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Sk, = {Er}_lﬁf exp[ (e r—wif) |- G(r,t)drdt, (0)

) §

G(rt)= (2x) N | expl[i(wi—-1) ] S(ew)dedw. (7)

Nothing is static
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 Powder Diffraction

— Diffuse scattering underneath
the Bragg peaks

UNDERNEATH THE
BRAGG PEAKS — Total scattering

SECOND EDITION — I DI

* |Inelastic Scattering

— Diffuse scattering underneath
the dispersion curves

T. EcAmi

S.J.L. BILLINGE

— Total inelastic scattering
— DPDF, Van Hove function
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* Energy integrated structure factor describes the
instantaneous (snap-shot) structure (same time
correlations):

S fota (Q) — f; S(Q’ a))da)

R -
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INS with TAS
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INS with PNS

YBCO06.95 at 110K, Ei = 118meV
slice: -0.1<k<0.1

[02]
o

~l
o

(2]
o

(42
o

60 Hz
Bandwidth

N
o

Phonon Energy (meV)

Source — Sample
Distance: 36.2 m

J.-H. Chung, et al., PRB 67, 014517 (2003).

» Simultaneous 3D (4D) determination of S(Q, E)
* Large amount of data (> 10%) than TAS
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New Information
We can get ONLY with PNS 2, IXS ?

* Wider Q and E space

— More of the same

* Inelastic diffuse scattering
— Usually thrown out as background

— Provides information on local dynamics
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F(Q

o fome )
SQQE) == F(Q1)

g(r,E) wmp g(r.t)
Dynamic PDF Van Hove function
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Not a Trivial Task

 Powder diffraction and PDF

— PD: Q in high resolution, intensity, 1(Q), In
low resolution

— PDF:  Qand lin the same resolution, S(Q)
well normalized.

 Dispersion and DPDF/VHove

— Disp: Qand Ein high resolution, I in low
resolution

— DPDF:. Q, E, I(Q, E) all in high resolution,

S(Q, E) well normalized.
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* Dynamic structure factor:

]t.J>2 Z bvbﬂj‘<<eiQ.(Rv(0)—Rﬂ (t))>>e—ia)tdt
v,

 Dynamic PDF
p(r,m)= IS(Q,a))eiQ'rdQ

_ 1 > bb, [s(r=[R,(0)-R,(t)])e"dt

N (b)* ¥
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Dynamic PDF of Ni at 300 K

Ni 300K

40
40

(23

o
[
o

Energy (meV)
N
o

Energy (meV)
N
o

-
o

A
r(A) r(A)

Measured DPDF Simulation
» Local phonons near the saddle points are well resolved.
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PHYSICAL REVIEW

VOLUME 136,

NUMBER 5A

Normal Modes of Vibration in Nickel

R. J. BirceNnEav,* J. Corpes,} G. Doiring, ANp A, D. B. Woobs
Chalk River Nuclear Laboratories, Chalk River, Ontario, Canada

(Received 13 July 1964)

FREQUENCY {umits 10% ¢ps)

0
0
X
[ | ..... ]
gl * a L ond A bTH\\
« T, T, and T L
BT, s Tz -
= Pomnts repeated }_
4 by symmelry
about W T
SOLID CURVES X
2 REPRESENT FOURTH
NEIGHBOUR MODEL
0 I L . L I — I i
Lo 08 06 04 02 o 05 04 03 02 Ol ]
~ [oot] - [ete]

REDUCED WAVE

VECTCR COORDINATE ¢

ARBITRARY SCALE

g(v)

261

24
22

20

30 NOVEMBER 1964

CALCULATED

EXPERIMENT (@) — — — —
{ble # » »
iclo o oo

FREQUENCY

13

v (THz)

