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MACS ITINERARY

Monday Experimental Sessions
2:15-3:30

-Introduction to Neutron Spectroscopy (MACS). (J. A. Rodriguez-Rivera)
4:20-5:30

-Experiment: 1D antiferromagnet S=1/2 CuPZN system (J. A Rodriguez-Rivera)

Wednesday Experimental sessions:
2:05-3:00

-Informal talk by Prof. Chris Stock from University of Edinburgh
3:00-3:30

-CuPZN MACS Experimental Setup
4:20-5:20 

-Informal talk by Prof. Kemp Plumb from Brown University



Friday Experimental Sessions
2:05-3:30

-Data analysis (Yiming Qiu)
4:20-5:30 

-Data analysis (Yiming Qiu)

MACS ITINERARY
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We cannot access the amplitude 
experimentally but we can acces 
the Intensity
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The intensity is the Fourier transform of the interatomic array.

The scattering experiments measure the correlations between atoms.
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FOURIER WEBCAM 
HTTPS://NCNR.NIST.GOV/INSTRUMENTS/MAGIK/CALCULATORS/FOURIER_WEBCAM/

(TAKING FROM RYAN MURPHY 2021 NCNR VIRTUAL SCHOOL TALK)



A simple experiment
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Magnetic neutron scattering correlation function



X-rays and Neutron scattering cross sections.

Neutron scattering lengths for isotopes of the same element can have very different 
neutron scattering properties



The Wavelengths of neutrons are similar to atomic 
spacing!

• Sensitive to structure

• Gathers information from 10-10 to 10-7 m

• Crystal structures and atomic spacing

Neutrons probe Nuclei!

• Light atom sensitive

• Sensitive to isotopic substitution

Neutrons have a Magnetic Moment!

• Magnetic structure

• Fluctuations

• Magnetic materials

Neutrons have No Charge!

• Highly penetrating

• Nondestructive

The Energies of neutrons are similar to the energies of 
elementary excitations!

• Molecular Vibrations and Lattice modes

• Magnetic excitations

Neutrons have Spin!

• Polarized beams

• Atomic orientation

Why neutron scattering is important?  



NEUTRON SOURCES: NUCLEAR REACTORS

• Nuclear fision

• Continuos neutron source

Pynn, Neutron Scattering: A Primer (1989)

Institut Laue-Langevin (ILL) 
Grenoble, Francia.

NIST Center for Neutron Research, 
Gaithersburg, MD



NEUTRON SOURCES: SPALLATION. 

• Spallation process

• Pulsed source.

Mitchell et. al, Vibrational Spectroscopy with Neutrons (2005)

Spallation Neutron Source, Oak Ridge, TN

ISIS, Oxford, United Kingdom



HOT VS COLD VS THERMAL INSTRUMENTS

• Thermal neutrons are produced by the reactor D2O 
moderator  (300K)

• Cold neutrons are produced by cooling down the neutrons. 
NCNR uses liquid hydrogen (33K)

• Hot neutrons are produced with a large piece of graphite 
(2500 C).

At the NCNR we have only thermal and cold neutrons
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TRIPLE AXIS SPECTROMETER
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TRIPLE AXIS 
SPECTROMETER
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Bertram Brockhouse
1994 Novel Prize in physics 



COLD TRIPLE AXIS SPINS-NCNR



THERMAL TRIPLE AXIS BT7 AT NCNR



TIME OF FLIGHT SPECTROMETER 
DCS AT NCNR



• Neutron sources are limited and very expensive.

• Neutron sources have low flux compared to x-ray sources.

• Long scanning times.

• Large samples (1-20 g).

• Difficult to perform experiments with highly neutron 
absorbent materials.

Neutrons disadvantages



Smaller Samples for new materials:

NiGa2S4 single crystals 7 crystals 

coaligned (HHL) 

~ 300 mg

Symmetry: P3m1 ~ 3000-5000 crystals ~ 1 g



Photon flux at various sources.



Neutron flux at various sources.



Optimizing the neutron flux and 
neutron detection

• Development of a new neutron 
sources.

• Install the spectrometer near a 
neutron source and/or use 
ballistic guides

• Focusing monochromator

Increase 
the 

neutron 
flux

• Focusing analyzers
• Increase the number of 

detectors.
• Continuous motion/Time 

stamping

Increase 
the 

number 
of 

neutrons 
detected.



• 1995 Collin Broholm (JHU) instrument proposal
• Propose to build an instrument near the NCNR cold source (NG0 beam 

tube) with a low background doubly focusing monochromator.

