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Examples on 3-TeVO, compound
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Powder neutron diffraction

Analysis of powder data

Magnetic structure refinement (powder /single crystal)
Single-crystal diffraction

Inelastic neutron scattering (powder, single crystal)

Using triple axis spectrometer
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WHY SCATTER NEUTRONS?

* To determine the positions and motions of atoms in condensed matter
1994 Nobel prize awarded to Shull and Brockhouse

(see http:/ /www.nobel.se /physics /educational /poster /1994 /neutrons.html)

* Neutron advantages

Wavelength comparable with interatomic spacings

Kinetic energy comparable with that of atoms in a solid

Weak interaction with matter makes relatively easy interpretation of the scattering data
Deep penetration —> bulk properties are measured (all sample at once)

Isotopic sensitivity allows contrast variation

Neutron magnetic moment couples to magnetic field (B) —> neutron ‘‘sees” unpaired electron spins

= Neutron disadvantages

[ L]

Neutron sources are weak —> low signals, need for large samples etc.
Some elements (e.g. Cd, B, Gd) absorb strongly — become active during the experiment

Kinematic restrictions (can’t access all energy & momentum transfers)
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http://www.nobel.se/physics/educational/poster/1994/neutrons.html

THE 1994 NOBEL PRIZE IN PHYSICS

Clifford G. Shull & Bertram N. Brockhouse

Neutrons show where atoms are...

When the neutrons
collide with atoms inthe .

sample material, they Nt
change direction (are IJ
scattered) - elastic
scattering. Q

f..j L’)’ Atomsina

. aystalline sample

o™ oo

(*) » .
s o s @ Uﬁ:j,’j Q\)')J
\ o
5 |

Detectors record the directions
of the neutrons and a diffraction
pattern is obtained.

The pattern shows the
positions of the atoms relative
to one another.

Crystal that sorts and
forwards neutrons of
a certain wavelength
(energy) - mono-
chromatized neutrons

Research reactor

Clifford G. Shull, MIT,
Camehridge, Massschusets,
USH, recsyes one half of he
1554 Nobel Frize in Fhysics for
desclopment of the newtren
diffraction wechnigue

Betram N. Brockhouse,
McMater Universty, Hamilton,
Ontmrio, Canada, receves one
half of the 1594 Nohel Prize

in Fhysics for the development
of NEUtToN e oETOp Y.

... and what atoms do.

3-axis spectrometer with <)

rot atable crystals and o

rot atable sample

crystalline sample

~ Atoms in a @ s PP ~

Crystal that sorts and
forwards neutrons of
a certain wavelength
(energy) - mono-
chromatized neutrons

Changes inthe

energy of the

neutrons are first

analysed in an

analyser crystal...
”

- s ST,

When the neutrons >
penetrate the sample .
they start or cancel

oscillations in the

atoms. If the neutrons

create phonons or

magnons they

themselves lose the «.and the neutrons
energy these absorb then countedina
- inelastic scattering detector.

3-axis spectrometer
(1)
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NEUTRON

* Composition: 1 up and 2 down quarks

" Massive: m_ = 1.675 x 10-%” kg — almost equal to proton
* No electric charge

= Spin: S=1/2

" Magnetic moment: (L= —=0.966 x 102 J /T = =1.042 x 1073 p, (Bohr magneton)
= -1.913 py (nuclear magneton)

* Kinetic energy (E), velocity (v), wave vector (k), wave length (A1), temperature (T) relations:

E=myv?/2 = k,T = (hk/27m)?/2m, k=2x/A=myv/(h/27) A=h/m_v (de Broglie wavelength)

I TS T Y N T N T

Cold 0.1-10 1-120 0.3-3 140 — 1000 2.2-22
Thermal 5-100 60 -1000 0.1 -0.4 1000 — 4000 15-70
Hot 100 — 500 1000 — 6000 0.04 - 0.1 4000-10000 70-155
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INTERACTION WITH MATTER

Two types of interaction:
= with atomic nuclei: nuclear force — residual strong interaction
* with magnetic field: electromagnetic force — magnetic dipolar interaction

Sensitive to atomic position as well as magnetic moment

Nuclear force range ~1 fm < neutron wavelength leading to
“point like” nuclear scattering

Magnetic interaction extends further leading to finite magnetic
structure factor

Penetrate 1cm to 1 m deep into the matter
= Good for scattering experiments
* Require thick shielding

When neutrons are absorbed y-rays are emitted — massive
shielding is required

neutron

electron

S
£

Penetration Depth (m)
3
S

\> L]
4
electrostatic interaction

electron
¢ nucleus

electromagnetic
interaction

magnetic
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x-rays neutrons

INTERACTION WITH MATTER - -
;.

Scattering cross sections are different then for x-rays

total cross
section

Two contributions:

* coherent scattering — depends on scattering vector

* Incoherent scattering — uniform in all directions ‘ ;:

Several nuclei scatter very weakly, while several EE)  CHe

have very strong/dominant incoherent scattering “He

* Al is used for windows and sample containers c

* V is used for sample containers and sensor calibration N

* Difference between 'H and ?H in can be used for contrast ‘ il

* Hydrogen samples are often deuterated ('"H —> 2H) 5

* 3He is used for detectors ‘ Vv

* Heavy elements have high absorption and can get very Fe
active during experiments Co

https: / /www.nist.gov/ncnr /neutron-scattering-lengths-list ¢y
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H
2H(D)
IZC
14N
160
325
6Fe

[
o

Cross section, bam

Bo®
[sR=}<=1
i

=]
L

0 10 20 30 40 50

Atomic number

0x10%2cm

4.5

7.3

4.0 x 102 cm

coherent scattering length

(scattering factor)

m Cross section (1 barn = 1024 cm?)

Coherent Incoherent Total Absorption

1.8
5.6
4.4
1.3
5.6
11.0
4.2
1.5
1.0
0.02
11.5
0.8
7.5
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80.2
2.1
1.6
0

0
0.5
0
0.01

5.1
0.4
4.8
0.5

820 0.3
7.7 0
6.0 5333
1.3 0
5.6 0]
11.5 1.9
4.2 0.0
1.5 0.2
1.0 0.5
5.1 5.1
11.9 2.6
5.6 37.2
8.0 3.8
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COMPARISON OF STRUCTURAL PROBES

For optical /transmission techniques higher resolution
is always related with more localized information of

the structure

Scattering techniques provide statistically averaged
information on the structure — not a real-space
picture of particle positions

S(Q,w)

oD

r Electronic
| Vibrational
(optic mode)

Energy transfer, cm™'  10° 10! 102 10° 10* 10° 106 (Tem?' =1.4K=0.12 meV)
Timescale, s 107-10""" 107%2 10793 10-" 107'®. 1078
Length probed, A >30 10 1 0.1 0.001 0.0001 0.00001
\ J
|
neu-l-rons R. Pynn, Neutron scattering — A Primer,

o0
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®,® Jozef Stefan Institute, Liubljana, Slovenia

Los Alamos Science, Summer 1990
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SCATTERING
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Real space and Reciprocal space: e

b

iK-R =1

A 2”’\ A
a*==—>b x¢

v
~ 20 , A
b*==¢é¢xa

2V
A T A N
*==axb

%
e”"Rzl»&*-d

a-b=

)

=¢"-¢=2m

— h k 1 . .
K ZZE(E,;,Z) - reciprocal lattice vector
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SCATTERING

Real space and Reciprocal space: e

b

A 2T o~ A
a*=—bx¢
v
~ TaAl A
* b*==—¢xa
2%
h k 1) Reciprocal Cr = 7& X b
a’b’c/V lattice vector
. o
. R R = 18
= - an 9k Q@ Scattering ar
= (ki — kp)=27(%2, %, %)
lQ (i = kr) a’b’c vector
.

k = 2w/ —> larger A better resolution
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ky
incident _~120
directi =
irection ki
* Inelastic scattering (k; # k)
° ° ° ° /’// 7
. a ky _
- L Q Q
ks i 2(2 __________ 204 R
° ° 6 ° k, ki
20 k. 7? —9 (h k 1) Reciprocal Neutron losses energy Neutron gains energy
L M\’ b’ )V lattice vector (k;< k) (k;> k;)
® ® ®
2
A T _Ton—n (9 9k a1\4 Scattering _ _ _ _h 2 2 _ 2 2
. ®

k = 2w/ —> larger A better resolution
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SCATTERING

2 JL o L

=~ 120 130 140 150
Scattering Angle, 26 (degrees)

Neutron Intensity

* Inelastic scattering (k; # k)

h k 1) Reciprocal Neutron gains energy

a’b’c/\ lattice vector (k¢ > k;)
®
n Q(A")
Q= (ki — kp=2x(L,% W)@ S| p = py = F - E= S (kP —kZ); Q2= kP 4k} — 2kk, cos20
t f a’b’c vector i o 2m\" f) | f inf
- - -

k = 2w/ —> larger A better resolution
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SCATTERING FORMULAE

do numbers of neutrons scattered per second into dQ
Basic quantity: differential cross section —

dQ ~ (number of incident neutrons per area unit per second)-dq
* Incident neutron flux: @ = number of incident neutrons per area unit per second

* Cross section: @ = total number of neutrons scattered per second /P

. . a 1 . . % 2
* Dimensions: [d—;] = m = area ([] - dlmensmns) <L,ﬁ D||’ect|on
do w 7 h Q)% 91 ¢
Calculation of — through Fermi’s Golden Rule: — = —
o~ @ ds
r—? matrix element
. (contains physics) r
Transition rate: W = k l_"/_'k (E)
o = VR @) | \e
- k) = F eikiF interaction ensity of final states @, Ei: ki 2 dO
1 plane waves, normalized to sample D> 77 =
- |kf = \/_— lkfr size L (Born approximation) M /
L\3dk 3 . dk mnky
or(e) = () = (1) k= () ™ -

i) t oy h kf AQ solid angle
density of states dkf = kf dksdQ a; covered by detector
in k-space

velocit h2k;
Incident neutron flux: ® = —3)' =— _y| do _ kp (myL? 2 - =2
L ML —=-1 |(kf|V|ki)|
J an ki \2mh?
oo’
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ELASTIC NUCLEAR SCATTERING

For elastic scattering: k; = ky -

) o = G vesr

“Born approximation”: taking scattered wave function as a plane wave direction -

fVel(kl kf)T 74

For short-range (nuclear) force, approximate “point-like” potential:

V() = ﬂbS(r — R)

Posmon of the nucleus: R

Scattering length b depends on the details of the nuclear structure and varies greatly (table in previous slide) Real space

do do
For single nucleus: 0= |b|?> —> Total cross section: ¢ = fd—ndﬂ = 41rh? ¢ & s 0

Lattice of nuclei:

o o
V(r) = Z bz 5(7‘ ﬁ), bg: scattering length of nucleus at site R e o
e o

d_; — |f2§ bz8(7 — R) eia'fdfr - |2§ bﬁeia'ﬁr €@ function of Q

o0
o0
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ELASTIC NUCLEAR SCATTERING

For most (), matrix elements are very small because phase factors from different nuclei cancel out. Matrix Reciprocal space
N — i 74 iKR — 1

element is large only when Q = K, where K is “reciprocal lattice vector” defined as e
The constructive interference leads to a huge enhancement, i.e., “Brag peak”
—~ 2 3 —
. i0-R|° _ Ay (2m) 72
Using |Z§€lQ | —NU—OZI?S(Q—K)

Total number of unit cells: N

Volume of unit cell: vy

For all nuclei being identical:

do _ 2 N(2m)3 7
an =P vo Zl?a(Q K)

Nuclear Bragg diffraction for unit cell with several atoms with basis vectors d ®
do _ N(2m)? - =12 °
do _NGn? s 80~ B) I (®)[,

- = L ]
where Fy (K) = Z& eiQ'db& is the “nuclear structure factor”. oLt

o0
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ELASTIC NUCLEAR SCATTERING

Two contributions
speckle

do _ (27I)

70 (b)z Z 5(Q K) + N[{b?) — (b)z] Coherent scattering

T

\

wavelength
“coherent” scct'r'rermg “incoherent” scattering

Coherent scattering carries information about the crystal structure
and depends on Q.

detector
Incoherent scattering carries information about the grain sizes and is

for large grains (even for most powders) almost uniform across the
Q space.

Both contributions strongly differ between different nuclei — see
table at the beginning of the presentation.

o0
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ELASTIC MAGNETIC SCATTERING J

From the Fermi's Golden Rule, similar as in nuclear neutron scattering

2 IR > - —
Z; (271:;112) |<kfmf|Hm|kimi)| with H,, = — i, - H,

* Neutron spin state: |m) = |+1)

* Electron magnetic field: ﬁe

Vector potential of dipole field (classical electromagnetism)

[, = HofexT _Bog WGl H —Gxd, =8P (i xVL
A, = Lok Mo\ F He—Ver—MVx(yeleﬂ)

41 |73 amt’e |7’

2

= (aoe) rmwi)? | (Rymy |5 ¥ x (5. x T )| Fom

) (2}’#1\1#3)2( ) (4m)? = (}’To)z

* Classical electron radius: 7y = 2.8 X 1071

= Collecting all prefactors: (

Finally we obtain: 3—; = (]/T‘o)2|<mf@- §el|mi)|2

neutron beam polarization

N

ﬂng

Using the relation:

deﬁeiﬁ'F =2 fooodlﬁl f_llei“’;”FI €0s 04 (cos 0)

[p|?

oo . o sin|p||F]  2m?
=27r d —_— 0 =
Jo APl =G =T

The vector product can be rewri'r'ren as:

v x (se X V|T|) L[ 22T x (5, x V)elPT

2m2 |P|2
= — [P x (G x p)ePTdp
And finally:

(kf|Vx(sexV| |)|k>— 2fdre Q7 [ dp p x (5, X p)ePT

= 41Q x (5, x Q)

Sel

When the relation:

@ )2 — [ dr e~i(P-Q)7 = 5(}3 — a) is used.