*- OAK RIDGE NATIONAL LLABORATORY

MANAGED BY UT-BATTELLE FOR THE U.S. DEPARTMENT OF ENERGY



[N lf\A\ I\I -
+ 14!
ol 1304 z
) 1 4 b
b L pel 1
! —4 A=
P ’
h X
E' —

Fig.3.17. Pattern of atomic displacements in the fcc structure for a) a,*ZB
= %2w7aiil,0,0); the entire plane of atoms move in phase and ne1ghbogr1ng

planes move in the opposite directions; the wavelength is 1 = a; b) q =

(2n/a)(1,1,0); neighbouring odd-numbered planes move in opposite directions
while even-numbered planes are at rest; the wavelength is i = vZa

T. Egami, W. Dmowski, “Dynamic Pair-Density Function Method for Neutron and X-ray
Inelastic Scattering”, Zeitschrift flr Kristallographie, 227, 233-237, 2012
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Short Pb-O bond
at 2.5 A and long
Pb-O bond at ~ 3.2
A are seen up to
the ~250K
Therefore, static
polarization due to
Pb displacements

Is observed only 20

below freezing

temperature.
Jynamie

W. Dmowski, et al., “Local
Lattice Dynamics and the
Origin of the Relaxor
Ferroelectric Behavior”,
Phys Rev. Letters, 100,
137602 (2008)
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POF of PVIN

15 (10~20) meV

Short Pb-O bond at 2.5 A
and long Pb-O bond at ~
3.2 A are seen up to the
~600K.

Therefore, dynamic
polarization due to Pb
displacements is observed
up to the Burns
temperature.

Interaction with soft
phonons involving Pb-O

displacements
15
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Superfluid 4He

» Discovered in 1938 by P. Kapitza and
by J. F. Allen and A. D. Misener.

No. 3558, JAN. 8, 1938 NATURE

!

o  CarulaRYI T=005 CM.
o  CapiLARY L Q=0-002¢Ch

b=0-001cn.
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Bose-Einstein Condensation

NATURE APRIL 9, 1938, Vor. 141

The A-Phenomenon of Liquid Helium and the
Bose-Einstein Degeneracy

F. Lowpox,
Institut Henri Poincaré,
Paris.
March 5.

1938 PE—IYSICAL REVIEW

On the Bose-Einstein Condensation ° M acr()scopic q u antu m

F. LoxpoN . _
Institut Henri Poincaré, ;:33;'@ of Paris, France® CO n d e n Sat|0 n to th e k - 0

(Received October 12, 1938)

ground state.

1 » Defined for ideal gas.
foe (E,T) = e BT 4 J
4=0, T<T, * Helium is a strongly

interacting liquid.
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Landau Theory of Superfluidity

.17 AypHar sKRCEPUMEHMANBHOL U MEopemuueckon puauru Buin. 6

1941

TEOQLHS CBEPXTEKVHYECTH IEAMS-I
A. Aarzgay

Py A YL

Il
Fig. 1 / \

\ o \\) \
:’\ADC
N4 XXX

‘MDCCC
XCVI

- Based upon “roton”
excitation.

Lev D. Landau
Nobel Prize 1962

* No mention to BEC.
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Roton

Inelastic Scattering of Thermal Neutrons from Liquid Helium

R. A. CowLey' aND A. D. B. Woobs
Atomic Enerey of Canada Limited, Chall River, Oniario
Received August 31, 1970 20+

* A strong minimum at the :
peak of S(Q) i

- |
12 * L) :
1.‘ ; |
.
Roton

® RCS E, =0.00594 eV

* “Roton” is more related to
the “boson” peak.

g - 0 RCS Eg = 0.01585 eV —

EXCITATION ENERGY (°K)
(0]
|
|

o TACS E' = 0.00495 eV

0 | | | | | | | |
0 0B 1.6 24 32 40
Q (K")
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PHYSICAL REVIEW B VOLUME 62, NUMBER 21 1 DECEMBER 2000-I

Condensate, momentum distribution, and final-state effects in liquid *He

H. R. Glyde
Department of Physics and Astronomy, University of Delaware, Newark, Delaware 19716

R. T. Azuah and W. G. Stirling
Department of Physics, Oliver Lodge Laboratory, University of Liverpool, Liverpool L69 3BX, United Kingdom
(Received 15 February 2000)

