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Heavy-atom structures Patterson method 1930°s
Equal-atom structures  Direct methods 1950°s
Triclinic structures 4-circle diffractom.  1960°s

Incommensurate and  Higher dimensional ~ 1980°s
Quasicrystal structures  crystallography
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AHaJIMTUYeCKOIO0 pelleHMs HeT Jaxke ecjIu | v Sy
qyciI0 pedsieKcoB >> uyciia aTOMOB P (I’) ) R ‘F( XZ

CyI1ecTBYIOT 3KCIIepyMeHTa/IbHble MeTO/bI IoJTy4eHns pa30BoN MHPOpMaLmn
OCHOBaHHbIe Ha MHOTOKPATHOM \ IVTHAMITYE€CKOM paccesiHMM, HO OHM PeIKO
MIPUMEHMMBI Ha [IPaKTUKe.



[Tpobiiema 2% — pa3snerreHVe BKIIaT0B
p(r)=ps(r)+p,(r)
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HeB03MOXXHO pasfe/nThb BKJIaIbl OT Pa3HbBIX IO PEIIeTOK U
MHTepPepPeHLIVIOHHBIV BKJIaJI.

(B HEVITPOHHOW OV PpaKLINM MOXHO 3aHYJIUTDb BKJIQJIbI OT
IIOIPeIIeTOK I HECKOJIBKIX 3JIEMeHTOB VCIIOJIb3Ysl CMeCh M30TOIIOB
- «HYJIb MaTpuIia»)



BHellHee Bo3aenucTeue?

Periodic External Stimulation

e Pressure

-  Temperature
S: Spectators « Electric field

e Eftc...
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Y10 1 weM MomyTMpoBaTh?

Process structural parameter
Absorption/desorption in T
framework materials,
reversible intercalation for _—-
batteries
Polar displacements vs E/M . R
field
Variation of f;near an X- .
absorption edge f
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Kinematic diffraction on a structure with
periodically varying scattering function.

+ What does the

modulation do witha . How does crystal

structure? structure manifest
itself in the
diffraction
experiment?

» What does the
modulation do with
diffraction intensity?

Back to the roots...



Silent and Active

plr,0)= py(e)+ p,(r,0)= py(e)+ p,(r)+8p,(r.1)
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What does the modulation do
with diffraction intensity?

10)=[Fy + 15|+l o + " 1T + )+ éFA(t)(F A+F Sj

Fourier transform l from time to frequency domain

P ()= Fr{ar, of (+ (7 + F, ) FTieE )+ (0 + 175 )| F1{om, )

We assume simplest periodic response 1 5FA (z‘) = SF y (z‘) oc S (Z) iy COS(QZ‘ )

7(0) ¢ 2 (5(0)+ 8(0 - 20)+ 60+ 20)) + 274(Re(F, )+ Re(E,)5(0 = Q)+ 5(0 + ©)
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direct and inverse problems

d ¢

We know fime - We know structural
dependence of a changes and we want to
response and we want fo know time evolution of
khow underlying the response
structural changes

; » linear response is not
We assume linear necessary

response and * partitioning the atoms

partitioning the atoms . ,
on Active and Silent do ggézcggfjand Silent

hold.

Both stimulation and response may be much more complex than a simple cosine.
As periodic functions they can always be expressed as a Fourier series.



Stimulation and response expressed
as Fourier ser'les

557(6) = S(t)-S@) =8 Zp explirot) P, :S— I S (1) explir ot )i

T

OoF“ 4(t) = F{)Zc}r exp(im)z‘) g # F(t)expl(irot )dt
—<0 0

If the response is delayed by the time 7,

~

FP) = B q, expliror)expliror ) g, expliror,)=4,

Useful formula for the squared term

‘5Ff(r)‘2 = ‘Fo‘zz Z q.q,explior ,(r+n))expliot(r + n))

—00 ® ='00

For a linear response of the active sub-lattice » and n are also only odd, | Remember
and m is necessarily even Qand 2 Q




"linear response"”

55°() = () - S0 = 5,3 p, explirer)
OF “ 4(1) = Foi@}, explirat)
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if the stimulus function consists of only odd harmonics such as
sinusoidal-, square-, and triangle-wave shape, the response does not

contain any components at even harmonics.
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“demodulation”
Ho.t)= [dd (tyexp (o - 7)) =
=gk [A exp (z’a)(z'A + z'))+ A exXp (— ia)(rA + r))]