'
Sel
§el is magnetic component

perpendicular to Q!

o0
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ELASTIC MAGNETIC SCATTERING

For unpolarized neutrons we have to average across all neutron spin states |m). For
convenience we choose neutron quantization axis Z || S, :

(m |G- 5 |m-)=S (m lo |m): Sel Ifmf=mi
f el e\ Iz 0 otherwise

The cross section for a single electron at rest for an unpolarized neutron beam is:

do
o= (y10)?|se.|?; with S, the projection of the electron spin perpendicular to Q

Generalization for an atom:

9o = 21 PIF @ = )2 [1- (3 Q)

* Magnetic form factor: f(a) = ij]\/t(?)eiaf Real space
* Magnetic dipole moment density due to unpaired electrons in the atom: M@F) = M@)h + + + + *
Generalization for collinear magnets (ordered): + + d + *
90 = )2 [1- (7 0)°| WS 2 Sy (0 = or) | (B[

AV B

* Magnetic reciprocal lattice vector: KM

* Magnetic structure factor: FM(Q) = Za(i)eia'afa(é), sign + depend on orientation in respect to 7] at d. ﬁ

o0
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ELASTIC MAGNETIC SCATTERING

One-dimensional ferromagnet

+HH1

—>
a

Nuclear mad magnetic unit cells are identical

2T
KM = KM =N where 71 is integer

(da) A
aaly

E A a a a a
(dQ)M |f(§)|2
V'd

o0
o0
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One-dimensional antiferromagnet

iaz l i l i l Basis: &\1 = 0, &\2 = a,
Mag. structure factor: f&Z (Q) =

~f4,(Q)

—>
a

Magnetic unit cell is twice as large as nuclear unit cell

aq

2 am em s Q

Gl @)
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—_ P —~_ 12 — i
Ki=fn# Ky =20 = |Fyl2 = |83 00f5@ = |F@) |[+1- et

(2.1 = (@) (o)’ = V@t oot

for n even
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SCATTERING SUMMARY

Nuclear scattering: Magnetic scattering:

* Unit cell — position of reflections * Magnetic unit cell/modulation — peak position

* Position of the atoms in the unit cell — peak intensities * Type of magnetic order — peak position

* Types of atoms — peak intensities * Orientation of magnetic moments — peak intensities

* Size of magnetic moments — peak intensities

Neutron Intensity

JL, U L

120 130 140 150
Scattering Angle, 26 (degrees)

o0
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/ . .
W Direction
d?c _ numbers of neutrons scattered per second into d0 & dE
dQdE DAQAE -
. D, E; ki
Conservation of energy >
de(a'E) — {kAP 7, 7, 2 .‘.5' l'EIAI (:u-r(‘n at .“1)(JK
dOdE = kll|(kfmf|V|klml)| 16( Ei Ef + E) wp ﬂ v
- AQ solid angle 25k | isam
Matrix element - contains physics covered by Lo
detector
Nuclear scattering
d?c k — - i ol R
— N—beS(Q, w), w=E/h b — scattering length e
dQdE ki N — number of atoms Qom’)
— 1 - - (0 107t S — scattering function, which is Fourier transforms of time
S(Q: w) = SnhN f_oo Zj,jr et (elQ i@l )) dt »  dependent pair correlations functions of either atomic or spin

Magnetic scattering

24 To 2 =~y _ — A aB(A
s = (22) (@@L g (50 — 0a)5™ (0, )

dQdE ~

SU(Qw) = 5z 70 B0 € C T (S5O)S/(6) de

o0
o0
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component

f — magnetic form factor (Bessel functions, decays with Q)
There is no form factor for nuclear scattering, as the nucleus
can be considered as a point compared to the neutron
wavelength!

W — Debye-Waller factor accounts for attenuation of
coherent neutron scattering due to thermal motion of atoms
gn = 1913

7p = 2.8 X 10" m is the classical electron radius

Matej Pregelj



INELASTIC SCATTERING

Expressions for S(Q, a)) can be worked out for a
number of cases e.g.:

* Excitation or absorption of one quantum of lattice
vibrational energy (phonon)

* Various models for atomic motions in liquids and glasses

* Various models of atomic & molecular translational &
rotational diffusion

* Rotational tunnelling of molecules

* Single particle motions at high momentum transfers

* Transitions between crystal field levels

* Magnons and other magnetic excitations such as spinons

Inelastic neutron scattering reveals details of the
shapes of interaction potentials in materials

o0
o0
®,® Jozef Stefan Institute, Liubljana, Slovenia

Nuclear scattering function
- 1 i (07 (0T
S(Q0) = g Jo Zyyre ™ !0 Del0TO) dt

Magnetic scattering function

00 .4_ a'_a', i B
[2.%, e giwt (S5(0)S5, (1)) dt

1

S“ﬁ(é, w) - 2mh

@
.
S
1]
T T
Energy transfer, cm™'  10° 10! 102 10¢ 10° 108
Timescale, s 107-10"" 1012 1073 107"° 1078
Length probed, A >30 10 1 0.001 0.0001 0.00001
\
|
Matej Pregelj
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INELASTIC SCATTERING

Lattice waves => collective acoustic and optic

. ) ; Magnons
lattice vibrations — Phonons
Spin-waves => collective magnetic excitations T} i
associated to the in-phase precession of the T
spin moments — Magnons T
E4  S(qw) E4 S(qw)
Phonons and magnons are quasi-particles
(excitations) associated to the lattice and spin
excitations |
|
They are characterized by a frequency w and a |
wavevector q > >
Reduced wavevector q Reduced wavevector g

Dispersion relationship between energy hw and
momentum hq

o0
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MAGNETIC SCATTERING SUMMARY

The magnetic moment of the neutron interacts with B fields caused,
for example, by unpaired electron spins in a material

* Nuclear and magnetic scattering have similar magnitudes

= Both spin and orbital angular momentum of electrons contribute to B

* Magnetic scattering involves a form factor — FT of electron spatial distribution

* Electrons are distributed in space over distances comparable to neutron wavelength

= Elastic magnetic scattering of neutrons can be used to probe electron distributions
= Magnetic scattering depends only on component of B perpendicular to Q

= For neutrons spin polarized along a direction z (defined by applied H field):

|

* Correlations involving B, do not cause neutron spin flip
* Correlations involving B, or B, cause neutron spin flip

= Coherent & incoherent nuclear scattering also affects spin polarized neutrons

o0
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INSTRUMENTATION AND FACILITIES

What are basic requirements to perform neutron scattering?

* A source of neutrons

* A method to choose the wavevector of the incident neutrons k;

= A sample

* A method to determine the wavevector of the scattered neutrons k; (not needed for elastic scattering)

= A neutron detector

: c
Incident neutrons, k: ‘5

k=27/A=mv/(h/27)
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NEUTRON PRODUCTION

Fission reactor:

* Chain reaction: neutron + 233U —> Fission products + 2.4 neutrons (average)
* Very intense source (~10'2 n/s per megawatt in research reactors)

Spallation source:

* No chain reaction — pulsed or continuous operation.

= Protons, accelerated by particle accelerator, strike a target made of heavy
elements (e.g. mercury), where excited nuclei emit neutrons

Moderators:

= Neutrons have very high energies (~1 MeV) so they must be slowed down
= Liquide graphite for hot neutrons
* Water or heavy water for thermal neutrons
* Liquid deuterium for cold neutrons

Neutron guides:

* From the source neutrons are guided to instruments by evacuated tubes
= These may be coated from the inside by supermirror multilayers
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NEUTRON FACILITIES

Large scale facilities
* Instruments are arranged around the neutron source

* Complex operation requires support from a local contact
* A variety of sample environments (cryostats, magnets, ...)

* One needs to apply for neutron beam time

(X0

PSI, Villigen, Switzerland

ILL, Grenoble, France
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FISSION REACTOR

Example: Institute Laue Langevin (ILL),
Grenoble, France

* Leading neutron research facility in the world

* Most intense flux in the moderator region
'|O15 S-lcm-2' thermal power of 583 MW DOUBLE-WALLED REACTOR BUILDING g
LEVEL D - REACTOR HALL
CRANE FOR REACTOR OERATIONS LEVELD @)
GANTRY FOR HANDLING OF FUEL ELEMENTS @)
HoTCELL ®
LEVEL C - ECPERIMENTALHALL @ |
CRANE FOR EXPERIMENTAL OPERATIONS @)
BIOLOBICAL SHIELDING [CONCRETE] @
COLLIMATED NEUTRON EXIT POINT @)
LEVEL B - REACTOR AUXILLARY EQUIPMENT 40
REACTOR POOL (LIGHT WATER] @
HEAVY WATER (MODERATOR & FUEL ELEMENT COOLING] @2
FUEL ELEMENT @3
SPENT FUEL ELEMENTS STORAGE @&
HEAT EXHANGERS (PRIMARY/SECONDARY) @8
SECONDARY COOLING CIRCUIT ‘DRAC RIVER] @8

\q‘ ——1 "\
\"\V/ Cold source

—
R NI! Hot source
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FISSION REACTOR

Example: Institute Laue Langevin (ILL),
Grenoble, France

SuperSUN s

SuperADAM
* Leading neutron research facility in the world

* Most intense flux in the moderator region
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70 MeVH™

SPALLATION SOURCE =

v~ e

Example: ISIS, Rutherford Appleton
Laboratory, UK

* Pulsed neutron spallation source

* Two targets

* Targets made of Tungsten is being replaced
every 2 to 5 years

= 800 MeV protons at 50 Hz
* Short pulses of ~0.5 s

Extracted Proton Beam

= cca 25 instruments

Target Station 2
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Monochromators

* Bragg reflection of a single crystal

* Ferromagnetic crystal — polarized neutrons

* Neutron energy determined by physical limitations

Disc choppers

= Disc with a hole

= Typically two one after another

* Very versatile, yet limited by rotation speed
= Better for lower energy neutrons

CADMIUM PLATED BLADE SHAPER

STAINLESS STEEL

Fermi choppers

* Drum with a whole

= Sheets of absorbing material

= Curved — optimized for specific energy ranges

* Rotate up to 600 Hz reton / ?“w a
¢ =~ /

* Also for higher energy neutrons 15 meV to 2 eV
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DETECTION

. 3He +n—> 3H + P + 0.764 MeV

* lonization caused by triton and proton is collected on an
electrode

= 70% of neutrons are absorbed when the product of:

gas pressure x thickness x neutron wavelength = 16 atm x cm x A

* Modern detectors are often “position sensitive” — charge division
is used to determine where the ionization cloud reached the
cathode

* Most detectors need bulky shielding as they are also sensitive to
Y-rays

The IN5 Large area Multitube at ILL, France

12 modules of 32 tubes (+ 1 spare)

Distance sample — detector = 4 m

Each tube is 2.54 cm diameter, 3 m long

Volume of 3He = 600 litres * Pressure (4.5 bar) = 2700 litres
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HOW IS NEUTRON SCATTERING MEASURED?

Large penetration depth

* Large samples

* Massive detectors, shielding, ...
* Slow movements of instruments

Powder
* Large samples — several grams \
= Typically collect broad spectrum - fast

= Measure overlapping contributions from all phases

Single crystal

* Much larger samples compared to x-ray, SQUID, specific heat, ...
= Detection of single reflections — slow

= Phase specific — by choosing which reflections are being measured

Time-of-Flight — pulsed source

Monochromator — continuous source
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POWDER DIFFRACTOMETER

Neutron Guide

Powder = Many tiny crystals
y niny cry Monochromator
* 1 cm® of 10 um crystallites = 107 particles, Shutter
= 1 cm® of 1 um crystallites = 10'2 particles Graphite fiter
All orientations of crystallites possible S
(220) Evacuated flight tube

Sample container: Al, V

Maonitor Radial oscilai
- - adial oscillafing
Adjustable sits collimator ~8 cm
Sample
Beam stop
SHe | Q = 2ksind

mulfidetector

15000

Single-crystal reciprocal lattice is smeared
into spherical shells

1s)

10000

' |
|| \‘
5000 |“

Intensity (coun

Typically data at all angles are collected
simultaneously

| LINTY || i A
\| [ “J"'”.-‘J'*\ »‘-‘I,Jw’f" W I‘I[“‘"‘J""F
et

If several phases are present, all contributions :
Sum Up o 20 40 60

80 100 120 140 160
28 (deg)
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FOUR-CIRCLE DIFFRACTOMETER

. Collimator

J
Incident bea

Single crystal measurements

Four rotations are possible:

* 20— position of the detector in respect to incident beam
* @ — rotation of the crystal within the scattering plane

* ¢ - rotation of the crystal around the pin

=y — rotation of the sample out of scattering plane

Sample glued or fixed by Al wires to an Al pin
At least crystal unit cell has to be known

Single crystal has to be aligned precisely to Bragg
reflection — to start: 28 is set for the strong reflection
and then the corresponding direction is aligned by
eye to bisect_the incident and scattered beam, i.e., to

point along Q vector

U-matrix connects the reciprocal space with ¢, 7, and
o angles
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Vertically Focusing Vertically Moving Horizontally Single *He
Monochromator Shielding-blocks ~ Focusing Analyzer ~ Detector Tube

PaN
,// \

Shielding—.

.

Be-filter —._

guide

TRIPLE AXIS SPECTROMETER ...

"> onitor (M0)——

Sample '( A e 0,
- il

//

S(Q,he)/ .~
H - Detector L . |
For single-crystals 20 Collmtor  Moritr (1)

Primary (
rotation table

\,
Collimator
G or bender

<] Airpads
U ™ Sample
nﬁ

N
Goniometer \ Sample

Explore energy transfer,
i.e., dispersion relations

Secondary -~
rotation table

hZ Analyser table Environment
— — 2 2
ho = E -E= (k' - kf) Monochromator A=2d.sin64
2m ! Ai=2dmsing
2 =42 4|2 -
Q kl + kf 2kikf cos26 Real space Reciprocal space

It allows measurement of
the scattering function at
any point in energy and
momentum space
physically accessible by
the spectrometer

Typical limitation is the
scattering plane

g TASP PSI, Switzerland

)
/
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TIME OF FLIGHT SPECTROMETER

The time of flight spectrometer determines neutron energy
by measuring its time of flight from one point to another.

