
Consolidate	our	knowledge	from	previous	lectures
Example	of	graphene

Resolved	the	crystal	structure	of	a	new	
200	K	superconductor
Structure	factor	analysis

Discuss different	scattering	techniques
Instrumentation	&	Facilities

Today’s	Goals



8	NOBEL	PRICES	ON	SUPERCONDUCTIVITY	 AND	SUPERFLUIDITY
In	1913,	Heike	Kamerlingh Onnes received	the	Nobel	Prize	in	Physics	"for	his	investigations	
on	the	properties	of	matter	at	low	temperatures,	which	led,	inter	alia,	to	the	production	of	
liquid	He4",	and	the	discovery	of	superconductivity.

In 1962, Lev Davidovich Landau received the Nobel Prize in Physics "for his pioneering 
theories for condensed matter, specially liquid helium."
In 1972, John Bardeen, Leon N. Cooper and J. Robert Schrieffer received the Nobel Prize in 
Physics "for the jointly developed theory of superconductivity, usually called the BCS theory."
In 1973, Brian David Josephson received one half of the Nobel Prize in Physics "for his 
theoretical predictions of the properties of a supercurrent through a tunnel barrier, in 
particular those phenomena which are generally known as the Josephson Effects.

In 1978, Pyotr Leonidovich Kapitsa received one half of the Nobel Prize in Physics "for his 
basic inventions and discoveries in the area of low temperature physics," which included the 
discovery of superfluidity in He. 

In 1987, J. Georg Bednorz and K. Alexander Müller received the Nobel Prize in Physics "for 
their important breakthrough in the discovery of superconductivity in ceramic materials."

In 1996, David M. Lee, Douglas D. Osheroff and Robert C. Richardson received the Nobel 
Prize in Physics "for their discovery of superfluidity in helium-3."
In 2003, Alexei A. Abrikosov, Vitaly L. Ginsburg and Anthony J. Leggett received the Nobel 
Prize in Physics "for pioneering contributions to the theory of superconductors and superfluids.



(1) There is a sharp drop in resistivity with cooling, indicating a
phase transformation. The measured minimum resistance is at least as
low, ,10211 ohm m—about two orders of magnitude less than for
pure copper (Fig. 1, Extended Data Fig. 3e) measured at the same
temperature19. (2) A strong isotope effect is observed: Tc shifts to lower

temperatures for sulfur deuteride, indicating phonon-assisted super-
conductivity (Fig. 2b, c). The BCS theory gives the dependence of Tc on
atomic mass m as Tc / m2a, where a < 0.5. Comparison of Tc values
in the pressure range P . 170 GPa (Fig. 2c) gives a < 0.3. (3) Tc shifts
to lower temperatures with available magnetic field (B) up to 7 T
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Figure 2 | Pressure and temperature effects on Tc of sulfur hydride and
sulfur deuteride. a, Changes of resistance and Tc of sulfur hydride with
temperature at constant pressure—the annealing process. The sample was
pressurized to 145 GPa at 220 K and then cooled to 100 K. It was then slowly
warmed at ,1 K min21; Tc 5 170 K was determined. At temperatures above
,250 K the resistance dropped sharply, and during the next temperature run Tc

increased to ,195 K. This Tc remained nearly the same for the next two
runs. (We note that the only point for sulfur deuteride presented in ref. 9 was
determined without sample annealing, and Tc would increase after annealing at
room temperature.) b, Typical superconductive steps for sulfur hydride