100,7)= [dri(t)explizelt )

=" 6,9, exp(~i20(z, + 7))
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OO0I11adg cxeMa a”HaJimMsa

I3MmepeHMe meproayecKoro M3MeHeH s THTeHCYBHOCTY
CpaBHeHVEe WM3MeHeHMs MHTEHCUMBHOCTU C IIepUOIMYeCcKUM
BHEIITHVM BO3[IEVICTBMEM (MOOYyJISALMeNn )- oOIlpeerleHve
dasbl

Hemonymnsaumss  andpakKMOHHOIO CUTHajla Ha 4YacToTe
MOZYJIALIVIV, Ha YJIBOEHHOV YacToTe, Ha YTPOEeHHO U T.]I.
PenteHvie mpsAMom (CTPYKTYPHOWM) 3ajiaumt — BeruvciieHye F u
[FI?

VI OOpaTHOV (KMHETUYeCKOV) — BbIYVICJIEHNe

KO3 PUIVEHTOB (,.



MopenpHbIe pacyeTsl 1 IIepPBbIe
SKCIIePVIMEHTEI

B nmopwmcTht 1ieomT OygeM 3arpy>kaTb KCEHOH.

Bo3MoxHOe BHeIlTHee BO3/IeVICTBIE — JlaBjieHne/ Temreparypa,
BapbUpyeMbIl ITapaMeTp — 3aCeJIEHHOCTD ITO3ULIMM KCEHOHA
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All 4 sites vary in the same manner

Simulated occupancy varies with a sinus between 0 and 1
All other parameters (lattice, etc) are kept constant

360 patterns have been simulated per 1 period
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Demodulated and fitted with Xe only!
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Mertop, paboTaeT B cMyJIMpOBaHOM 3KcIleprMeHTe. B
peaJIbHOCTM BCe HEMHOTI'O CJIOKHee...
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Sample: TS1-Zeolite Detector: Pilatus 300K-W
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L1, Co0O, - comepxaHme JINMTUS MOXET
OBITE M3MEHEHO JIEKTPOXVIMIUECKI
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/10O, — MOLyJINpyeM [JIVTHY BOJIHBL

PEHI'€HOBCKOI'O NU3JIYUYEHIIA

f(Q)=f°(Q)+f (2)+if (1)
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CTPYKTypa
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MoHoknnHHaa mogmndmkaums P21/c, a= 5.1487 b= 5.2023 c= 5.3231 beta= 99.1640




anomalous amplitude (electrons)

[Ipodwiie MomyIIALn

F prime profile
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/10O, — 1IepBbIV YIaYHbBIN
SKCIIePVIMEHT.

[TyTem MOy ISV [UTMHBI BOJTHBI CUHXPOTPOHHOTO M3/TyYeHMs ObIIn
pasaerieHbl BKIaZIbl OT roaperteTok Zr /O B MOHOKITMHHO
MoamdUKaly, BeIJieieH MHTepdepeHITMOHHBIV BKTa. AHaIM3 TaHHBIX
IIPOMIOJTKAETCS BMeCTe C OTPabOTKOV HEOOXOAMMOTO TIPOTPaMHOIO
obecrieueHMs. o

Data number o =2

d-spacing f angstrom



3aKTIOUeHe

“modulation-enhanced diffraction”
MED

» Tlpemaraercs HOBBIVI MeTO[T «OOOCTpPeHMs» (Pa30BO
MHpOpMaM B KMHEMaT4IeCKOV AV paKiivy IIyTeM MOIYJISLIN
JacTU CTPYKTYPHBIX KOMITIOHEHT IePVOANYECKVM BHEIITHVIM
BO31EeVICTBVIEM.

e Mertoq TakkKe IpUMEHUM JI VICCIIeqOBaHM KMHETVKN
CTPYKTYPHOI'O OTKJIVIKA IIPV M3BECTHOVI CTPYKTYype.

e Metop oripoboBaH B HECKOJIBKMIX MOJIeJIbHBIX pacyeTax.
« [IpoBeneH psijt TECTOBBIX IIOPOLIKOBBIX IVPPAKIIVIOHHBIX
SKCIIEPVIMEHTOB .

 MeTton MOXeT AOMOIHUTE Pl AP PaKIIMOHHBIX METOIVK,
HaIIpyIMep IIOMOYb PacCOPTMPOBaTh pa3Hble BKJIAIbI B A y3HOE
paccestHue.
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