {6;} of each atom.

« Experimental chi-squared y’ constrains predicted structure factor |F((s,0)|° to
measured structure factor |F,,|°.
« Resonant (y?,.;) and non-resonant (y°) data may both be included in residual.

« Penalty function prevents atomic positions {{;} from varying significantly from the
DFT predicted positions {Z;}.

» x/kT determines weight of the penalty function compared to y2 with effective spring
constant x and temperature dependent energy scale kT.

° measures deviation from DFT structure.

M. Plaza, K. Letchworth-Weaver, et al, JACS 138 (25), 7816-7819 (2016)
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Another way: DFT + fitting

SrO + TiO,

04045040 O0+0 {olol
aeasasessesesssssesesllidl
1010101010101 0101010t{0:0¢
foioioioioioioioioioioio}
10101010101 0:10:10:10:01010¢
1010101010100 0:10:101010
0002002000000 0-0

85% TSTT (1x1) 15% TSTST
0 ratete]
I7.88A OQ—o0=-Q—0=-Q—0-Q—0-Q—0--Q—0-0—-0—-0—-0
10101010101010101010:0 ¢
0000000000000 —-0--0
1010101010101010:1010101010}
0000000000 -2-0—=--0—--0—-0
10101010101010101010101010 ¢
Q0000000000000
10101010101010101010101010 ¢
0000000000000 0—0—0
9% T 15% TS 52% TST  24% TSTST
bare

p
r¢§ 040404040404+ 0404040-
0400404040404 04+04+04+04+040

10{010101010101010101010 ¢
0+-0=*=0+0=+-02>0+0>-0>0+-0+-0-0=0

1010:101{01010101010101010}
0000020020000 --0-0
1010:10101010101010101010¢
0000000000000

8% TT (2x1) 92% TT (1x1)

Section

10000
1000 |
|F|? 100}
10} Constrained Fit Constrained Fit =
DFTOnly - ------ DFT Only - %--- - -
1 [ Measured15keV ~ * ) Measured 16.1 keV X ,
0 0.5 1.0 15 20 O 0.5 1.0 1.5 20
[00L]r.lu.
10000 ' I '
1000 ¢
|F|? 100}
10 Constrained Fit Constrained Fit X
DFTOnly:= =7 === DFT Only ------- X
1 | Measured 15keV  + . Measured 16.1keV X R,
0 0.5 1.0 15 20 0 0.5 1.0 15 20
[00 L] r.l.u. [00 L] r.lu.
10000 ' ] ' ' '
1000 ¢ ;
|F|2 100}
¥
10} Constrained Fit Constrained Fit
DFTOnly ------- DFTOnly -------
1 _Measured 15 keV  * ‘ Measured 16.1keV X ‘
0 0.5 1.0 1.5 20 0 0.5 1.0 1:5 20
[0OL]r.lu. [0OL]r.lu.
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Section

After the synchrotron upgrades (e.g., APS upgrade, ESRF upgrade, ...)

Much more coherent flux (at least 100x)
|. COBRA & other analysis techniques: still will be necessary at least in the
short term if using a large beam (~ | mm or more)

2. if using a small beam (~| pm), direct IFT should be possible, but you still
need to capture a large amount of reciprocal space

3. could potentially raster scan ~I ym beam across ~I mm and build a large
real space image
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Example results

Dillon Fong Surface and Interface Scattering



Example results

Growth of Lao.ssSro03sMnO3 / SrTiO3 (001) - COBRA

. ] 1.0 _',.l,.', I‘E. v' - 1 1 T 1 ]

Observe that Sr likes to “float” during PLD : eS|
0.5 i i : :n ]