(blue trace) and sulfur deuteride (red trace). The data were acquired during
slow warming over a time of several hours. Tc is defined here as the sharp
kink in the transition to normal metallic behaviour. These curves were
obtained after annealing at room temperature as shown in a. c, Dependence of
Tc on pressure; data on annealed samples are presented. Open coloured
points refer to sulfur deuteride, and filled points to sulfur hydride. Data shown
as the magenta point were obtained in magnetic susceptibility
measurements (Fig. 4a). The lines indicate that the plots are parallel at
pressures above ,170 GPa (the isotope shift is constant) but strongly deviate at
lower pressures.
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Figure 1 | Temperature dependence of the resistance of sulfur hydride
measured at different pressures, and the pressure dependence of Tc. a, Main
panel, temperature dependence of the resistance (R) of sulfur hydride at
different pressures. The pressure values are indicated near the corresponding
plots. At first, the sample was loaded at T < 200 K and the pressure was
increased to ,100 GPa; the sample was then cooled down to 4 K. After
warming to ,100 K, pressure was further increased. Plots at pressures ,135
GPa have been scaled (reduced) as follows—105 GPa, by 10 times; 115 GPa and
122 GPa, by 5 times; and 129 GPa by 2 times—for easier comparison with the
higher pressure steps. The resistance was measured with a current of 10 mA.
Bottom panel, the resistance plots near zero. The resistance was measured with
four electrodes deposited on a diamond anvil that touched the sample (top
panel inset). The diameters of the samples were ,25 mm and the thickness was

,1 mm. b, Blue round points represent values of Tc determined from a. Other
blue points (triangles and half circles) were obtained in similar runs.
Measurements at P .,160 GPa revealed a sharp increase of Tc. In this pressure
range the R(T) measurements were performed over a larger temperature range
up to 260 K, the corresponding experimental points for two samples are
indicated by adding a pink colour to half circles and a centred dot to filled
circles. These points probably reflect a transient state for these particular P/T
conditions. Further annealing of the sample at room temperature would require
stabilizing the sample (Fig. 2a). Black stars are calculations from ref. 10. Dark
yellow points are Tc values of pure sulfur obtained with the same four-probe
electrical measurement method. They are consistent with literature data30

(susceptibility measurements) but have higher values at P . 200 GPa.
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2015 – BREAKTHROUGH
Superconductivity above 200 K



Figure 2. Pressure dependence of XRD patterns in sulfur hydride and sulfur deuteride systems. a, Pressure
dependence in decreasing pressure of XRD patterns in pressurized sulfur hydride at room temperature. Upper (red) and lower
(green) ticks indicates the peak position of predicted bcc structure and b -Po elemental sulfur, respectively. The peaks marked
with dot and open triangle, and star are undefined minor phase. Open circles indicate the reflection from other high pressure
phase. b, Pressure dependence in decreasing pressure of XRD patterns in pressurized sulfur deuteride at room temperature.
Upper (red) and lower (green) ticks indicates the peak position of predicted bcc structure and b -Po structural elemental sulfur,
respectively. The peaks marked with star are undefined peak. Dot and open circle indicate the reflection from other high
pressure phase. c, Pressure dependence of the atomic volume of sulfur hydride and deuteride which are marked with solid and
open symbol, respectively. Experimentally obtained data are fit with first-order Birch EOS indicated with the black solid line
(increasing process) and dotted line (all). The theoretical predicted volumes of hexagonal (R3m) and bcc (Im-3m) structures are
shown in solid square (⌅) and triangle (N) with broken line, respectively.3 d, Pressure dependence of the normalized volume
V /V0 in b -Po structural elemental sulfur (⌅, ⇤). Broken line indicates the simulated V /V0 which contains 1/27 hydrogen atoms
per a sulfur atom in the present work. Close circle indicates the experimentally obtained volume and solid line is the fitting
curve with first-order Birch EOS with B0 = 30.6 GPa, B0’ = 6, V0 = 25.64 Å3 in ref.7
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http://arxiv.org/abs/1509.03156

2015 – BREAKTHROUGH
What is the crystal structure????



http://infohost.nmt.edu/~burleigh/MATE235.htm



Name Sym #
Barium Ba 56
Cesium Cs 55
Chromium Cr 24
Europium Eu 63
Francium Fr 87
Iron Fe 26
Lithium Li 3
Manganese Mn 25
Molybdenum Mo 42
Niobium Nb 41
Potassium K 19
Radium Ra 88
Rubidium Rb 37
Sodium Na 11
Tantalum Ta 73
Tungsten W 74
Vanadium V 23