MACS project



CHRNS  1/5/05

Shielding

Helium

Cold Source

Shutter

Cryofilter Exchanger Radial Collimators

Shield walls

Variable Beam
Aperture

Xrail with detector 
and neutron camera

Thermal neutrons Beam Stop 
(lithoflex, 40% Boron + 
polyethylene)

Lead   -Beam Stop

Beam On/of button

γ

Beam On/of sign

MBT Drum

Focusing monochromator 
on translation stage

On November 2006 the front end was installed.   
(First beam)

• Neutron flux optimization.
• Neutron flux measurements.

4 cm

2 cm



MULTI AXIS CRYSTAL SPECTROMETER (MACS)
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• 10 X more neutron flux compared to IN14 and spins

• 20 X more detectors
Two orders of magnitude more efficient than IN14 and spins



MACS PROYECT. FIRST EXPERIMENT 07/2009

• February 2009 Front end (First Experiment)

• First night: spin-1/2 order in TeVO4

I(2 K)-I(20 K)



CHARACTERISTICS OF MACS AT NCNR 

• Q-resolution with “full” cold beam:

• Energy Resolution:

• Flux on sample: 

• Incident Energy Range 2.35-16 meV. (Dinamical range from 0 to 13.65 meV)

-10.05Ai sourceQ k aD » D »

( )222 1 0.2meVik
sampleE E t aD » - D »

8 2
0 10 n/cm /ssource Ef f» ×DW ×D ³

Ideal for slow quasi-particles in hard matter



Multi Axis Crystal Spectrometer (MACS)



MACS NEUTRON FLUX AND ENERGY RESOLUTION.

MACS at NG0 Neutron flux MACS Resolution measured with a V standard.



BT8

MACS floor

Peewee
cold	source

ShutterCryofilter	Exchanger

Radial	Collimators
Variable	Beam	
Aperture

Focusing	monochromator	
on	translation	stage

MBT	Drum

Pre-sample	
optics

Analyzer

Shutter	annunciator	
panel

Interlocked	gate

Beam	shield
Stop

Beam	On/off	
button

2 cm x 4 cm sample area  ->    ~ 0.5 x

1 cm x 2 cm sample area  ->    ~ 1.6 x 



Sample stage

Cooled filters Be, BeO and 
HOPG  (MCFX)

90’ Collimators 

Vertically focusing analyzers 

Diffraction detectors 

Spectroscopic detectors 























Questions about MACS?



Experimental examples with the Multi-
Axis Crystal Spectrometer



2D spin ½ antierromagnet TeVO4  
•Monoclinic (P 21/c, β ~ 105.8)
• Quasi 2D spin lattice



March 29, 2010

0.50 meVw =!TeVO4
T=2.2 K

0.75 meVw =! 1.00 meVw =! 1.25 meVw =! 1.50 meVw =! 1.75 meVw =! 2.00 meVw =! 2.25 meVw =! 2.50 meVw =! 2.75 meVw =!





DISPERSION: SLICES THROUGH A Q-E



MAGNETIC FRUSTRATION

• All the interactions compete.
• The spins do not satify all the interactions.

Eg: Antiferromagnetic triangular crystal.

There is not an optimal spin “ordering”.





Quantum Spin Liquid Candidate 
Herbersmithite (ZnCu3(OD)6Cl2)
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T-H Han et al. Nature, 492, Dec. 20, 2012,Kagome crystal

In a spin liquid the magnetic moment are highly correlated. The spins do not order 
neither freeze.

T=1.6K



Quantum Spin liquid candidate Ca10Cr7O28. Complex 
frustration mechanism.

“Here investigate the novel, 
unexplored magnet Ca10Cr7O28
which has a complex 
Hamiltonian consisting of 
several different isotropic 
interactions and where the 
ferromagnetic couples are 
stronger than the 
antiferromagnetic.

C. Baltz et al. Nature Physics 12, 
942–949 (2016).

http://www.nature.com/nphys/journal/vaop/ncurrent/full/nphys3826.html


Pyrochlore NaCa2CoF7

Magnetic interaction:

Second XY pyrochlore reported.

K. A. Ross et al. 



Polarized beam capabilities
Ho2Ti2O7 pyrlochlore spin ice

J. Gaudet et al.



CeCu2Si2 Heavy fermion superconductor

Song, Y., Wang, W., Cao, C. et al. High-energy magnetic excitations from heavy quasiparticles in 
CeCu2Si2. npj Quantum Mater. 6, 60 (2021). https://doi.org/10.1038/s41535-021-00358-x

Magnetic exitations
arise from 
quasiparticles 
associated with is 
heavy electron band, 
which are also 
resposible for 
sueprconductivity



Weyl fermions in NdAlSi

Gaudet, J., Yang, HY., Baidya, S. et al. Weyl-mediated helical magnetism in NdAlSi. Nat. 
Mater. 20, 1650–1656 (2021). https://doi.org/10.1038/s41563-021-01062-8



SRO AND SE IN A NULL-MATRIX NIPT
(DONE IN DCS)
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LEAD FREE RELAXOR
NA1/2BI1/2TIO3

DSst order THDSSESROBragg IIIII 1  ++++=
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Relaxor have a large 
dielectric permitivity.