The beams are monochromated using several choppers
rotating at different frequencies allowing only neutrons at
certain velocity can pass through.

Since we know the distance between the sample and
detectors and can measure the time for neutron to fly from
the sample to the detector, we then can calculate the energy
of scattered neutrons.

The direction of momentum can be figured out from the
detector angle.

Time-of-flight method is powerful in that it can map out the
huge Q-E space at a time.

Optical Filter

Sample Chamber
Crystal Filter

Transmitted
Beam Monitor

500°

Monochromatic \ ' p, ;4] Collimator
Beam Monitor
White Beam Sample
Monitor
/ Neutron Guide
\

iy f/ 3 Ln ﬁ
Ire |} | LR® o
S
Shutter Argon gas-filled ke
Frame Overlap Flight Chamber &
( hum\cr & OOO
Order OOOO _ OOOO
Chopper 000000 T Beam
! 3 e 8
—_—— Stop
Pulsing Choppers I

913 3He detectors,
400x31x1 1mm3

[ L]
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ANALYSIS - FULLPROF

2 Fullprof Suite ToolBar O x

File  Programs  Settings  FP Dimensions  Tools  EditResults  Help

B BB S0 e T e bk I ) 0 S B e Q

'Working Directary: C\Us...luzba\BYSQ honycomb'2020_11_16 WISH_neutron diffraction\refinement\, CodeFile: Type: Date:  |16/04/2022

Probably most widely used open source suite for analysis of diffraction data by Juan
Rodriguez-Carvajal, Institut Laue-Langevin, Grenoble, France
(hitp://www.ill.eu/sites /fullprof/)

* WinPLOTR: Programs for visualising powder diffraction patterns from a large number of instruments (almost each
instrument has a unique file structure). Fitting independent peaks (CW and TOF)

FullProf: Crystal and magnetic structure refinement, powder/single crystals, polarised neutrons, constant

wavelength, TOF, energy dispersive, multiple patterns, simulated annealing for solving crystal and magnetic
structures (integrated and profile intensities).

* EdPCR: Editor of the FullProf input control file

SuperCell/K_Search: Program for searching propagation vectors

BasIREPS: Program for calculating basis functions of irreducible representations of space groups. Useful for
determining magnetic structures .

Fp_Studio: Program for visualising crystal and magnetic structures

* And more: Fourier/GFourier and Bond_Str/GBond_Str. Fourier and distance /angle calculations; Check_Group:

Program for getting the space group (powders and single crystals) Datared /GDatared: Program for single crystal
data reduction; Mol_tpcr: console utility for creating Rigid body groups

[ L]
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http://www.ill.eu/sites/fullprof/

File  Programs  Settings  FPDimensions  Tools

EditResults  Help

B4

a7 ED
! ’,‘ PCR PCR

o 5 0 0

Working Directory: | 7 £
File Editor Tools Templates Help

Exit

< | T External EJPCR Text Editor - [C:\Users\Matej\Documents\_Sluzba\YCu3(OH)6CI3\neutrons\refinement\crystal struct.. — O X
File Edit Search

Obdwl 4 2 @/

BWEBEN Y 0 X DaEsdlxhB9 ™
CoMM beta VvTeo4

~ Information ! current global chi2 (Bragg contrib.) = 53.33
! Files => DAT-file: 4p5A-20K-monl1000000.dat, PCR-file: vcus(on)sd3For4p5Acrysta1MagBGR

FullProf

Tite. type of job: Rietveld, Integrated Intensites. General 'Job Npr Nph Nba Nex Nsc Nor pum Iwg Ilo Ias Res Ste Nre Cry Uni Cor Opt Al
Simulated Annealing, 7 13 1 0 0 0 0 0 1 0 0 0 0 0 0 0
Type of Pattems, profile, background, diffraction Pattems 'Ipr Ppl Ioc Mat Pcr Lsl Ls2 Ls3 NLI Prf Ins Rpa Sym Hk1 Fou sho Ana
geometry, usergiven scattering factors 0o 0 1 1 1 0 4 0 0 3 8 0 0 0 0 0 O

Phases ! Lambdal Lambda2 Ratio Bkpos wdt cthm muR  AsyLim Rpolarz 2nd-muR -> Patt# 1
4 506000 4.506000 1.00000 70.000 5.0000 0.0000 0.0000 50.00 0.0000 0.0000

Phase name, type of calculations (JBT), ATZ.
contribution to pattems, symmetry,

Number of cycles, relaxation factors, access to Refinement !ch Eps R_at R_an R_pr R_gl Thmin step Thmax PSD sent0
pattems and phases (atoms and profile) 10 0.05 0.80 0.80 0.80 0.80 3.0000 0.100000 127.7000 0.000  0.000
'
Constraints defintions, adding, deleting, Constraints 12Theta/ToF /E(Kev) Sa(kground for Pattern# 1
modifying 6.5000 2521 0.00
. 13.4000 22844 0000 0.00
Fixing range of parameters, distances, angles, Box/Resirainis 16. 0000 22567. 6680 0.00
and linear restraints 20.2000 22414.3340 0.00

Copyright (c) 2002-2005. JGP - JRC

Output options for pattems and phases: Output |
Reflection lists, Fourier, distances, BVS.

!
! excluded regions (LowT HighT) for Pattern# 1
0.00 10.00

. .
[vCu3(OH)6CISforapsAcrystalBGR [Profiles: 1 [Phases: 1 [16/4/2022 [18:56:59 |, 14, iNunberofrefined parametens
! zero code SyCcos code  sysin code Lambda Code MORE ->Patt# 1
| -0- 00802 99% 056000 6-0 0:50000 0.0 4-306000  0.00 0
i ! pata for PHASE number: 1 ==> Current R_Bragg for Pattern# 1: 2.30
B Fpstudio ver-2.0 - u] X i R_Bragg
File Crystel Structure Magnetic structure  Options _Help reus(on)ecl3
el o INat Dis Ang Prl Pr2 pr3 3bt Irf Isy str Furth ATZ Nvk Npr More
D@l @ 7 0 0000010 0 0 0 0 0 460.847 0 4 0
'
!
P 1 -Space group symbol
b !Atom  Typ X ¥ Z Biso occ In Fin N_t Spc /Codes
@ Y 0.00000 0.00000 0.50000 0.00000 0.07933 0 0 0 0
0. 0 0.00 0.00 0.00 0.00
s vi2 v 0.00000 0.00000 0.37800 0.00000 0.00040 0 0 O 0O
0. 0 0.00 0.00 0.00 0.00
4 Ccul Cu 0, 5(01030 0.50000 0.50000 0.00000 0.25000 0 O O [
X 11 0.33330 0.66670 0.86292 0.00000 0.16667 0 0 O 0O
0.00 0.00  21.00 0.00 0.00
- c12  cl 0100000100000, 0100000, 0100000, » 01083334 10% 1% 10%1 O
= 0.0 0.00 0.00
o o 0.19035 0.38072 0. 36165 0. ooooo 0.50000 0 0 O 0
31.00  32.00 0.00
® H 0.20344 0.40693 0. 19403 0. 00000 0.50000 0 0 O [
Q 1.00 52.00 61. 0.00 0.00
---> Profile Parameters for pattern # 1
oD scale shapel Bov stri str2 str3  strain-model
= 58.21 0.00000  0.00000  0.00000  0.00000  0.00000 0
5« 11.00000 0.000 0.000 0.000 0.000 0.000
] W X Y Gausiz  Lorsiz size-Model
o 0.524374 -0.272899  0.310677  0.400015  0.398449  0.000000  0.004370
£ 111.000  121.000  131.000  141.000 101 000 2 ooo 0.000
A a I alpha bet. #cell 1nfo
6.747523  6.747523 5.590377 90.000000 90 000000 120 000000
A 81.00000 81.00000 91. 00000 0.00000 81.00000
1 prefl pref2 Asyl Asy2 Asy3 Asy4
0:00000 0:00000, 0:00000. 000000, 0700000 000000
0.00 0.00
0.00437 0.00 shape: shpl cshpl & shp2 cshp2
2Thl/TOF1 2ThZ/TOF2 Pattern to plot
7 10.000 127.700 b
c: 020_11_161 4 [ | INs
e i o L= - z

®_o Jozef Stefan Institute, Ljubljana, Slovenia
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EXAMPLE: YCu,(OH),Cl,

Starting point

* Crystal structure

* Basic magnetic properties (Cu?t S = 12) "
* Magnetic ordering at 15 K NS

Our approach to determine the magnetic order
* Experiment: Powder neutron diffraction to see if long-range magnetic order develops

* Analysis: Indexation of magnetic reflections, attempt to refine the magnetic structure

A.ZORKO etal. PHYSICAL REVIEW B 99, 214441 (2019)
A.ZORKO et al. PHYSICAL REVIEW B 100, 144420 (2019)
T. ARH ef al. PHYSICAL REVIEW LETTERS 125, 027203 (2020)
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KAGOME LATTICE IN YCu,(OH),Cl,

Kagome lattice Cu?* S = 2

Antiferromagnetic Geometric
interaction frustration

H J/ N\
H®ﬁA@

Without anisotropies spin-liquid ground
state is expected

Anisotropies may stabilize magnetic order
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MAGNETIC SUSCEPTILIBTY

High-temperature imply Curie Weiss temperature
Ocyw = —99 K strong interactions

Magnetic order develops at Ty, = 15 K

Strong frustration T,/ 6., = 0.15

M/H (cm®/(mol Cu))

o0
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0.010
~0.008-
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£ 0.004-
0.002-
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POWDER DIFFRACTION

We performed powder diffraction at several
temperatures above and below T

At 8 and 1.5 K additional reflections emerge

A clear sign of magnetic order

o0
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K VECTOR SEARCH

index dat (3 | Bindexout £3| B rafnb_on1 dat £3| B efnb_on1 lis (3| Bl betaVTeO4 out (3| Bl new 2 £3 | B ksearch2 out (3| [ ksearch2 sat B3
=] =] | Bt | B e IZ] |

+%d FullProf Suite ToolBar

File  Programs  Settings

=E BE

C:\Us...luzba\BYSO hr

FP Dimensions Tools Edit Results Help

' 5 7 R I O

b42020_11_16 WISH_neutron diffraction\refinement\

S
2

Working Directory:

Code File: Type:

s | ! peak position
10 | 2TEETA_LIST

11 51.56047
25.47054
91.56037

1| FITLE ¥Cu3 (0H)6C13

2 SPGR P -3 m 1

3 CELL 6.747752 6.747752 5.595633 90.000000

4 SHORT-CUTFUT

5 K_INCOMMENSURATE

& | CWICL 4.50€000 0.800

7 K_RANGE 0.33 0.34 -0.33 -0.32 g.0 1.0
K_DIV 100 100 100

peak_intensity peak background
3

1402. 04.2
1050. 915.749873
1060. 915.25976

90.000000 120.000p00

Date|

When magnetic reflections are identified, one can start

thinking about the magnetic order.

Begin with identification of magnetic ordering
(wave) vector (K vector) using K-search.

Input:

= Space group

* Lattice parameters

* Neutron wavelength and tolerance

* Incommensurability /Commensurability
* Krange

= Precision

Output:
= List of 10 best solutions

* Calculated and observed angles for the
best solution

o® Jozef Stefan Institute, Ljubljana, Slovenia

H index dat ,WEmde:t.oul JErafnb_om dat ,WEramb_unT lis ,WEbetavTeOl.mn i

frew 2 £ [Hksearch2out B3 | ksearch2 sat ,l

INPUT

v
A
=> List of the best 10 solutions for 3 satellites OUTPUT
B
i n
T => A probable solution is the special kvector ks =( 0.0 g Q.
78 => The corresponding R-factor is: 0.0452
g2 => List of satellites (hkl)+(Kx,Ky,Kz) for the best solution:
H K 2Th (cbs-cal)
—> Best R-factor: 0.0452 % for propagatio
¥ o= ( 0. 0. 0. -
Total CPU-Time
v
< b3
spicefile length: 4,237 lines: 100 Ln:1 Col:1 Pos:1 Windows (CRLF)  UTF-8 INS
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REPRESENTATION ANALYSIS

3 |evEC
4 |=asir axiaL
s |aToM cu

| Bnew 2 (3] Bkssarch2 out (3| Bl ksearch2 sat (3] B YCU3OHIBCI3 bt

5 YCu3OH}BCI3smb E3

Bindex.out £3 | B rafb_ori1 dat IE\aint;lill\s }Etexaﬂec‘::m

TITLE YCu3 (OH)6CL3

2 |SEGR P -3 m 1

0.0000 0.0000 ©.5000 0.

Cu 0.50000 0.50000 0.50000

INPUT

+%d FullProf Suite ToolBar

File  Programs  Settings  FPDimensions  Tools  EditResults  Help
==| ™ Py ED ED® o S 4= G | ® @
=8 B I"""] ﬁ?,,; PCR PCR 5@4 ﬁﬁ"'“ =y [iht] [ @ HO @ a‘“‘:rléﬂ % %‘.ﬂ I ool

Working Directory: C:\Us...luzba\BYSO honycombh2020_11_16 WISH_neutron diffraction\refinement\ Code File: Type:

If positions of the observed magnetic reflections
match the calculated ones, i.e., if the derived
magnetic wave vector is correct, one can try to
refine magnetic structure.

Starting point is representation analysis — the
crystal-structure space group and magnetic wave
vector impose symmetry restrictions for possible
magnetic structures (in case of second-order
magnetic transition) — using Baslreps.

One can derive magnetic group (little group)
and its possible irreducible representations (IRR),
on of which should in principle describe the
emergent magnetic order.