Name Sym #
Actinium Ac 89
Aluminum Al 13
Argon Ar 18
CalciumCa 20
Cerium Ce 58
Copper Cu 29
Einsteinium Es 99
Germanium Ge 32
Gold Au 79
Iridium Ir 77
KryptonKr 36
Lead Pb 82
Neon Ne 10
Nickel Ni 28
Palladium Pd 46
Platinum Pt 78
Radon Rn 86
Rhodium Rh 45

FCC	- StructureBCC	- Structure

COMMON	CRYSTAL	STRUCTURES



DIFFRACTION	METHODS

Powder	diffraction:	
Powder	sample,	monochromatic	light,		variable	scattering	angle	detection	

Single	crystal	diffraction:	
Single	crystal	sample,	monochromatic	light,		variable	scattering	angle	detection	
+	sample	rotation		

Laue	diffraction:	
Single	crystal	sample,	polychromatic	light	(white	beam)

DIFFRACTION	METHODS

Scattering	facilities	around	Zurich
Paul	Scherrer Institute



http://pd.chem.ucl.ac.uk/pdnn/diff2/kinemat2.htm

http://www.diamond.ac.uk/Beamlines/Engineering-and-
Environment/I12/applications/diffraction.html

POWDER	DIFFRACTION



http://cnx.org/contents/URlgriBl@2/Powder-X-Ray-Diffraction
H.	W.	Chiu,	 C.	N.	Chervin,	 and S.	M.	Kauzlarich,	Chem.	Mater.,	2005,	17,	4858.

X-ray	Powder	diffraction	–
Germanium	

POWDER	DIFFRACTION

Neutron	Powder	diffraction	–
Diamond



DIFFRACTION	METHODS

Powder	diffraction:	
Powder	sample,	monochromatic	light,		variable	scattering	angle	detection	

Single	crystal	diffraction:	
Single	crystal	sample,	monochromatic	light,		variable	scattering	angle	detection	
+	sample	rotation		

Laue	diffraction:	
Single	crystal	sample,	polychromatic	light	(white	beam)

DIFFRACTION	METHODS

Scattering	facilities	around	Zurich
Paul	Scherrer Institute



SINGLE	CRYSTAL	ELECTRON	DIFFRACTION

Scattering	plan:	(100)	&	(010) Scattering	plan:	(100)	&	(011)

Gold	film

http://www.k5.dion.ne.jp/~inos1936/shozoHP1E.html

(a) and (b) are [001] and [110] incidence of the electron beam.

TEM	diffraction	patterns	of	a	gold-film

020



http://www.xtal.iqfr.csic.es/
Cristalografia/parte_05-en.html

SINGLE	CRYSTAL	ELECTRON	DIFFRACTION

Scattering	plan:	(100)	&	(010) Scattering	plan:	(100)	&	(011)

Gold	film

http://www.k5.dion.ne.jp/~inos1936/shozoHP1E.html

(a) and (b) are [001] and [110] incidence of the electron 
beam.

TEM	diffraction	patterns	of	a	gold-film FORM	FACTOR

020



http://serc.carleton.edu/research_education/geochemsheets/techniques/SXD.html

Schematic of 4-circle diffractometer



DIFFRACTION	METHODS

Powder	diffraction:	
Powder	sample,	monochromatic	light,		variable	scattering	angle	detection	

Single	crystal	diffraction:	
Single	crystal	sample,	monochromatic	light,		variable	scattering	angle	detection	
+	sample	rotation		

Laue	diffraction:	
Single	crystal	sample,	polychromatic	light	(white	beam)