Temperature (K}

no(T)=ng(0)[1—=(T/T))"]
with 7¢(0)=(7.25%0.75)% and y=5.5*1.0.
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Cold Neutron Chopper Spectrometer
(CNCS) of SNS to see Local Dynamics

('
1)1
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Double Disk
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60 Hz
Bandwidth
Chopper

60 H .r ! W |
> ’ I W W p\\m |
p / ‘ ] ﬂ | W

Source — Sample
Distance: 36.2 m

*- OAK RIDGE NATIONAL LLABORATORY
MANAGED BY UT-BATTELLE FOR THE U.S. DEPARTMENT OF ENERGY




& Qm @% Applications Places System

= =] Ci—1E maoa\/ [S[E=]63) (=) i —LEf )
File Edit iwes V File Edit ies I IC V | File Edit isep Makmpl-ﬂe'r |
500 100 10
400 80 8
) = z
5 5 5
s 300 2 s & 2 s 6 2
£ 2l E sl & :
w 200 B w 40 G w 1%
2 2 2
2 2 2
£ E E
100 20 2
1.0 15 ° 0 0
1l A lal &% lal &%
=] cut: [Q]|=[1.95,2.05] BER)E cut: |Q|=[1.95,2.05] [=)@)(x] Q|=[1.95,2:0 El
% File Edit ieep  Make Current  Help | File Edit iwep  Make Current Help | File Edit Keep Hake furvent  Help
” K
E |Q|=[1.95,2.05] |Q|=[1.95,2.05] |Q|=[1.95,2.05] (=] cut: |Q|=I6.5,7.5] mE5)
[_:_ T T T -] 30 T T T T File Edit feep Hake Current Help |
[ 1400
. 25 F ! B |Q|=[65,75]
| g 1200 = E 2 ] < 1.81K
. E 1000 £ T 20F ! < 1.93K E ' ' ' i
S E E] a4 F q
B g £ ' © 203K
£ ) - o - T
Ll = = > “+ 235K gt
ol : 600 2 Zof ; < 285K E 5 ‘
" £ 400 £ 3 £ b £ Yy
- E E ELE
G 200 ! 5 2z
H %MMW 2
[: 0 1 I 1 i 0 1 1 H H 2
. -3
0 2 4 6 8 10 12 0 10 20 30 = f
E E (meV) E (meV) ‘%;{ %H
. |
j =] cut: |Q|=[0,2.5] BIEE) = Cut: |QI=[0,5] EEEE cut: [Q]=[0,8] EED OF L L L . . :
j File Edit iws  Hske Curvent Help | File Edit Hake Current  Holp File Edit izp Hoke Current Holp 10 15 20 e (iiv) 30 35 40
(-] la]=[0,25] 1al=[0.5) 1al=(0,8]
(-] T T T r T T r 5 T T T T T
N s 2 2
£ o g
g g g
8 3 &
z z z
E 5 15
1.0 15 2.0
E (meV)
Load started
Load successful, Duration 2.88 seconds
Fit Function ® Workspaces ®
l Fit V] [ Display VI [ setup VI Load VI [ Delete ] [ croup | [ sort v
Workspaces
Property Value 6 6 =l --Mslice for NXSPE --
Seraanai

b B CNCS_67340_spe
b B CNCS 67343 spe

DEDF

File Parameter Background Hask Option lindow Help

Tune CompaositeFunct




2D Map vs. T -- E=3.65 meV
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E [meV]

S(Q,E)

CNCS Data

He* T=1.83K

0.5

S(Q,E)

1.0

He* T=2.85K

1.5 2.0 2.5 3.0
QAT
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Previous Measurements

FPHYSICAL REVIEW B YOLUME 21, NUMBER & 15 APRIL 1980

Neutron-diffraction study of the static structure factor and pair correlations in liquid *He

E. C. Svensson, ¥. F. Sears, A. D. B. Woods,* and P. Martel
Atomic Energy of Conada Limited Research Company, Chalk River, Ontarlo, Cancda KOJ 1JO
(Received 1 December 1979)
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e Little change in static correlation with temperature.