B rofr_ont ct (3 | B refn_on 1 s (3] B betavTe04 out (3| Bl new 2 (3] Bl ksearch2 out (] B ksearch2 set €3] B eu3ori6cabr (3] B YEu3OMIECH3 smb (3 [ YCu3OH)BCI3a ber 3
Number of Space group: 164
> Hermann-Mauguin Symbol: B -3 m 1 OUTPUT
Hall Symbol: -P 3 2"
Setring Type: Generated from explicit IT generators
Crystal System: Trigonal
Laue Class: -3ml
Point Group: -3m
Bravais Lattice: P
Latrice Symbol: hP
> Reduced Number of 5.0.: &
General multiplicity: 12
Centrosymmetry: Centric (-1 at origin)
=» Generators (exc. —16L): 2
=> Asymmetric unit: 0.000 <= x <= 0.667
0.000 <= y <= 0.333
0.000 <= z <= 1.000
=> Centring vectors: o
—> List of all Symmetry Operacors and Symmetry Symbols
=> SYMM( 1): X,¥,Z Symbol: 1
= syMM( 2): -v,x-v,z Symbol: 3+ 0,0,z
SYMM( 3): v,x, -z Symbol: 2 x,%,0
SYMM(  4): -miy,-%,z Symbol: 3- 0,0,z
S SYMM( 5): -, -K+y,-z Symbol: 2 0,v,0
> SYMM( €): X-Y,-V,-Z Symbol: 2 X,0,0
sSMM( T): -x,-v, -z Symbol: -1 0,0,0
S OSYMM( 8): v, -miy, -z Symbol: -3+ 0,0,z; 0,0,0
S SYMM( 9): -y, %,z Symbol: m x,—%,z
SYMM([ 10): x-y,%,-2 Symbol: -3- 0,0,2; 0,0,0
> SYMM( 1l): X,X-V,Z Symbol: m 2X,X,2Z
> SYMM( 12): -X+V,V,Z Symbol: m X,2X,Z
Normal text file length : 20,567 lines : 365 Ln:26 Col:37 Pos:i1,005 Windews (CRLF)  UTF-8 IN
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Bindex out £3| B rafnb_ori1.dat IE\aint;lill\s | B betavTe0s out (3| Bl new 2
TITLE YCu3 (CH)6C13

; SPGR F -3 m 1l

3 KVEC 0.0000 0.0000 0.5000 0.
4 BASIR RXIAL
5 ATCM Cu Cu

| B kssarch2 out (3| B ksearch sat 3] B You30H)BCI3 bsr

INPUT

5 YCu3OH}BCI3smb E3

0.50000 0.50000 0.50000

B rofr_ont ct (3 | B refnb_on 1 s (3| B betavTe04 out (3| Bl mew 2 (3] Bl ksearchz out (| B ksearchz set 3| B eusoriecabr (3] B Youom)ecss smb

OUTPUT

[ YCu3(OH)BC12a bsr E3

REPRESENTATION ANALYSIS -

+%d FullProf Suite ToolBar

Number of Space group: 164
> Hermann-Mauguin Symbol: P -3 m 1
Hall Symbol: -P 3 2"
Setting Type: Generated from explicit IT generators

Edit Results  Help Crystal System: Trigonal
Laue Class: -3ml

:% B @ ksgnfu e M@ﬁ ENRrTY @ @ MMP % %ﬂl " "T" B uHal‘ | B i o s (3] BbstavT0 u: | e 2

C:\Us...luzba\BYSO honycombh2020_11_16 WISH_neutron diffraction\refinement\ Code File: Type:

File  Programs  Settings  FPDimensions  Tools

| B kssarch2 out (3| Blkssarch sat (3] B YCu3i0H)603 ber (3| Bl YCU3OH)EC3 smb

OUTPUT

= YCu3(OH)BCI3a bsr E3

The conventional k-wector is
0.00000 0.00000 0.50000

Working Directory:

THE GENERATORS OF THE LITTLE GROUP OF BRILLOUIN ZONE POINT O.

If positions of the observed magnetic reflections
match the calculated ones, i.e., if the derived
magnetic wave vector is correct, one can try to
refine magnetic structure.

The little group can be generated from the following 3 elements:-

=> GENk(1}: -y, x-v,z
=> GENK(2): y,x,~z
=> GENK(3): -x,-y,-2

REPRESENTATIVE ELEMENTS OF THE LITTLE GROUP OF BRILLOUIN ZONE PCINT 0.

Operator of Gk Number( 1): x,¥,2
Operator of Gk Number( 2): -y, %-¥,z
Opsrator of Gk Number( 3): -x+y,-x,z
Operator of Gk Number( 4): v,X,-z

Starting point is representation analysis — the
crystal-structure space group and magnetic wave
vector impose symmetry restrictions for possible
magnetic structures (in case of second-order

Operator of Gk Number( 5):
Operator of Gk Number( 6):
Operator of Gk Number( 7):
Opsrator of Gk Number( §):
Operator of Gk Number( 9):
Operator of Gk Number (10):
Operator of Gk Number(11):
Operator of Gk Number(12):

X-¥, -,
-, —X+Y,-Z
R
V,-x+y, -2
K-V, X, -Z
-V, EZ
“HAY, ¥, B
K E-Y, T

> Number of irreducible rep:
> Dimensions of Ir(zeps):

> Number of elements of G_k:

12
resencations of G_k: &
1111 2 2

magnetic transition) — using Baslreps.

Writing of Irreps matrices in symbolic form: Module:Phase (fractions of 2pi)
Numeric values of symbols a,b,c,d, ... are given at the =nd of the table

length : 20,567 lines: 365

Mormal text file Ln:26 Col:37 Pos: 1,005 ‘Windows (CRLF)  UTF-8 IN

One can derive magnetic group (little group)
and its possible irreducible representations (IRR),
on of which should in principle describe the
emergent magnetic order.

[ L]
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Bindex out £3| B rafnb_ori1.dat IE\aint;lill\s | B betaVTe04 out (3| B new 2 3| B ksearch2 out 3] B kssarch2 sat (3] B YCuBiOHIBC3 b £ YCuBDHIBC3amb 3
TITLE YCu3 (CH)6C13

2 fseer B -3m:
5 |gvec  o.0000 0.0000 o.5000 0. INPUT

4 |=asir axiaL
s |atoM cu  cu 0.50000 0.50000 0.50000

R E P R ES E N TAT I 0 N A N A LYS I S B rofr_ont ct (3 | B refn_on 1 s (3] B betavTe04 out (3| Bl new 2 (3] Bl ksearch2 out (] B ksearch2 set €3] B eu3ori6cabr (3] B YEu3OMIECH3 smb (3 [ YCu3OH)BCI3a ber 3

Number of Space group: 16%
> Hermann-Mauguin Symbol: P -3 m 1 OUTPUT
Hall Symbol: -P 3 2"

Setting Type: Generated from explicit IT generators

+%d FullProf Suite ToolBar

File  Programs  Settings  FPDimensions  Toels  EditResults  Help = Crystal System: Trigonal

==| ™ A 0 e e THEr > Laue Class: -3ml
ﬁ B @ k“.“; L;’D':R L;%“ M%% @ @ @ @ MMP % %ﬂl 1 "T" Epam ori1.dat ]El\am orilis (3| BlbetaVTe04 out (3| Bllnew 2 3| B kssarch2 out €3 | BB kssarch2 sat (3] B YCu3(0H)6C13 ber (3] BB YCu3(0H)803mb £ YOuMDHIB0I3s bsr B3

Working Directory: C:\Us...luzba\BYSO honycombh2020_11_16 WISH_neutron diffraction\refinement\ Code File: Type: The conventional k-vector i1s
0.00000 0.00000 0.50000

. e . . THE GENERATORS OF THE LITTLE GROUP OF BRILLOUIN ZONE POINT O. OUTPUT
If positions of the observed magnetic reflections e Lieeie e can e sunmsates £aom the Eotioeans 5 ementese

match the calculated ones, i.e., if the derived e | W RO e

magnetic wave vector is correct, one can try to - ... . OUTPUT
ref"ne mdgneﬁc Sh’UCfUI’e. :E_ => Calculation for axial vectors

=> List of atoms within a primitive unit cell:
X ¥ z for site: 1
-> Cu_l : 0.5000 0.5000 0.5000 : (x,y,2)

Starting point is representation analysis — the SRR R )
crystal-structure space group and magnetic wave
vector impose symmetry restrictions for possible
magnetic structures (in case of second-order
magnetic transition) — using Baslreps.

=> Decomposition of the Magnetic/Mechanic representation: | L

-> GAMMA(Magnetic): 2 Irep k( 2) + 1 Irep k( 4) + 3 Irep k( 5)

One can derive mqgne‘ric group (Ii‘r‘rle group) E:i => Atomic cun‘punEntza;;‘i::j2:5i:r}?gl;gzlgﬁb:i?nglFRD:ECTIDN OPERATCRS: =
° ° ° . o 77 (Only non—null functions are written)

and its possible irreducible representations (IRR),

on Of WhiCh ShOUId in prinCipIe describe The fmma\taxtﬁ\s length : 20,567 lines: 365 Ln:26 Col:37 Pos: 1,005 Windows (CRLF)  UTF-28 i

emergent magnetic order.
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Bindex ot £3| B rafnb_ot1 dat 3| B rab_ori1 15 (3] Bl betaVTe04 out 3| Elnew 2 (3| Bl ksearch2 out (3] Bl ksearch2 sat (3| BB YCU30HBCI3 bsr £ YCu3DMIBCI3 smb E3
1 JTITLE YCu3 (CH)&C13

SPGR P -3 m 1
KVEC ~ 0.0000 0.0000 0.5000 0. INPUT

BASIR RXIAL

; ATOM Cu Cu 0.50000 0.50000 0.50000
R E P R ES E N TAT I 0 N A N A LYS I S B rofr_ont ct (3 | B refn_on 1 s (3] B betavTe04 out (3| Bl new 2 (3] Bl ksearch2 out (] B ksearch2 set €3] B eu3ori6cabr (3] B YEu3OMIECH3 smb (3 [ YCu3OH)BCI3a ber 3

Number of Space group: 164

> Hermann-Mauguin Svmbel: P -3 m 1 OUTPUT
> Hall Symbol: -P 3 2"
> Setting Type: Generated from explicit IT generators

Crystal System: Trigonal

el PR T Ll L b & e
Ully 8 . % %“I
Bk Ded) (M| PoR pex EM» ﬁ e @ @ 5] I d ‘1 e E\aﬁwL ori1.dat ]El\am ori1lis IELala TeO4.out

| Binew 2 (3] Blisearch? out 63| Bksearch? sat (3| B YCu3(0H)013 bar (3] B YCu3(OH)E03amb 3 YOu OB bor E1

+%d FullProf Suite ToolBar

File  Programs  Settings  FPDimensions  Toels  EditResults  Help

Working Directory: C:\Us...luzba\BYSO honycombh2020_11_16 WISH_neutron diffraction\refinement\ Code File: Type: e The conventional k-vector i1s
116 0.00000 0.00000 0.50000

oo . . 118 THE GENERATORS CF THE LITTLE GROUP OF BRILLOUIN ZONE POINT O. OUTPUT
If positions of the observed magnetic reflections B . ... oo oo e ocncrnuen from s zortovtag 5 crcmenten-
mq‘rch fhe quculq‘red onesl i.e.’ if fhe derived El.imL-_(nldat \El\amt_mwm ‘Etaa.TeG—[u{ ‘Ha."é ‘Eksaamhé[-ul IEksaathsat ‘Ev’-:u’;":'HE':\?L-s\ }Elw:uz-‘:-Hs-:nmt [ YCu3(OH)6CI3a bsr E
magnetic wave vector is correct, one can try to e ot siess OUTPUT

refine magneﬁc sfrucfure. => Calculation for axial vectors

Bt _ori1 dat (3] B rafnb_on s (3| B betaTe04 out | Bl new 2 63| B ksearchout (3| Elcsearch sat 1 | B YCu3i0H)60I3 bsr (3| B YCU3OH)ECI3 smb (3 [ TCu30HIECISa ber E3

Starting point is representation analysis — the s AT T T OUTPUT
crystal-structure space group and magnetic wave

vector impose symmetry restrictions for possible

=> Basis functions of Representation IRrep( 2) of dimension 1 contained 2 tTimes in GRAMME

:r:}rzs:x,y,z C.;)lr,xfy,z mw,;h; s E
magnetic structures (in case of second-order P S S I I

magnetic transition) — using Baslreps.

77777 The Fourier coefficients are LINEAR COMBINATIONS of Basis Functions: coefficients w,v,w,p,d ....(may be comple

The general expressions of the Fourier coefficients Sk(3) of the atoms non-related
by lattice translations are the following:

One can derive magnetic group (little group)

Sk(l)):’l;;?__hv) Atom: Cu_ 1 0.5000 0.5000 0.5000

and its possible irreducible representations (IRR), B
Sk(2): (u,2u,v)

on of which should in principle describe the S

Sk(3): (-2u,-u,v)

emergent magnetic order.