ML . A AMn| |

ML 2ML 3ML amL oML oML 0.0Famama ﬂ' s

L - | 4 4 4 | 4 X 4
R IN
\ | [\ e "\ P, | | / 1 | \ 1 3 N
Foa PN \ H R N ’ fA £ £ o | . H’ f (1 1 )
A 4 (O Y SN N AT N ST A A VT v el T4 f]
AR T A 6 f i L VA I O ’ vV ¥
2K ¥ n A PE R TV b Wt | LT .
'E _3 Lo YT%] i 1 ”um | 1
-g 1 ﬁ + r‘ T ||1 {‘ ; ‘!‘ f
R i Il | | ‘ . | l\
L oF ‘~ { - ‘\ F, 41 | "' \ 1 { “ 4 ‘ | % 4 i\ 1 N
— | 3 / | [\ f\ i i | 1
©, AF I\ ‘i L | ] ,f \ L / "'~. 1 ,’.x A 1 b ‘f‘; \ 1 {1 ﬂ :_ (22)
o~ [y b AR ARV AN AR 2 Y R N A T [ K
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= 3 Y. \l‘nj ‘T[l}}ﬁ | i:v 1L/ ¥ 13 1l It iKY | RO Y }‘}‘f\( |
|
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| ‘ | [ i f
‘ ﬂ \ \ ‘ | | 1 ’ & |
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|
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\ \
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[[r.l.ul]
| - T | | |
1.0
1.0-¢ @o-¢+-0 ¢ A A A A A
o 0-85

adl 0.72
] L [ ] o ®
5 .0.65
5 0.6 . 7]
9 0.5 #
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R. Herger et al.,, Phys. Rev. B 77, 08540 20 22[unitc:||] ° 0

2007
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Example results

Growth of La2CuO4 / Lai.555r045CuQO4 / LaSrAlO4 (001) - resonant

Differential COBRA
* first solve structure at non-resonant energy
pr = pL+ Y _ PATF —F)cii Afar.

* measure OOL at an energy ~ Sr K-edge
» fit the intensity difference
 observe that Sr likes to “float” during oxide

W

(a)

}

[
W

o Differential (O0OL)
—Fit

1
\O
Oqj

Differential Intensity (arb. units.)
o)

-12f
MBE above the CuO2 planes T 3 4 s e 0 s 95 1o
- | @ 00755 | 05 L(rlu)
g 3t DAF | . T .. L e T I
| Line (1) --6060-00000-00---
: > 0.7 o won il ®)
= 25 -9000 900 :
g | _&5’ 0.6 |
CEEY! | |
d < os
LSttt —t——————+—— g 0.4
£l Sricedge 5 03
= —Calc.f:‘ M 3 02
c | |— Calc.f [/\/\l’ 8 ’
22 S S o1
Q — .
g8 2t A
37 ‘ 0
EI O \WAS —0.1f , Subswae ., M v U
-10 -4 -3 -2 -1 0 1 2 3 4 5 6

15.8 15.9 16 16.1 16.2 16.3 16.4

Photon energy (KeV) V4 Helght (Unlt CC]]S)

Y. Yacoby et al. PRB 87, 014108 (2013)

Dillon Fong Surface and Interface Scattering 63



Example results

Single monolayers: oxygen adsorption onto Cu (001)

Watch 110 during pO2 increase

646°C
| | | |
- 30% 7]
111 AVa s
7y 25 —
c
H S
g 20} pO2 (Torr) | pO2 (Torr) .
............... & Ar-2%H, 4409 4o
= 15f -
(@]
=
L § 1ok 3.8¢-6 |
111 y=
5 - -
0 | | | |
0 1000 2000 3000 4000

Elapsed Time [sec]

Assuming adsorption onto hollow sites “

2

fCu
Liig > ( T 9f0)

0: oxygen coverage in ML (normalized by # of Cu surface atoms)
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Example results

Single monolayers: oxygen adsorption onto Cu (001)

As O — 0.5 ML, 100 superstructure rod appears

L1 _
110 646°C
BOMW I | .
100 7 5[ :
> H % 20_ —
""""""""""" e Ar-2%H, 4 .4e-9 4.4e-7
% 15| -
. % N 3.8e-6 |
111 Appearance of 100 is g "
consistent with oxygen 51 .
adlayer with c(2x2) i 0 } |
symmetry Too ~ (%) 100
g- 10
OF‘*‘WM
0 1000 2000 3000 4000

Elapsed Time [sec]
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Example results