® These are same time correlation functions! and
integration is done at fixed angle
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Dynamic PDF to see Local Dynamics

* Dynamic structure factor:

S(Q.E)=— 2Zbvbﬂf<<eiQ'(R”(°)‘R”“))>>e‘iEt/hdt

N (b)" %

 Dynamic PDF

:js(Q, E)e"dQ

>bb,[5(r=[R,(0)-R,(t)])e™ dt

1
N (b)’
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Van Hove Function
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F(Q

o fome )
SQQE) == F(Q1)

g(r,E) wmp g(r.t)
Dynamic PDF Van Hove function
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Inelastic X-ray Scattering (IXS) of Water
at Spring-8

* Incident energy E ~ 23 keV

* Energy resolution 4E ~ 1 meV

- AE/E < 1077

SBAC




VOLUME 75, NUMBER 3 PHYSICAL REVIEW LETTERS 31 JuLy 1995

Collective Dynamics in Water by High Energy Resolution Inelastic X-Ray Scattering

F. Sette,' G. Ruocco,> M. Krisch,' U. Bergmann,' C. Masciovecchio,!? V. Mazzacurati,> G. Signorelli,> and

R. Verbeni!

301 T f | T |
> ! _ > 50- i
© 20 [) i ) - ¢ |
= _ . E 40 I
— 15 - — 30. } J
T 10 BEERCAN |
a . _ = . !
< . 'L 10 EEEEEEE i
01 —V=3200+/-100 m/s | D. 1

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

-1 -
g(nm’ ) g(nm™)

* I' > Q. Phonons are overdamped.
* Anankeons are the elementary excitations.
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| XS measurement of water at Spring 8

Dynamic structure function

S(Q E) saﬂe(Q E)/<F(Q))2

Water at RT 0,014
0,012

0,01

0,008

0,006

0,004

0,002

0 [1/nm]
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Local Atomic Connectivity and
Coordination number

- Local atomic connectivity
Is changed by gaining or
losing a nearest neighbor
(topological excitation).

* 7, is defined as the time
to lose (or gain) ONE
neighbor.




PRL 110, 205504 (2013)

PHYSICAL REVIEW LETTERS

week ending
17 MAY 2013
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Elementary Excitations and Crossover Phenomenon in Liquids

T. IW‘HHhila,l D. M. N'H.:huvl:'mn,2 and T. E'g,arnil‘l3

'Department of Physics and Astronomy, Joint Institute for Neutron Sciences, University of Tennessee,
Knoxville, Tennessee 37996, [USA
*Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

“Department of Materials Science and Engineering, University of Tennessee, Knoxville, Tennessee 37996, USA
(Received 23 January 2013; published 16 May 2013)
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Universal Relationship

4 .
2 O Liquid Fe Ty = T\c
o v KA model I
3l m Zr44Cuse (EAM) |
o O ZraaCuse (Ab initio) * Fe: Johnson
® Zr50Cu40Al10 _ potential
9 \J
{; 2 - * KA: Kob-Andersen
e potential (Nig,P,,)
&
1 mHE A » CuygZr,,: EAM
VVvV v v
{} - * Zrg,Cu,oAl,,: EAM

1Ly
T. lwashita, D. M. Nicholson and T. Egami, Phys. Rev. Lett., 110, 205504 (2013)
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g(r, 1)

2.5

151

Van Hove Function by IXS

—— Ops
---------- 0.102 ps
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.............. 051?‘ p5
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Time (ps)

— 0.04
g(r.t) 0.03
0.02
= 0.01

-4 —0.01
— —0.02
- —0.03
— -0.04
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Conclusions

* Plenty of new information hidden in inelastic
diffuse scattering.

 Total inelastic scattering: The future.

- Dynamic PDF and Van Hove function to
Interpret the data.

* Measurement of S(Q,w) limited by flux, E
resolution and Q range

* Development of high flux IXS highly
anticipated
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