=> Basis functions of Representation IRrep( 4) of dimension 1 contained 1 times in GAMMA

<

Normal text file length : 20,567 lines: 365 Ln:26 Col:37 Pos: 1,005 Windows (CRLF)  UTF-8 N

[ L]
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REPRESENTATION ANALYSIS

For (0 0 0.5) vector and magnetic (Cu?*) site at (0.5, 0.5, 0.5) three irreducible representations (IRR)
of space group P-3m1are possible

I', and I', are one dimensional, while I'5 is two dimensional, each can have more basis vectors, which
describes the relation of the magnetic components on different sites

irrep Basis Atom | Atom 2 Atom 3
vector mg iy, m. mg, Iy, me n, my, mg.
r LR S A 7 7 0 7 7 0
w3 0 0 1 0 0 1 0 0 1
Ly v 1 1 0 -1 0 0 0 ~1 0
rs Wl 1 0 0 0 —1_ b 0 1 i 1-if 0
T 0 1 0 il Ly 0 Ly 0 0
w3 0 0 1 0 0 —1—if 0 0 —1 i
vl 0 = 0 Tyl 14 0 Ly 0 0
W3 —1 0 0 0 L g 0 —1-if 1P 0
e 0 0 1 0 0 1+ 0 0 1

[ L]
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REPRESENTATION ANALYSIS

One ends up with 9 different basis vectors (2 forI',, 1 for I',, and 6 for I';)

r, I r,
A \ A ®
NN NN A T XA &R Real basis for I's:
24 } X X / b & ® Pl =AY + By + By + Ay,
Y e N XX\ X /8 y2_B Yyl — iAy2 — iAyE+B, Vi,
} LN X 4 o Y = Covid +Cys,
2 s <= A 7 v

V=AYl +iB__YI+iB_ Yt — AV,
+ -k ~ N a
X—A X7

= ;5:‘ [ 2 Iil . I.S
apt AN o @ TEel — AR

<= y’;;" =D,y +D_vy¢,
@ @ 4 P ¢ P ¢ Dl b @ ®
o ‘ 3 ‘ where A = 1/+/3, By = (£1 £i/+/3)/2.
——@—0 ~ 7 O} ®
S i - ® 29 Ci = (=3 +i)/4,and Dy = (1 £i/v/3)//8,

© -~ o ©

7 v vg 74
oo’
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MAGNETIC STRUCTURE REFINEMENT

B ef_on ot (3| B i _or s (3| Ellbetal 0| Bkt o | Bk oo [ assYCU30H0 FordpS AcrystalMagDi RS en Bse pmﬂ o
' Data for PHASE number ==> Current R Bragg for Pattern# 1: 57.9851 ~
!
70 MCu
71 H
72 !Nat Dis Ang Prl Pr2 Pr3 Jbt Ixrf Isy Str Furth BTZ  Nvk Npr More
73 1 o 0 0.0 0.0 1.0 1 -1 -2 a 0 11.510 -1 4 0
74 H
75
Th f h B I b 7 B -1 <--Space group symbol for hkl generation
1‘ 'I' 'I' 77 ! Nsym Cen Laue Ireps N_Bas
€ ouTpur rrom the bdasireps, can be 2 ™ Gen laue Ireps N pas

! Real(0)-Imaginary(l) indicator for Ci

used as an input for FullProf SR

2 SYMM x,v,z
BASR O o 0 -1 -1 0 0 2z 1 0 -1-2 0 0 0 1
4 BASI 0 ¢ 0 00 © 00 000 000 000

Magnetic structure should i
correspond to a single irreducible

BASI
. . '
representation (IRR), yet it can be a s T waves X ¥ @ me oo oo @ o
. . . Cul MCU2 1 © 0.50000 0.50000 0.50000 0.00000 1.00000 0.000 0.000 0.32¢6
Q.00 0.00 0.00 0.00 0.00 0.00 0.00 11.00
Comblndtlon of Severql bqsls Vector EL 0.000 0.000 0.000 0.000 0.000 0.000 0.00000
a7 Q.00 0.00 Q.00 Q.00 0.00 0.00 0.00

L — > Profile Parameters for Pattern § 1

corresponding to the same IRR

100 358.65 0.00000 0.00000 0.00000 0.00000 0.00000 Q
101 0.00000 0.000 0.000 0.000 0.000 0.000

102 H u v W X Y GauSiz LorSiz Size-Model
If Th T .TQ . f f. t d 103 0.657111 -0.433388 0.368451 0.361234 0.357385 0.000000 0.004370 a
- 104 0.000 0.000 0.000 0.000 0.000 0.000 0.000
e rq nSI Ion IS o q I rs O r e r 105 1 a b c alpha beta gamma #Cell Info

. . ° 106 6.747336 6.74733¢6 5.580014 ©0.000000 ©S0.000000 120.000000

— 107 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
type this is not the case — everything Pl oo oscono foooan a.aooas oo
g 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

M :_ 0.00 0.00 0.00 0.00 0.00 0.00
is allowed

112 0.00437 0.00  0.00000 0.00 Shape: Shpl CShpl & Shp2 CShp2
1 ! Propagation vectors:
1 0.0000000 0.0000000 0.5000000 Propagation Vector 1
115 0.000000 0.000000 0.000000
ShOW FU I I p I'Of 116 ! 2TRI/TOFL  2Th2/TOF2 Pattern to plot
117 10.000 127.700 1
18 £
< >
Normal text file length: 6,616 lines: 118 Ln:68 Col:77 Pos:4076 Windows (CRLF)  UTF-8 INS
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MAGNETIC STRUCTURE REFINEMENT

The output from the Baslreps, can be
used as an input for FullProf

Magnetic structure should
correspond to a single irreducible
representation (IRR), yet it can be a
combination of several basis vector
corresponding to the same IRR

If the transition is of a first-order
type this is not the case — everything

is allowed

Show Fullprof

o0
o0
®,® Jozef Stefan Institute, Liubljana, Slovenia

E|L=|a TeO4 out EII search2 out EI<‘=.3\ h2 sat Eaaa\:lf

13for4p5AcrystalMag DiffIRR5new Base per [ aaaYCu3(OH)BCIHordp SAcrystalMag Diff IRREnewBase out E3 I bl 4

2172 => R-Factors:
2173 => Expsctad :
=> Deviance :
2175 => GoF-index:
2176 => N-P+C: 748

Chiz: 2z.18 DW-5tat.:

Devé:  21.76
Sqrt (Residual/N)

== Sum¥dif

Sum¥Ycal SumwYobs5Q

=> (Values ocbtained using ¥net, but trus sigma(y))
=> SumYnet, Sum(w Ynec#¥3): -7014. 0.1143E

=> N-sigma of the GoF: 22
=> Global user-weigthed ChiZ (Bragg contrib.):  2.19

= ———————-- > Patternf 1
=> Phase:

= Bragg R-factor:
=> RF-factor

=> Phase: 2

=> Magnetic R-factor: 55.0

Atom rMom rPhi rTheta iMom iPhi

cul o
Tcoeff: [
T-spher: [

]Elg;éwélmg out (] B ksearch2sat €] E =

==> RELIABILITY FACTORS FOR POINTS WITH BRAGG CONTRIBUTIONS FOR PATTERN: 1 A~

=> Conventional Rietveld Bp,Rwp,Re and Chi2: -800. 11.9

=> Spherical components of Fourier Coefficients of Magnetic Moments

=l 33 YCU3(OH)ECI FordpSAcrystalMag Dif RR5newBase out E3 } <

o OUTPUT

dual Condition

iTheta Phase (mod Zpi)

BRAGG R-Factors and weight fractions for Pattern # 1

=> Phase: 1 ¥Cu3

=> Bragg R-factor Vol: 22 Fract(%): 10
=> Rf-factor= 0.3 ATZ Brindley: 1.
=> Phase: 2 MCu

=> Magnetic R-factor: 56.6

SYMBOLIC NAMES AND FINAL VALUES AND SIGMA OF REFINED PARAMETERS:

-> Parameter number 1 C3_Cul_ph2

=> Number of bytes for floating point variables: 4
=> Dimensions of dynamic allocated arrays in this run of FullProf:

=> Total approximate array memory (dynamic + Static): 1

2 bytes

Specialistiéni seminar iz eksperimentalne fizike, FMF, Ljubljana, April 2022
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6: (a);}2=2.‘57 T, '//;
3
REFINEMENT RESULTS ATAPIORY AN |
-3i| : ikl 1 e %
6 (b) x*=1.61 %
3f
Refinement is typically performed separately for each IRR O Fly b
12 AR A
Then the results are compared S 6 (=123 B 6]
o 3
First criteria is the quality of the refinement —> 2 T o
Second is the physical relevance ° g opt LT L Do T
@ “’\. [ ’ ® [l =540 F 75 ]
e . . 3 1
Considering antieferromagnetic 2w TR o T ,
- o 0 2
interaction an potential strength of o * ./"o * .l. i —/\A\
3L I I O
anisotropies we found that the more ® .\. ® .\.\. @ sldr-id | 1y osesie0apt
likely solution corresponds to the 12 |
basis vector

260 (deg)

[ L]
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EXAMPLE: [3-TeVO,

Starting point w M

* Crystal structure .
* Basic magnetic properties (V4* S = 12) a ' '
* Magnetic ordering at 4.6 K I .! b -

Our approach to determine the magnetic order

= Experiment: Powder neutron diffraction to see if long-range magnetic order develops

* Analysis: Indexation of magnetic reflections, attempt to refine the magnetic structure

* Experiment: Single crystal diffraction to resolve magnetic wave vector and collect magnetic reflections

* Analysis: Refinement of magnetic structure
. Pregelj et al. Nat. Commun. 6, 7255 2015

. Pregelj et al. Phys. Rev B 94, 081114(R), 2016
Pregelj et al. Phys. Rev B 98, 094405, 2018
Pregelj et al. Phys. Rev B 100, 094433, 2019
Pregelj et al. npj Quantum Materials 22, 1, 2019
. Pregelj et al. Phys. Rev B 102, 081104(R), 2020
. Pregelj et al. Phys. Rev B 105, 035145, 2022

* Experiment: Polarized neutron scattering — resolv between colinear and spiral
* Experiment: Single-crystal inelastic neutron scattering on tripe axis spectrometer

* Analysis: Modelling of spin-wave excitations

zzzzzzx

o0
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LIGZAG 5= 12 CHAIN

Theory for S = 1/2: Theory for classical spin: -

1>0: AFM P
J<0:Fm 4

S~ B
quadrupolar
p=2

=
S
ummmo:::*ﬁ‘

b

Vector Chlral Order
T | B N

35 -3 2. -2 -1.5 - =l

3,9 <

J. Sudan et al., Phys. Rev. B 80, 140402(R) (2009). 0= arccos(—/, /41,)
= 2

R. Bursill et al., J. Phys.: Condens. Mater 7, 8605 (1995)

o0
o0
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[3-TeV04 — MAGNETIC SUSCEPTIBLY

oy . . . 0.0115
Initial modeling: a simple spin lla 526K ‘ I
. . . . —s—Hll ot
chain model with AFM interactions 0.012-fe2 N i oot10{ ™ a8k _,.t".
J=21.4K. —_ 9 -
0.0104 0.0105 "-..__.-l""" T~465K o
Significantly smaller Curie-Weiss e § % 00100. o
temperature 6 = 1.6-4.4 K. E A " o Hila
£ 0.006 =) | e —n— Hllb
A : . 0% S i —o— Hlle
Interactions of different signs2 S o ~ i R '
= Hlla 50 100 150 200 250 300 350 400 0.0090+ !:" g I l Y
At low temperatures several oo0p L 1Ib vooms |t S |
magnetic transitions exist: 0000 | —— Bonner-Fisher ft G o
Ta1 = 4.65K, T, = 3.28K, T3 = 2.26 K 0 50 100 T1$D 200 (}i"r;o a0 350 400 O T T T 45 50 55 60
emperature Temperature (K)
This indicates the existence of
Sevel’cl energeficq”y qlmost Field direction | Curie-Weiss temp @ (K)| g-value for the V** jon
ivalent tic stat Hib 14418 2027 Savina et al. PRB 84, 104447 (2011).
equivalent magnetic states. e 1) R o
Hl|lc(HLb) +1.658 1.965

Magnetic frustration!

o0
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POWDER NEUTRON DIFFRACTION

At 4.4 K new reflections occur.

At 3.0 K potential very weak
reflections appear

Some of these seem to
disappear below 2.3 K

These temperatures are in line
with anomalies in susceptibility:

Ty = 4.65K, Ty, = 3.28 K, Ty; = 2.26 K

The position of the stronger three
reflections changes continuously
with temperature — implying
incommensurate magnetic order.

Below 2.3 K the intensity and
position of the reflections
appears to saturate.
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External EAPCR Text Editor - [C:\Users\Matej\Documents\_Sluzba\PS|_projects\beta-TeVO4\neutrans\2012_06_06 DMC\refine..  — O X

File Edit Search

DxE®Q B
oM beta vTeod ~
" current global chi2 (Bragg contrib.) = 236.5
! Files —> DAT-file: 6pOK_4pSA.dat, PCR-File: betavTeod-4psa IN PUT
1300 Npr Nply Nba Nex Nisc Nor Dun Tug TTo Tas Res Ste Nre Cry Uni cor Opt Aut
T "% ™0 ™8 T8 T T M Y e <% o M
Vpr ppl Toc Mat per Lsl Ls2 Ls3 NLI Prf Ins Rpa Sym Hkl Fou Sho Ana
1 ¢ 1 1 1 0 4 0 0 3 & 1 1 0 1 0 1
,
| Lambdal Lambda?  Ratio  Bkpos  wdt  Cthm  muR  Asylim Rpolarz 2nd-muR -> Patté 1
4.500000 4.500000 1.00000 70.000 5.0000 0.0000 0.0000 50.00  0.0000 O.0000
+%d FullProf Suite ToolBar - O b '
INCY Eps R.at Ran Ropr Rgl Thmin step Thmax  PSD  sento
Fie  Programs  Settings  FPDimensions  Tools  EditResuks  Help (200 005 080 0.80 0.80 0.80 10.0000 0.100000 129.7000 0.000 0.000
o e S ; - ! Excluded regions (LowT HighT) for pattern# 1
= BF e o bl Bl S5 G G | 55 B o R & | TR %
J et L= o '
12 inumber of refined parameters

Working Directory:  |C:\Us...luzba\BYSQ honycom ™i1_16 WISH_neutron diffraction\refinement\  Code File: Type: Date: [16/04/2022 '
! Zero code SyCos Code sysin Code Lambda Code MORE ->Patt# 1
-0.02468 21.0 0.00000 0.0 0.00000 0.0 4.500000

t'Background coefficients/codes for pattern# 1 (Polynomial of 6th degree)

Refinement of crystal structure above the transition (at 20 K) to SR e e uN R

! Data for PHASE number: 1 ==- Current R_Bragg for Pattern# 1:  11.53

check the quality of the sample (potential impurities, ;

\VTeod
'

° o
Ccr SfO”InI‘I’ Xy INat Dis Ang Prl Pr2 Pr3 Jbt Irf Isy str Furth ATZ  Nvk Npr More
4 6 0 0000010 0 0 0 0 0 970.156 0 4 0