DIFFRACTION	METHODS

Scattering	facilities	around	Zurich
Paul	Scherrer Institute



http://multiwire.com/index.shtml

LAUE	BACK	REFLECTION	GEOMETRY



DIFFRACTION	METHODS

Powder	diffraction:	
Powder	sample,	monochromatic	light,		variable	scattering	angle	detection	

Single	crystal	diffraction:	
Single	crystal	sample,	monochromatic	light,		variable	scattering	angle	detection	
+	sample	rotation		

Laue	diffraction:	
Single	crystal	sample,	polychromatic	light	(white	beam)

DIFFRACTION	METHODS

Scattering	facilities	around	Zurich
Paul	Scherrer Institute



https://www.psi.ch

PAUL	SCHERRER	INSTITUTE	(PSI)
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PAUL	SCHERRER	INSTITUTE	(PSI)

Swiss	Light	Source
Synchrotron

Swiss	Spallation	Neutron	Source

Swiss	Free	Electron	Laser
Swiss-FEL
Coming-2017µSR Facilities

Proton Therapy
Hospital

PAUL	SCHERRER	INSTITUTE	(PSI)



analyzed with this technique, are high-
lighted below:

materials

Neutron powder diffractometers 
at SINQ

Neutron diffraction experiments are carried 
out using sophisticated modern instru-
ments located at powerful neutron sources, 
such as nuclear reactors or spallation (ac-
celerator-type) sources. Among other large-
scale facilities, PSI operates the Swiss spal-
lation neutron source SINQ1, which 
encompasses an up-to-date park of neutron 
scattering instruments. 

Among these, two neutron powder dif-
2 and HRPT3, are high-

lighted below: 

DMC 

mainly designed for studies of phase tran-
sitions and the detection of weak or fast 

 
materials or small samples

for magnetic structure determination

HRPT

HRPT is designed for high-resolution neu-
tron powder diffraction studies with thermal 
neutrons.

HRPT provides:
 

scattering angle range

determination

The broad range of research topics investi-

by a large collection of sample environ-
ments, covering an extremely wide range  
of pressures and temperatures.

The table below details the key operational 
-

ments. Individual sample environment set-
ups are possible on demand.

Example 
A typical HRPT diffraction pattern and the re-
sulting crystal structure are shown in figure 1.

Contact us

are open to users from the world-wide sci-
entific community through the user-access 
program4, as well as for scientific coopera-
tion with industry. 

Please feel free to ask us for further details.

1 http://sinq.web.psi.ch/
2 http://sinq.web.psi.ch/dmc
3 http://sinq.web.psi.ch/hrpt
4 https://duo.psi.ch/duo/,
 http://sinq.web.psi.ch/sinq/sinq_call.html

Contact 
Dr. Denis Sheptyakov, 

 
 

ETHZ & PSI

Tel. +41 (0)56 310 30 70  
Tel. +41 (0)56 310 40 07

Email: Denis.Sheptyakov@psi.ch  

Technology Transfer PSI
Tel. +41 (0)56 310 27 22 
techtransfer@psi.ch

Paul Scherrer Institute
5232 Villigen PSI, Switzerland 
Tel. +41 (0)56 310 21 11
www.psi.ch
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Properties DMC HRPT

Wavelength 2.3 – 6.0 Å 0.94 – 2.41 Å

Scattering range 80° (400 

channels)

160° (1600 

channels)

Best resolution 

∆d/d

≥ 0.006 ≥ 0.0009

Temperature 

range, sample

110mK–1400 K  

(–273 °C …1127 °C)

Magnetic field, 

sample

≤ 4 T (vertical), ≤ 2 T  

(horizontal)

Hydrostatic pres-

sure, sample

1.5 GPa (few cm3), 

10 GPa (few 10 mm3)

Beam size Up to 5 cm (h)  x 1 cm (w)

Figure 3: The DMC powder diffractometer is also appropriate for the investigation of magnetic 

phenomena.

Neutron	powder	diffractometer@	PSI



Neutron	single	crystal	diffractometer @	PSI



European	facilities



Topic	of	next	week’s	lecture