Relaxor based 
ferroelectric single 
crystals are considered 
as the next generation 
transducer materials.

The structure of PMN, 
NBT and many other 
relaxors is based on the 
cubic perovskite
structure

P. Gehring et al. (unpublished)



POLARIZED ACUSTIC MODE IN PZT
PB (ZR0.5TI0.5)O3



Why the donut shape in reciprocal space?
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Break….



MACS and the 1-D 
antiferromagnetic ½ spin chain

1. 1Introduction to the 1-D spin-chain

I. Quantum vs Classical picture

II. Spinons and continuum scattering

2. Continuum in 2-D magnets

3. CuPZN Experimental setup



When S=1/2, there is no long-
range Neel state ->H. Bethe, Z 
Phyis 71, 205 (1931).

Normal spin-wave theory:

1-D antiferromagnetic S=½ chains:

!𝐻 = 𝐽%
*⃗

𝑆*⃗ ( 𝑆*⃗-.

𝐸 = 𝐽 sin(𝑄)



S=7/2 chains



Classical spin-wave dispersion:



Constant-Q scans…sharp resolution 
limited spin-waves:



DCP relation (S=1/2): 𝐸 =
𝜋
2 𝐽

sin(𝑄)

Normal spin-wave theory: 𝐸 = 𝐽 sin(𝑄)



Physical picture of spinon





Classical (large S):

Quantum (small S):

𝐸 =
𝜋
2 𝐽 sin(𝑄)

𝐸 = 𝐽 sin(𝑄)





S=1/2 chain



Predict a continuum of excitations…would appear as a 
continuum in neutron scattering.



The lower boundary is a spinon pair exitation with one of the pair
with momentum 0 and upper level is two spinons each with a 
momentum of q/2. In the continuum region a pair of interacting 
spinons can propagate freely along the one-dimensional chain 
with a total momentum of q.  (M. Aria et al. Phys Rev. Lett 77, 
3649 (1996)



Time of flight Spectrometers:



Data shows a continuum of 
excitations:



Physical picture of spinon:



First complete map using MARI chopper instrument (ISIS)



CRITICALITY: SCALING THE DYNAMIC 
SUSCEPTIBILITY

𝜒!! "𝑞 = 𝜋, 𝜔 =
𝜋
𝑇
𝐼𝑚 𝜌"

ℏ𝜔
4𝜋𝑘#𝑇

𝜌(𝑥) =
Γ 1
4 − 𝑖𝑥

Γ 3
4 − 𝑖𝑥

Haldene[1] and Shultz[2] predicted  for              is 
gapless and the spin correlations decays algebraically 
with Critical exponent

"𝑞 = 𝜋

𝜂 = 1

𝑆$$( "𝑞, 𝜔) =
1
𝜋 1 − 𝑒%

ℏ'
(!)

%*

𝜒" "𝑞, 𝜔

Nature Materias 4, 329,(2005)

Duncan 
Haldene
Nobel prize 
2016



Spin excitations in S=1/2 one dimensional chains:

1) Large S chains have an energy dispersion relation…

2) Low S chains have an energy dispersion relation…

and continuum of excitations.

𝐸 =
𝜋
2 𝐽

sin(𝑄)

𝐸 = 𝐽 sin(𝑄)



MACS is ideally suited for measuring excitations in low dimension 
systems….CuPzN

Figure : Crystal structure of CuPzN showing 
the Cu2+ ions (hatched spheres) are linked 
through pyrazine rings to form one-
dimensional chains.  The chain axis (a) is 
vertical on the page, with the b axis nearly 
horizontal.

CuPzN, Cu(C4H4N2)(NO3)2 

Space Group: Pmna

Lattice parameters:

a=6.712  b= 5.112  c=11.732 

alpha=beta=gamma=90





EXPERIMENTAL PLAN

• Is it a S=½ spin chain?

• Classical or quantum model?

• Continuum?

• What is the behavior at different T?



MACS SETTINGS

Neutron
source

Incident beam 
filter?

Slits

Monochromator
( Ei? )

Sample

Scattered 
beam side 
filter?