P 121/c 1 <-space group symbol

Laton | Typ x v o occ  In Fin N_t spc_/Codes
B d k I d. h %k f-l T Te 0.05223 0.39141 uﬁssus 0.09000 10000 0 0 0 0
ased on known crystal structure, we adjust the *.pcr file: I B D
o1 ° 0.30019 0.13'538 0. ss’m 0. uouuo L.ugbgg ¢ 0 0o 0
. . . o2 o 0.82715 0.04347 0. ssms o. aoaoo 1.00000 0 0 0 0
Starting from working file, we SR e e - BN
H I H o4 0 0.74794 0.07960 0. ;5564 0.00000 1.0 Emo o 0 0 0

Insert new space group, lattice > oty i E i B

! scale shapel rl tr2 stri strai GfMDdE-\

parameters, new atoms and S
' u w X Y Gausiz  Lorsiz size-mode
0.310000 -O. lZODDU 0.180000 0.438600 0.390400 0.000000 0.004370 o

pOSlflonS. see FU"PrOf mqnuql , L;.DDO g.uuu cu.uuu aujg;luuu betL;.uuu gM‘;;)Lmu #(eg‘niuggfn

4.333238 13.473461  5.435995 90.000000 91.643265 90.000000
11100000 12100000 41.00000 70.00000  ~31.00000 " 0.00000

1 opre pref Asyl Asyz Asy3 Asya
0. 00000 0. 00000 0.00000 000000 0.00000  0.00000
0.00 0.00

u\ddmunaw Shape parameiors
0043

0.00000  0.00 shape: shpl cshpl & shpz cshpz

! Data for PHASE number: 2 ==> Current R_Bragg for Pattern# 1: 0.00
i
A1
v
INat Dis ang Prl pr2 pr3 Jbt Irf Isy str Furth ATZ_ Nvk Npr mMore

1 0 0000 0o 0 0o 0 o 312,300 0 4 0
)
Fu-3m <--space group symbol
tatom  Typ x ¥ z Biso occ In Ein N_t spc /codes
AL AL 0.00000 0.00000 0.00000 0.00000 0.0206832 0 0 0 O

0.00 0.00 0.00 0.00 0.00

P > profile parameters for pattern #
1 scale shapel Bov strl str2 str3  strain-model

500. 69 0.00000  0.00000  0.00000  0.00000  0.00000 0

0.00000 0.000 0.000 0.000 0.000 0.000

' u v W X Y Gausiz  Lorsiz Size-Model

0.310000 -0.120000 0.180000 0.438600  0.390400  0.000000  0.004370 0

0.00 .000 0.000 0.000 0.000 0.000 . 000

' b c alpha beta gamma #cell 1nfo

al
4,049750  4.049750  4.049750 90.000000 90000000 90.000000
0.00000 0.00000  0.00000 _ 0.00000_ ~ 0.00000  0,00000

! oprefl  pref2 asyl AsyZ Asy3 Asyd
U ODDOD 0.00000 0.00000 ©0.00000 0.00000 O.00000
0. 0.00

‘Add'\t'\oﬂa'\ shape parameters
00. 0.00000  0.00 shape: Shpl cshpl & shp2 cshp2
' ZTHI/TOFL zrhz/m:z pattern # 1
1

Line:l Col:1 NUM | INS

Jozef Stefan Institute, Ljubljana, Slovenia Specialistiéni seminar iz eksperimentalne fizike, FMF, Ljubljana, April 2022 Matej Pregelj




CRYSTAL STRUCTURE REFINEMENT

+%d FullProf Suite ToolBar

File  Programs  Settings  FPDimensions  Toels  EditResults  Help

Working Directory: |C:\Us...luzba\BYSO honycom

20 B A 5w s 5 0

711_16 WISH_neutron diffraction\refinement\

Code File:

- o x
WAL & F)
Type: Date: [16/04/2022

Refinement of crystal structure above the transition (at 20 K) to
check the quality of the sample (potential impurities,

crystallinity, ...).

Based on known crystal structure, we adjust the *.pcr file:

Starting from working file, we
insert new space group, lattice
parameters, new atoms and

positions. |see FullProf manual

In the refinement we free the
parameters slowly — first unit
cell, then background, then
strong scattering atoms (be
careful with vanadium), ...

The reflnemenf output can be
seen in the *. out file, while for

visulaisation WinPLOTER is
used.

o0
o0
®,® Jozef Stefan Institute, Liubljana, Slovenia

Tntensity (arb. wnirs)

w7202

el splcation Jocks Help

o ]

beta VTeO4
3000 T T T T T T T T
200001
10000 1
0+ 4
t [ [l W P e m
10 20 30 40 50 60 70 80 90 100
26(¢%)
221 UM * ¥
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i External EAPCR Text Edlitor - [C:\Users\Matej\Documents\_Sluzba\Ps|_projects\beta-TeVO4\neutrans\2012_06_06 DMC\refine..  — O X
File Edit Search

DxE&Q B

OMM beta vTeod

' current global chi2 (sragg contrib.) = X

Files —> DAT-file: 6pOK-4p5A.dat, PCR-file: betavTeo4-4psa

‘:Iub Ner Nph Nba Nex Nsc Nor Dum Twg Tlo Tas Res Ste Nre cry Uni cor opt Aut
1 0 0 0 6 0 1 0 0 O o o 1

INPUT

‘Ipr‘ PP] Toc Mat per Lsl LsZ Ls3 NLT Prf Ins Rpa sym HK] Fou sho ana
11 1 0 4 0 o 1 1

1 | % eternal Edecr Text Editor - [C\Users\MatEj\DoEuments\S\uzba\PSl prﬂjens\bela TeVO4\neutrons\2012_06_..  — O X
4
v | File Edit Search
I =
InaR®q &
'
'
=> Conventional Rietveld Rp,Rwp,Re and chi2 .8 18.8 1.24 232.3
1| = (values obtained using Ynet, but true swgma( ))
'] = ‘sumvnet, sum(w ynet®#2): 0.35736+06  0.4663E+07
| = n-sigma of the coF: 4363.385 OUTPUT
1| => Global user-weigthed chi2 (Bragg contrib.):  236.
- 1
1-| ={ pPhase:
v = Bra?g R- Fac(nr 1.5
= 6.56
VT ={ phase:
L= Br‘agg R-factor: 0.00
N = actor 0.00
'
P
14 => Parameters with Correlation greater that 50% =>
e -> correlation of parameter _0_patl with: Bck_4_patl -> 53%
-> correlation of parameter B(k 1_patl with: Bck_5_patl -> 77%
val
Ol Pattern# 1 Phase No: 1 Phase name: VTe0d
02
03] No. cCode H K L Mult Hw ETA/M 2theta/ToF Icalc Iobs sigma
04 1 1 0 2 0 2 0.420002 0.000000 39.022 149.9 144.1 6.278
2 1 ] 1 1 4 0.444192 0.000000 53.037 1460.3 2135.2 986. 860
= 301 1 0 0 2 0.470758 0.000000 62.592 4916.1 4376.2  480.619
! 4 1 0 2 1 4 0.476415 0.000000 64.280 195.1 312.7 188.317
5 1 1 1 0 4 0.483000 0.000000 66.137 1611.2 1427.9 162.474
' 6 1 1 2 0 4 0.526211 0.000000 76.277 611.0 469.3 108.877
N 7 1 o 3 1 4 0.551469 0.000000 51.077 7.6 0.0 2.026
8 1 a6 4 0 2 0.567498 0.000000 3.823 805.2 912.7  121.814
: 9 1 1011 4 0.575055 0.000000 55.049 1302.1 1260.9 40.040
- 10 1 1 1 1 4 0.593514 0.000000 B7.882 4266.9 4859.7 675.167
11 1 1 3 0 4 0.625968 0.000000 92.387 973.7 912.3 7.684
! 12 1 -1 2 1 4 0.643825 0.000000 94.647 3258.7 3716.2 521.830
13 1 12 1 4 0.667931 0.000000 7.491 414.3 375.6 35.287
: 14 1 0 4 1 4 0.726825 0.000000 103.610 3218.3 3382.8  172.960
Al 15 1 -1 3 1 4 0.814667 0.000000 111.094 1339.4 1633.5 358. 801
'] 16 1 0 0 2 2 0.824298 0.000000 111.820 6.8 12.1 9.298
i 17 1 1 3 1 4 0.856829 0.000000 114.157 6161.4 6544.1 406. 582
i 18 1 o 1 2 4 0.873740 0.000000 115.307 277.3 308.8 35.110
a1 19 1 1 4 0 4 0.878139 0.000000 115.599 240.8 235.9 5.426
v 20 1 o 2 2 4 1.077961 0.000000 126.498 2959.6 3294.7 373.153
i
H SYMBOLIC NAMES AND FINAL VALUES AND SIGMA OF REFINED PARAMETERS:
14
™ > parameter number 1 scale_phl_patl 103.33944  ( +/-  0.77594799 )
[ -> Parameter number 2 ero_patl -0.24680078E - 0].( +/— 0.65546236E-02 )|
i -> Parameter number 3 cell_e_phl_patl 91. 643265 0.32030174E-02 )|
-> parameter number 4 : cellc Ehl —patl 5.4359946 ( +/7 0.32822980E-03 )
-> Parameter number 5: 0_patl 458. 01892 (+/- 4.3962679 )]
' —> Parameter number 6 pa[l 14.932670 ¢ +/- 24.876003 3
-> Parameter number 7 125.06870 C+/- 55.164211 )
' -> Parameter number 8 -248.03947 C+/- 163.61578 )
-> Parameter number 9 12.041157 ¢ +/- 109.01472 b
-> parameter number 10 : Bck,s,p 1 82.796051 C+/- 241.24571 b
' -> Parameter number 11 cell_a_phi_patl 4.3332381 ¢ +/- 0.38931411e-03 )|
-> Parameter number 12 Cell_B_phl_patl 13.473461 C+/- 0.87129389E-03 )|
14
=> Number of bytes for floating point variables:
''| = pimensions of dynamic allocated arrays in (h1s run of Fullprof:
Lin| < >
Line1 Cok1 NUM | INS

Matej Pregelj



K SEARCH B-TeVO,

+%d FullProf Suite ToolBar - O b

Ry

File  Programs  Settings  FPDimensions  Toels  EditResults  Help

2B B7 ket e o B ol S5 O 0 | S5

Working Directory: | C:\Us...luzba\BYSQ hy 5\2020_11_16 WISH_neutron diffraction\refinement\  Code File: Type: Date: [16/04/2022
-
[& causers\Matej\Documents\_Sluzba\PSI_projects\beta-TeVO4\neutrons\2012_06_06 DMC\refinement\k-search.sat - Notepad-++ [& causers\Matej\Documents\_Sluzbatps|_projects\beta-TeVO4\neutrons\2012_06_06 DMC\refinement\k-search.kup - Notepad++
File Edit Search View Encoding Lanquage Settings Tools Macro Run Plugins Window ? File Edit Search View Encoding language Settings Tools Macro Run Plugins Window 7
_ B =i=] -
SHB RG] Bl EIEEIE=] Bhu® ® It EBHBE LS| \ |#hhg| @ & |BE| BRh=® =1}
Enew 3 J BEnew 1 JIE BEBO_simnew-data-dia-X8Y1_states.res JI [H BEBO_simnew-data-dia-D2Y2_statesres (3 [=k-search.sat B3 IEksean:h.kup J Hnew3 JI Enew 1 JIE BEBO_simnew-data-dia-X8Y1_states res JIE BEBO_simnew-data<ia-D2Y2_states res J} [ kesearch sat £| [ k-search kup 1
1 TITLE beta-Tevod 3 => List of the best 10 solutions for 5 satellites
2 |sesr P 2l/c
CELL 4.353033 13.548 5.462657 90.000000 91.697357 S0.000000 INPUT Ky R: OUTPUT
s+ | seorT—0UTEUT 0. 1.000000 0 1.
= 0. 0.000000 0 1.
0. 1.000000 0 1.
7 0.0 1.0 0. 0.000000 0. 1. e . .
s | 107 o. 0.010000 0. 1 Very similar quality
! peak_position peak intensity peak background 0. 0.950000 0 1
2THETA LIST 5 0. 0.9%0000 0 1.
12.58047 1042 784.21821 0. 0.010000 0 1.
16.40054 960 735.74973 0.130000 0.250000 o 2.
1 24.51537 715. 682 0.380000  0.020000 0.080000 2.445845
26.86618 834.75980 683
28.56618 784.75980 63 => List of satellites (hkl)+(Xx,Ky,Kz) for the best solution:
Kx= 0.3800 Ey= 1.0000 Kz= 0.0800
H K L n D* (cal) D* (obs) 2Th (cal) 2Th(obs) 2Th (obs—cal)
0 1 0 1 0.0890 0. 12.5964 12.5805 -0.0160
o 2 0 1 0.1156 0. 16. 16.4005 0.0115
0-1 0 1 0.1724 0. 24. 24.5154 -0.0233
011 1 0.1 0. 26.7 z6. 0.1394
o 21 1 0. 0. 28. 23 -g.1991
=> Best R-factor: 1.4812 % for propagation vector:
k = ( 0.3800 1.0000 0.0800)
Total CPU-Time
CPU-seconds: 0.34
CPU-minutes: 0.01
CPU-hours : 0.00
<
Narmal text file length: 560 lines: 16 Ln:16 Col:1 Pos: 3561 Windows ( Normal text file length : 3,426 lines : 87 Ln:1 Col:1 Pos:1 Windows |

°
°
®_o Jozef Stefan Institute, Ljubljana, Slovenia Specialistiéni seminar iz eksperimentalne fizike, FMF, Ljubljana, April 2022 Matej Pregelj