Single monolayers: CO adsorption onto Pt (111) - DAFS on SR at L=0.2

Polarized SXRD sensitive to surface bond anisotropy (even at Pt Lii)
* provides 2D short-range structure

n 6.0 ::fv.lrg‘l L
B Y . gt i
r & F i
incoming x-rays 55 :ju ]
o-polarized Fa . :
P P o
5 50 /i i
g ; |
B (2x2) | , s
% 45 (\'.l9><\‘19) #
. incoming x-rays £ ﬂ\
° ®]
n-polarized 2 25 2 WS
;C f;&‘;;,-;-'a A’
O = 2.0 R & o
7T
1.5 wz-‘.—%i: »‘i- 24
10 M

v v v A |

115 11.6 11 F 11 8
Energy/ keV

provides info on local chemical environment of CO adsorbate

A. Menzel et al.,, Rad. Phys. Chem. 75, 1651 (2006)

A. Menzel et al., Europhys. Lett. 74, 1032 (2006)
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Practicalities
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Practicalities

SXRD geometry + a lot of equipment

in situ oxide sputtering

B G S~
v in situ oxide

- Can do a lot by combining SXRD + in situ
- Need to have the proper geometry
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Review of SXRD: CTRs and SRs

SXRD geometry

off-specular rod

/ specular rod
© /

Ewald
Sphere
\\(D
a . .
(@) (b) origin of
real space reciprocal space reciprocal space

T. T. Fister & D. D. Fong in Thin Film Metal-Oxides, Springer (2010)
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Practicalities

Six-circle geometry (45+2D)

Note the laboratory coordinate system (x,y,z)
Q is defined by
* 8 = w = Bragg angle of Q (=4nsSiN(6)/\) (longitudinal angle from xz-plane toward y)
* v = gaz = azimuthal angle for Q (from z-axis)
* n (sample reference vector - often assumed equal to the sample normal)
* a = incident angle (longitudinal angle from xz-plane toward y)
* ¢ = naz = azimuthal angle for n (from z-axis)

Ck is the intersecting circle
Ck

* typically, n = sample normal x

* naz = 0: sample normal along z
pi€ hormatalong Ewald sphere

* naz = 90°: sample normal along x

Z i

Sphere of radius Q

&

X-ray beam

H. You, J. Appl. Cryst. 32, 614 (1999)
T. T. Fister et al., ]. Appl. Cryst. 46 (2013)
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Practicalities

Six-circle geometry

First, relate h (i.e., Q) to (x, y, z) 2D k) —> k] — K/

[4S] cosé sind O
Next, relate ks to (X, Y, Z) [ZD] A=]| —sind cosé 0 |,
Next, by definition: at diffraction 0 0 1

—SccnthiUrh—:k? i 0 0
4 II=] 0 cosv —sinv
h—>h, —> h, 2 h, = h, = h, “ h,, 0 siny cosv
( cos¢ sing 0\ 0 sin 6
®=| —sing cosp 0|, k/ =kITA| 1 | = k| cosvcos$
\ 0 0 1) 0 sin v cos 6

(cosx 0 sinx\

x=| o 1 0 | at diffraction condition:
\—sinx 0 cosx)
hM: QL9

( cosn sinp O
H=]| —sinn cosn 0|,

\ 0 0 1)

(1 0 0
M=|0 cosu —sinu).

\O sinjt COSW

where h, =MHX®UBh

0 sin &
and Q =K —-K =TIA-D| k | = k| cosdcosv—1 |,

h,, = MHX®UBh 0 cos & sin v
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Practicalities

Six-circle geometry

Put everything into software
* spec -- http://www.certif.com
* modes for six-circle, four-circle, etc.

* then you can type (effectively) “go to 202; scan along 20L”
Why do you need a six-circle?

* you can keep a constant x-ray footprint on the sample

* nice for L ~ 0 work

* nice for easier geometrical corrections

_______________

........