Fixed 90’ collimator

Analyzer
( Ef? )

• Let’s choose first Ei and Ef.

• Ei and Ef depends on the energy range and resolution. 

• We would like to have good Energy resolution

• Once we know Ei and Ef, we will choose the filters.



MACS NEUTRON FLUX AND ENERGY RESOLUTION.
MACS at NG0 Neutron flux MACS Resolution measured with a V standard.



Neutron
source

Incident beam 
filter?

Slits

Monochromator
( Ei? )

Sample

Scattered 
beam side 
filter?

Fixed 90’ collimator

Analyzer
( Ef? )

• Best Energy resolution at Ef=2.35

• From heat capacity measurements J=0.9 meV.

• DE?

• Now…  filters?

• Incident beam fiters :  Be or HOPG

• Scattered beam filters: Be, BeO or HOPG



HOPG FILTER
• Good to eliminate high order contamination.
• Good windows: 8.1meV, 13.5 meV and 14.7 meV



BE FILTER.
• Cuttoff at 5 meV (.404 nm)

• ~75% transmission below 5 meV

• ~20% transmission between 5 - 7 meV



• Cuttoff at 3.7 meV

• Clean cutoff than Be.

• ~ 60% Transmission below 3.7meV

BeO Filter



MACS SETTINGS

Neutron
source

Be filter

Slits

Monochromator
( Ei from 2.35 V to 5 meV )

Sample

Be filter

Fixed 90’ collimator

Analyzer
( Ef=2.35 meV)

• Best Energy resolution at Ef=2.35

• DE  about ___ meV à Ei= ___ to __ meV

• Incident beam fiters :  ____

• Scattered beam filters: ____



CuPzN dispersion HKL



(h 0 0)

(0 k 0)

A3=90

Chain direction

Dispersion along 
(h 0 0) direction



(0 k 0)
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(h 0 0)

(h
 0

 0
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Chain direction

Dispersion along 
(h 0 0) direction





(h 0 0)

(0 k 0)

A3=90

A3=0

A3=0 or A3=90?

Chain direction



CAUTION SPOILER!!
DINAMIC SUCEPTIBILITY

Dynamic 
susceptibility

𝜒!! "𝑞 = 𝜋, 𝜔 =
𝜋
𝑇 𝐼𝑚 𝜌"

ℏ𝜔
4𝜋𝑘#𝑇

𝜌(𝑥) =
Γ 1
4 − 𝑖𝑥

Γ 3
4 − 𝑖𝑥

Haldene[1] and Shulz[2] predicted for a 1D antiferromagnetic 
spin chains is gapless at              and the spin correlations decays 
algebraically with              .

The scaling factor do not depend on the coupling constant  (The 
susceptibility is a function of E and T)

CuPzN behaves as a 1D spin chain. It its expected to behave as a 
1D spin chain above 200K, where the thermal fluctuations 
dominate over the quantum fluctuations.

"𝑞 = 𝜋
𝜂 = 1

𝑆$$( "𝑞, 𝜔) =
1
𝜋 1 − 𝑒%

ℏ'
(!)

%*

𝜒" "𝑞, 𝜔

[1] Haldene, FDM. Phys Rev Let. 50,1153 (1983)
[2] Shulz, HJ. Phys Rev B. 34, 6372 (1986)



EXPERIMENT

We are going to measure the spin waves energy 
dispersion curves . 

Steps:
• Mount the sample into the cryostat.
• Align the sample. (flat monochromator)
• Point the spin chain along ki.
• Set Ei, Ef filters and slits.
• Scan A4 (2qsample) at different energy transfers.



MACS SETTINGS

Neutron
source

Be filter

Slits

Monochromator
( Ei from 2.35 V to 5 meV )

Sample

Be filter

Fixed 90’ collimator

Analyzer
( Ef= 2.35 meV)

• Best Energy resolution at Ef=2.35

• DE  about 2.65  meV à Ei= 2.35 to 5meV

• Incident beam fiters :  Be

• Scattered beam filters: Be



Setting the Energy and A4 scans:

• 20 detectors (20 A4) 

• Spacing between detectors: 8o

• What A4 steps are we going to choose?
• The dispersion is broad. We can choose 3.5 degrees steps to do not overlap 

detectors between points.

• What Ei steps are we going to choose?
• Energy resolution,  time constrains, Experimental plan, etc.
• For this experiment we will use 0.075 meV. Energy resolution at Ei=Ef=2.35meV is 

about 0.08 meV.



SAMPLE ENVIROMENT EQUIPMENT AT THE NCNR



SAMPLE ENVIROMENT ILL 
CRYOSTAT (ORANGE CRYOSTAT)