K SEARCH B-TeVO,

+%Y FullProf Suite ToolBar - m} %
File  Programs  Seftings  FPDimensions  Tools  EditResults  Help
= N = k. ED  ED M prr— ggf = (=] !:J -
=B & o e o Tl s S T 00 20 B 4 ]
Working Directory: | C:\Us...luzba\BYSQ hy 6\2020_11_16 WISH_neutron diffractionrefinement\ Code File: Type: Date:  [16/04/2022
x
[&f cUsers\Matej\Documents\_Sluzba\PSI_projects\beta-TeviO4\neutrons\2012_06_06 DMCyrefinementik-search.sat - Notepad++ [&f cavsers\Matef\Documents!_SluzbalPS|_projects\beta-TeVO4\neutrons\2012_06_06 DMC\refinement\k-search.kup - Notepad-++
Fille Edit Search View Encoding Language Settings Tools Macro Run Plugins Window 7 File Edit Search View Encoding language Settings Tools Macro Run Plugins Window 7
: =
cEHBRGAI LMD te * 3| EZ Bho® @ It cPEHB R EE |2« x| EE| BBz @ B
Hnew 3 J}Enem JIEBEBO_simﬂe‘.\‘datad\a—ﬂﬂ_ﬂates.res JIEEEEO_s\mf\e'f\‘daiad\a—DEYZ_states.les 4 [Hksearch.sat B3 IEksean:h.kup J W rew 3 JIEneM JIEBEEO_swmﬂev\‘dmad\a-xm_ﬂates res JIEBEBO_swmﬂev\‘dmad\a-D2V2_Mates res J}Ekseamh sat 1 [Hk-searchkup B3
1 |TITLE beta-Tevod 5 => List of the best 10 solutions for 5 sacellites
2 |sesr P 2l/c
CELL  4.353033 13.548 5.462657 90.000000 91.£97357 §0.000000 INPUT Ky R OUTPUT
4 | SEORT-OUTBUT o. 1.000000 0 1.
= 0. 0.000000 0 1.
0. 1.000000 0 1.
7 0.0 1.0 0. 0.000000 0. 1. . . .
o |x2 102 o 2.09000 5. : Very similar quality
! peak position peak intensity peak backgrouna 0. 0.950000 o 1
2THETA LIST 5 0. 0.950000 0 1.
58047 1042 784.21821 . 0.010000 0 1.
. 40054 960 735.74973 0.180000 0.250000 0 2.
.51537 715 652 0.320000 0.020000 0.080000 2.445845
.86613 834.75980 623
784.75980 63 => List of satellites (hkl)+(Xx,Ky,Kz) for the best solution:
i by N R [ttt e OO Kx= 0.3800  Ky= 1.0000  Kz= 0.0800
e ECE ST =
E K L n D* (cal) D* (obs) 2Th (cal) 2Th(obs) 2Th(obs—cal)
LDV | EEENIEES 01 0 1 0.0890 0. 12.5964 12.5805 -0.0160
1790 | soo 0o 2 0 1 0.1156 a. 16. 16.4005 0.0115
el 0-1 0 1 0.1724 0. 24. 24.5154 -0.0233
1 011 1 0.1 0. 26.7 z6. 0.1394
B | 2 0 2 1 1 a. 0. 28. 28 -0.1991
‘a 800 1 £ 4
: A a < => Best R-factor: 1.4812 % for propagation vector:
E %0 . | | E E E k = ( 0.3800 1.0000 0.0800)
L - i
|3 H b Total CPU-Time
| = F E| = [
E - . E 1 CPU-seconds: 0.34
E \ f \/ TR CPU-minutes: 0.01
I | \ 1 CPU-hours 0.00
[ i ] -
| - 100 ext file length : 3,426 lines : 87 Ln:1 Col:1 Pos:1 Windows |
| 7 0 13 16 19 2 25 28 31 T 10 13 16 19 2 15 8 3
| 28(% 209
'Y e s o Xz e T o - -

°
®_o Jozef Stefan Institute, Ljubljana, Slovenia

Specialistiéni seminar iz eksperimentalne fizike, FMF, Ljubljana, April 2022
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REPRESENTATION ANALYSIS

Bnew 3 3] B new 1 3] B BEBO_sim e taia X8Y1 st res (3| B BEBO_simne-dats ds-D2Y2_tate es €3] Blbeta-TeVO4smb £3 [=ibeta-Tev0ubar 3 |

> The star of K is formed by the following 2 vectors:

= ( 0.2000 0.0000 ©0.5800 )  Op: ( 1) X7,z
Op: ( 4) %-y+l/2,z+1/2  -> ( 0.2000
= (-0.2000 ©.0000 -0. ) Op: (2) -x,v#l/2,-z+1/2
op: [ 3) -x,-v,-2z -> ( -0.2000

+%d FullProf Suite ToolBar
FP Dimensions Tools Edit Results Help

)5 e T illd il S (0 0

File  Programs

Settings
=
o

uzba\BYSQ honycomb\2020_11_16 WISH_neutron diffraction\refinement\

Working Directory: [C:\Us.

Code File:

 BEY

Date:

=> G_k has the following symmetry opezators:

1snMe 1) =xy,z
2 SYMM( 4) = x,-y+1/2,2+1/2

DATA ABOUT ATOMS

Bnen 3 3| Blnew 1 3| B BEBO_simew-dataia-XBY1._staes res (3] BBEBO_ sim el iaD2Y2_staes es L [Hbota-TeVO4amb £3 | beta TeVO4ber 3]

SPGR P zl/c
KVEC  0.2000 0.0000 0.5800 O.

IILE beta-TeVoE

0.70422  0.17572  0.64156

1 => Table Setting Choice: bl
2 Setting Type: Generated from eplicit IT generators

Crystal System: Monoclinic

Hnew 3 JEne.\ 1 JIE BEBO_sim new-data-dia-X8Y1_states.res JE BEBO_simnew-datadia-D2Y2_states res J HbetaTe

smb | [ beta-TeV04bsr B ‘

The conventional k-vector is

4 => Generators (emc. -1&l): 1 0.20000 0.00000 0.58000
= Asymmetzic unit: 0.0

4 0.0f THE GENERATORS OF THE LITTLE GROUP OF BRILLOUIN ZONE POINT 0.
4 0.0|

4 => Centring vectors: 0 The little group can be generated from the following elements:

GENK(1): x,-y-1/2,2-1/2

List of all Symmetry Operato)

REPRESENTATIVE ELEMENTS OF THE LITTLE GROUE OF BRILLOUIN ZONE POINT O.

sooi( 1 %7,z
SYMM ( -x,y+1/2,-241/2 Operator of Gk Number( 1): X,V,Z
Sa( e Tl Operator of Gk Number( 2): x,-y-1/2,2-1/2
SYMM ( x,-y+1/2,z+1/2
Special Wyckoff Positions fo Number of elements of G_k: 2z
Names of Sreeducible siprescntations of Gk 2

OUTPUT

Maltp site Repres| => Dimensions: 11
2 a 1/2
=> Symmetry elements of G k and ireps:
2 c 0,0 Symmetzy elements redused to the standard form (positive translations < 1)
The matrices of IRreps have been multiplied by the appropriate phase factor
Normal text file length! > SMMMK( 1): xy,2 £ 1 -> nl Int. 1
Phase factor for Gorrecting input data: 9.0000
Matrix of IRzrep( 1):
1
Matrixz of IRzep( 2):
1
> SIMM K( 2): x,-y#1/2,241/2 :omo(x 0, 2) ->n27 Inc. ¢ x1/4,2
Phass factor for corzecting imput data: 0.5800
Matriz of IRzep( 1):
0.2487-0.96363
Matrix of IRrep( 2):
< >
PYY Normal text file: length : 24,768 lines : 513 Ln:1 Col:1 Pos:1 Windows (CRLF) _ UTF-8 NS

o0
®,® Jozef Stefan Institute, Liubljana, Slovenia

-> The atom site: V is split in 2 orbits
-> The total number of sites has been increased consequently

=> No. of sites: 2
=> Calculavion for axial vecters

=> List of atoms within a primitive unit cell:

x for site: 1

>Vl P 0.7042 0.1737 0.6416 : (x,v,3)
© 0.7042 0.3243 1.1416 (%,-v+1/2,2+1/2)
x ¥ z for site: 2

> v2_1 0.2958 0.6757 0.8584 : (x,v,z)
> vz_2 © 0.2958 -0.1757 1.3584 : (x,-y+l/2,2+1/2)

Binew 3 (3 Binew 1 63| BBERO_simnew-datadia X8Y1_sates res £3| B BEBO_sim-new-dtadia D2

OUTPUT

0.0000 0.5200 )

0.0000 -0.5200 )

3. sates s 1| B bt TeVO4 b 1| betaTovO4bor 3|

Normal text il

= Basis funcuions of Representation IArep( 1) of dimension 1 contained 3 bimes in GAMA OUTPUT

.00 0.00 0.00)
.00 0.00 0.00)
.00 1,00 0.00)
.00 0.00 0.00)
.00 0.00 1.00)
.00 0.00 0.00)

BsV( 1, 1:

BsV( 2, 1

BSV( 3, 1:

0.00-0.97)

by lattice translations are the following:

SO %, v, 2
SK(1): (u,v,w)

SYMM x,-y+1/2,2+1/2

1 SK(2): (r0+#1.11).(-w,v,-w) = (-u,v,-w) . exp{ 2.pi.i. 0.2100001}

Values of real constants z0,zl,
0.24 1=

To simplify the expressions of the Fourier vector cosfficients Sk(j),

being T the translation associated TO 2 SYNMETIY ODErator
In many simple cases rO=cos(2.pi.k.t) and rl=sin(2.pi.k.t), etc ...

- The Fourier coefficients are LINEAR COMBINATIONS of Basis Functions: coefficients u,v,w,D,q

Atom: V1_1

Avom: V12

The general expressions of the Fourier coefficients Sk(j) of the atoms non-related

0.7082 0.3243 1.1416

check combinations of values by pairs

.. (may be complex!)

7 Usually these real constants are related to k-vector, they can constitute real and/or imaginary parts of exp{+/-

Normal text file length: 24768 lines:513 Ln:1 Col:1 Pos:1

Windows (CRLF)  UTF-8
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MAGNETIC STRUCTURE REFINEMENT — POWDER

Irreducible representations determine possible
magnetic moment components and determine
how are these related between different
magnetic atoms — output of Baslreps

Each representation demands a separate
FullProf treatment, i.e., a separate *.pcr file.

Baslreps provides a symmetry related part for
the *.pcr file for the magnetic structure
refinement with the FullProf.

Powder refinement inconclusive

& cAUsers\Mate\Documents\_Sluzba\PSl_projects\beta-TeOd\neutrons)2012_06 06 DMC\refinementilambdadpsi2012_10_30\beta-TeVO4fp - Not.,.  — O X
File Edit Search View Encoding Language Settings Tools Macro Run Plugins Window 2 x
cBHBEGE i x| BE|= E| DhAa® ® 2] EEE=~v =
Binew 3 3| Brew 1 3] B BEBO_smoe = 3| E eBo 3 Hbeta TeVO4 R B3
1 0
2 Output of BasIREPS for FullProf
finisning with the last keyword BASI, may be pasted into the PCR file
X Y z for site: 1
S VL1 i 0.7082 0.1757 0.6416 ¢ (x,7,2)
B : 0.7042 0.3243 1.1416 : (x,-y+1/2,z+1/2)
11 => Basis functions of Representation IRrep( 1) of dimension 1 contained 3 times in GAMMA
12 Representation number 1 for Site: 1
3 Number of basis functions: 3
***** Block-of-lines for PCR start just below this line
b -1 <--Space group symbol for hK1 generation
! Nsym Cen Laue Ireps N _Bas
2 1 1 -1 3
1o | Real(0)-Imaginary(l) indicater for Ci
20 o o 0
2 SYMM x,V,2
22 BASR 1 0 0 o 1 o0 o 0 1
23 BASI o 0 0 o 0 0 0 0 0
2 +1/2
25 7 0.0000 ©0.0000 0.0000 0.2487 0.0000 ©0.0000 0.0000 -0.2487
2 BASI -0.9686 0.0000 0.0000 0.0000 0.9686¢ 0.0000 0.0000 0.0000 -0.9686
2 End-of-block of lines for PCR
29 => Basis functions of Representation IRrep( 2) of dimension 1 contained 3 times in GAMMA
3 Representation number 2 for Site: 1
1 Number of basis functions: 3
3 - Block-of-lines for PCR start just below this line
E -1 c--Space group symbol for hkl generation
! Nsym Cen Laue Ireps N Bas v
Normal text file length: 4,125 lines: 85 Ln:1 Col:1 Pos:1 Windows (CRLF)  UTF-8 INS
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3| Bnen 1 3| B BEBO_smnew data-dia-X8Y1 _states res (1| [ BEBO_simnew-datadia-D2Y2._sates.e:

1 Tevoa

4.375 13.5211 5.4633  50.00 .7
30.622 85.8  181.126 0. 0.7
32.15 79 16 0. 0.7
36,27 .02 174.6 0. 0.7

} [ BEBO_simnew-datadia-D2Y2 states.res £

SINGLE-CRYSTAL DIFFRACTION postos

HKL1 HKL2 CALC.ANGLE

\ % rotation Beam stop

BETWE!