Detector at S 7" Detector at

(Yo, 80) ) g » / (Yo, S0)

______________

Scattering along

(YU- 60) ’,irf;”::_»_:_,,,_

':_,_«.-‘j" l 4 T/ A .
,<f_/<“--.\~ ~ o ‘\‘\\\ . ) | Ry . .
L ~. . /- i ~. e e S o P . 7y . / s
S“/)/.){.sz-&u;xayyﬁ LAy VR \) | / N e L N Y
L s Y e ' / Incident x-ra)kracc 0 e

Surface active area ..

s
,:’ Al . .
IS IS SR Scattering along
P A ’ =yl

(1, &1)

Surface plane Surface plane

Surface active area (b)

(a)

N. Jedrecy, J. Appl. Cryst. 33, 1365 (2000)
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http://www.certif.com

Practicalities

Geometrical corrections

Integrated intensity often came from a ¢-scan+point detector
» Corrected integrated intensity

_ 12 N. Jedrecy, J. Appl. Cryst. 33, 1365 (2000)
1.0 -
fp = (@o/0) | (4o ki) &y do, =
£ 0.8 -
2 5 ]
Iint,(p = (¢0"ZAO'1 Ay/wOAtzl)thkllzctot’ \E 0.6 -
Cit =P L(p Crod CareaCdet Coeam- é 0.4 1,
=02 !

E. Vlieg, J. Appl. Cryst. 30, 532 (1997) i T . .
[ (reciprocal lattice units)

* With 2D detectors (like Pilatus), it is easier, since we don’t rock sample

CTR

still have polarization corrections:
4 horizontal sample

Ewald
sphere

)

—1—sin®§cos’y

Nyp.down
Py, o, = 1 — (sinxcos 6 cos Y+ cos o sin ¥)°
vertical sample

Anum 1
Ctot, non—spec — P :
cososin(v—a)

Ctot, spec — P

sIn o |

C. M. Schleputz et al., Acta Cryst. A 61, 418 (2005)
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X-ray photon correlation spectroscopy
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X-ray photon correlation spectroscopy

With coherent x-rays, x-ray photon correlation spectroscopy (XPCYS)
scattering

sample with disorder
(e.g. domains)

 Incoherent Beam:
Diffuse Scattering

 Measures averages,
e.g. size, correlations

« Coherent Beam:
Speckle

« Speckle depends on
— exact arrangement

from G B Stephenson

J. F. van der Veen & F. Pfeiffer, J. Phys. Condens. Matter 16, 5003 2004
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X-ray photon correlation spectroscopy

Speckle reveals equilibrium dynamics

A. Non-equilibrium dynamics: average structure changes

time =0 time = 1 time =4
- u

B. Equilibrium dynamics: average structure is static

time=0 time = 1 time =4
ﬂl--'u:

H.f%
% AR,

G. B Stephenson A. Robert, G. Griubel, Nature Mater. 8, 702 (2009)
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Section

Non-equilibrium dynamics: phase transitions

SrCoO25 SrCoOs3

antiferromagnetic insulator ferromagnetic metal
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Section

Non-equilibrium dynamics: phase transitions

C(q’ I, t2) . . .
U(t)I(t)) — T(t,))I(2,)) (two-time correlation function

[(12(t)) — ()22 (1) — (1(1))?]V2 for non-equilibrium dynamics)

SrCoQOa2s5 / SrTiO3 (001)
330°C, N2 — O2

g 0.2 BQ. 'o.°~.‘
1000 & Ll
» B - --- S L pg1le 184s ", N
~ o 551 s Wik
= 0 . M T O 919's e
0! o 1286 s o%::
- 10° 10' 102
O 1000 .
Delay Time t (s)
t, (s) | L
fluctuations speed up with time

Q. Zhang et al., PRL 129, 235701 (2022)
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Section

Non-equilibrium dynamics: phase transitions

Dynamics during reduction (PV—BM)

Q. Zhang et al., PRL 129, 235701 (2022)
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Section

Non-equilibrium dynamics: phase transitions

Dynamics during oxidation (BM—PV)

A~012 um
s Tc>2000s Yy

i)' o €N,
S

Q. Zhang et al., PRL 129, 235701 (2022)
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phase trans

SrCoOQa2:5 at moderate temperatures (~ 350°C)

Equilibrium dynamics




Section

Equilibrium dynamics: phase transitions

SrCoOa2s5 / LSAT at moderate temperatures (~ 350°C)

0.2

0.1%

1 0.1

0.05

PO
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Section

Questions!?
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