N ==

Incident beam CALC.ANGLE

Single crystal has to be aligned
precisely to Bragg reflection

= 1. step: 2@ s set for the strongest (h 0 0),
(OkO)or (001

= 2. step: this crystal axis is by eye aligned to
bisect the incident and scattered beam, i.e.,
pointing along Q vector

THIS CAN BE TE

HKL1

26 rotation ————

FOLLOWING COMBINATIONS OF HKL WILL
REFLECTION NUMS HELS

= 3. step: crystal is rotated until the detector
detect intensity

0 20 1. 4
—.$ rofation 31 THIS CAN BE THE ANGLE BETWEEN HKL1 AND HKL2

KL1 AND

2 0, Tevo4 ORI3 in_lOmm_l2mm out_nothing

= 4. step: centre and proceed to next reflection

spicefile length: 2267 _lines: 60

1.
2.
5.
3.

o w 1 3| I BEBO_simnew-data dia-XEY1 states res (3| BB BEBO_simnew-deta-cia D2Y2_states res (3 | Blindex dat £3] Bindex out (3| Bl refnb_ori1 dt £3 mravm;,unma‘
(n -1 ). Step: Index The ref,IeCTlons - bqsed on 122 ORESULTS AT THE END OF THE LAST CYCLE (no : 3) OUTP UT
the angles calculate possible (h, k, I)
4 H K L GAMMA CMEGA
. . obs cal diff obs cal diff obs cal
* n. step: after collecting several reflections
along all three crystal axes, one can refine the oo e ie oo ot
U-matrix, connecting the reciprocal space with 0.0 1o 1o 0.008 -o-05
¢, 2 and @ angles R EREH
oo so 1o ol0e olrs
. N sean abs (dev) (no rfalser ref.): o-0a71 o005
HGVIng The U qurlX, q Iqrge number OPARAMETER VALUE (ST.DEV.) CORRELATIONS
of reflections can be scanned, which 1 opmmamceeme oo o
H = .278E-02 .687E-02 . .02 -
can then be used for the refinement. b e
ORINAL ORTENTRTION [05] MATATY
-0.0007665 0.0732e88 0.0249128
o.ocoisis -0.0100738  0.1813289
0.2208002  0.0002378  0.0057323
Jozef Stefan Institute, Ljubljana, Slovenia Specialistiéni seminar iz eksperimentalne fizike, FMF, Ljubljana, April 2022
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SINGLE-CRYSTAL DIFFRACTION

A list of reflections can be
generated either by FullProf or
by some other program.

After measurements a batch fit
can be applied to the collected
data.

The results need to be inspected
if there are some anomalies —
split reflections, misalignment,

o0
o0
®,® Jozef Stefan Institute, Liubljana, Slovenia
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STRUCTURE REFINEMENT — SINGLE CRYSTAL

510 e P e e 2 ] ]

Cu3Bi(Se03)202Br [Pmmn 7] nuclear

Similar to powder, accept that instead of profile
matching the input for the program is now a list of

integrated intensities. o
The intensities must be determined from “® scans” — el }
rotation of the sample perpendicular to the scattering e oom
plane at fixed 26. :
The integrated intensities must be corrected for the . COSGMNE:Fnmad) maguei
Lorentz factor, i.e., multiplied by sin(268), due to angular y |
range during which the reflection is reflecting into !
detector. g U
Show FullProf sample ™
4,

o0
o0
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SINGLE-CRYSTAL DIFFRACTION - [3-TeVO,

Temperature dependence

: ,
(@)B=0T
46K

45K

44K

42K

Single-crystal diffraction patterens

Magnetic-field dependence

(b) T=19K
58T

50T

45T

40T

35T
30T
28T
26T
24T
23T
22T

2.5T.
20T

15T

10T

0T

h(r.l.u.

-108 -107 -106 -105
o (deg)

() 023

Maller index (r.l.u.)
=)
R

(d)-107 [

-106

 (deg)

-105

m h
o |
-8 i
o0y,
— .--
"y
1 1
1 2 3 4 5
T(K)
= T E T
0] né

I
4 6

B(T)

-0.46

-0.44

-0.42

-0.40

0.0115.4
226K
ootio]

0.0105 4

0.0100

0.0095 4

2(T) em* mol™)

0.0090- o
=
~|A
=
=

d

i
0.0085 | <l
i

Fhevety,
- do 5 5 as ERETR

0 4
Temperature (K)
T T T T T T T T
20 25 3.0 35 40 45 50 55 60
Temperature (K)

0.0080

At TriCS and TASP instruments,

at PSI, Switzerland

Colimator

Incident beam

k=(h,O0,I)

k+Ak = (h+Ah, 0, I+Al)

Scan along special reciprocal direction demands rotation of several motors simultaneously!

o0
®,® Jozef Stefan Institute, Liubljana, Slovenia
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MAGNETIC ORDERS AT ZERO FIELD

Modulation along the chain matches the

a B=0T /(rlu)f

46K | classical pitch angle for J,/J, = —1.25.
45K 0.44

k= A

SDW/ed)

k+Ak—> A +AL

SDW®)

STRIPE

Single-crystal diffraction patterns

-0.19 -0.21 -0.23
h(rlu.)

o0
o0
®,® Jozef Stefan Institute, Liubljana, Slovenia

Specialistiéni seminar iz eksperimentalne fizike, FMF, Ljubljana, April 2022

1
)

z(D (c:m1 mol

0.0115

0.0110+

0.0105

0.0100 -

0.0095

0.0090

0.0085 4 o]

20 25 30 35 40 45 50 55 60
T K)

0.0080

T T T T T T T T
20 25 30 35 40 45 50 55 60

(unit cell)

Temperature (K)

=
0 20 40 60 80 100 120
a (unit cell)

M. Pregelj et al. Nature
Communications 2015



POWDER INELASTIC SCATTERING — [3-TeVO,

To obtain an overview of excitations one typically
begins with measurements on powder samples

The energy range is chosen based on the
knowledge of the main exchange interaction

E (meV)

Similar to diffraction one typically measure Energy-
Q map above and below the magnetic transition

[0.8,1.1]

Magnetic excitations are rather weak hence they
are typically measured at lowest temperatures

2.0
|Q] (A%)

The excitations may persist significantly above the
ordering temperature

Q-cuts, |Q|
i

Powder data are rarely sufficient for precise
determination of the spin Hamiltonian —> for this,
single crystal measurements are preferable.

25 3.0 3.5

o0
o0
®,® Jozef Stefan Institute, Liubljana, Slovenia Specialistiéni seminar iz eksperimentalne fizike, FMF, Ljubljana, April 2022 Matej Pregelj



SINGLE-CRYSTAL INELASTIC SCATTERING — [3-TeVO,

Q
Sample '(' N
S(Q,ho)/ -
Single crystals measurements are 2 - Detector
typically performed on Triple Axis )
Spectrometer 1
> et ) 20a
Due to weak signal often several crystals “analyser
need to be aligned before the Menochromator N=2dsine
experiment (larger crystals are often
unavailable) Real space :

» a and ¢ are in the

For mounting one should as little material

scattering plane
as possible (preferably Al) and avoid

glues, which typically contain hydrogen % Enks s
. [2he % °
(strong incoherent scatterer) %, 05 . :
(o]
= cutd o
All the crystals should be as close as 2.
possible 3 o
. . . . . ¢ 0.5 e :: — :
The resolution is dictated by the precision ° et

of the alignment (~1-3 deg)

1.6 14 1.2 -1.0 0.8 0.6

g along o*
oo

o0
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TRIPLE AXIS SPECTROMETER

E (meV)

Constant Q measurements

—_

Q is kept constant, while o o
changing k; and k¢, i.e., A
while changing the energy 4T
transport E = A® >
o o <3
h? Fal
ho =E, - E=—— (ki — kf) z 2

v

Q=k;—k

o0
o0
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TRIPLE AXIS SPECTROMETER ‘.

| measurement

E (meV)

Constant E measurements

—_

Q is being changed while
keeping E = ho

v

o o Q (A
A
A4_
=]
S - L
(o) (o) §3
_ _ R0 2 =2k
ho = E - E= ——(kf — k) z
o o o o £ 1+
N - ' >
Q =k — ks 1 2 3 4 5
Q (A1)

o0
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®,® Jozef Stefan Institute, Liubljana, Slovenia Specialistiéni seminar iz eksperimentalne fizike, FMF, Ljubljana, April 2022 Matej Pregelj



TRIPLE AXIS SPECTROMETER

A
4 -
s 3
. . . [
Due to experimental limitations Q and E, i.e., ®, £
are defined only to a certain level of precision w2
Reducing these uncertainties leads to a better 1
resolution BUT it also leads to lower counts
Resolution ellipsoid: resolution volume, R Q (A
with distinct orientations in (Q, E) space 41—
= E=2meV
g=const . _e. -
Anw ﬂ/? @ (qui) 3 3
w=const./ / c
Ul e, 2
J‘. ‘ g=const. _: .I |
3 | | | | >

1(Q)umcon

/ y 1 2 3 4 5
Q (A1)
[ L]

o0
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[3-TeVO, RESULTS

Counts
fird
o
o

50

0.801, E=3.5meV

\d..

BELT

T
—a— 15K
W —m—55K

I/ "".‘

E (meV)

r?,r\

1 1 1
-06 -0,4 -0,2 0,(]
q,(rlu)

——-080-11 —=—-080-0.2| |
—+—080-1 ——-080-0.1

—+—080-09 ——-0800
~—+—-080-08 ——-0800.1 | |
~+-080-07 ——-08002

—+—-080-06 ——-08003
——-080-05——-08004

+~-080-04 ——-08005
——-080-03 ——-08006

J~20K~ 2 meV i

° cufd
cut2 - chains

q,(rlu)

along c*

-0.5 @

o
o 000000000000 OGCO0ODOO

=2}
A
-
L
[X]
'
L
=}
[=}
=)
=]
=}
o

g, (rlu)
along o*

o0
o0
®,® Jozef Stefan Institute, Liubljana, Slovenia

>
o
{ w
——-120-04
—e—-100-04
—~—-080-04 |
——-060-04/ |

E (meV)

(1 meV =11.6K)
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B-TeV0, RESULTS -

J~20K ~ 2 meV

0.5 o
o
@ cutd
% 0.0 H
(8]
o3
g 2 cut3
el Y &
G 7 05 é
o
a
a @ cut1
-1.0
-18 -1.4 . -1..2 . —1..0
g, (rlu)
along o*

o0
o0
®,® Jozef Stefan Institute, Liubljana, Slovenia

o 060000000000 OGCOODOO

08 06

Counts

(b)
.g
S 200
4 <3
o
. I (c)

50

0.801,E=35 me\;'fAl
Py
LAY AN mm

T
—a—15K
—m—55K
n
\
\/
n

-10 08

1
06 04 02 00
q,(rlu.)

——-080-1.1 —=—-080-02
——080-1 ——-080-0.1
~—+—-080-09 ——-0800

—+—-080-08 ——-0800.1
~+-080-07 ——-08002
—+—-080-06 ——-08003
——-080-05 ——-08004
~+~-080-04 ——-0800.5
——-080-03 ——-08006 |

——-150-075|
——-140-07
——-1.30-065
——-120-06
——-110-0.55
——-1.00-05
——-0.90-0.45
—=—-080-04
——-0.70-0.35

——-120-04
——-1.00-04|
——080-04 |
——-060-04|

E (meV)

(1 meV =11.6K)

T
o sharp
® broad

50 -
80
128 |
206 |
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(b)

RE _ée
. 80
Inelastic neutron scattering at 1.7 Kand O T.
0.4 b b b ¢ gc c
H = J] Z (S"-f : S”-f"‘] + 51 Sn _,ISH Jj+1 + 3]Sn an _,:-I—l)
n,j
< 0.3 + Z (S”sf ’ S”ef+2 + 52Sb Sn J+2 + 52 n,j"n _,J+2)
g ,
“E 02 + /3 Z Sp.j-Smj—1+ s Z Sn.jSw jr1, (1)
g (n,m), j (n.m’), j
E kic = (—0.208, 0, 0.419) and magnetic moments lying in
0.1 the ac plane. The corresponding parameters are
Jy=-38K./,=38K. /53=3K,Jy=—-19K,
% 0o |87 =0.106,57 = —0.126,|8] = 0.01. and &5 = 0.01.
05 10 15 0.5 1.0 15 uncertainty of ~5% for J; (i = 1-4). ~20% for (Sf’ (i = 1.2),
Hin (H, 0, 0.42) (r.L.u) Hin (H, 0, 0.42) (rlu) and ~50% for §¢ (i = 1.2).
SpinW - hitps://spinw.org M. Pregelj et al. PRB 98, 094405 (2018)
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https://spinw.org/

TRINAGULAR ANTIFERROMAGNET NdTa,0,,

Crystal electric field levels:

87.1 meV

Kramers doublet
effective S =1/2

39.8 meV

Rare earth: Nd3™* (419/2) 37.3 meV
* ‘ * 9.4 meV

o0
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09F m 2K i
[ @ 5K (=] ¢ |
BULK MAGNETIC PROPERTIES :
I @ 20K o _ e U ]
5 06 e .
3+ . . . 9 Z - a © A
Nd°* f-electrons: highly localized orbitals. \\ = ' N
| a )
| . =8 A ]
. . Qo A
Interactions of several Kelvins are expected. _ . © o o ¢
0.3 o - A " ° o
a o A
o [ (0] A L4 ]
No magnetic order down to 2 K. ; A SoP S L .
° o ) %%ee
Magnetizem at higher temperatures is defined by 0.0 ! | ‘ |
crystal-electric-field (CEF) levels. = B & @ | & K
B(T)
a 20 __ . b 09 ———————
© data ef’p © data 9.-0
[ eeeeee CW fit (6, = -78 K, 1. = 3.84,) P eseses CW fit (6, = -0.46 K, p = 1.94,) .Q"
L — | _ & ] ) )
_ 15+ N . CW fit (8., =0, s, = 1.84,) & o 0, =0480IK
nE @ mE 0.6 - -g 7 N I
= o® = R 6%
o @Ge [e] .0 a o
E 10 o E s 0 es®s"n,
%) [ o B @ @ A % n
2 ,3«0'0 2 o ¢ ° 4 “e,
i e ] o 8 T,=19K ®e “a,
N i R
o * O& ..-" o T, =34K o
- oo -". 122 4 [} 8
0 o | . I . | . | 0.0 PO . | . | . . T
-100 0 100 200 300 -1 0 1 2 3 4
T(K) T (K)
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INELASTIC NEUTRON SCATTERING (INS)

Time-of-flight method at MARI instrument at ISIS source, UK.
c ‘ b

QA"

Measurements on magnetic (NdTa,O,,) and non-magnetic (LaTa,O,,) powders at 5 K.

Difference between the two yields magnetic signal — two flat levels.

No dispersion — single-ion property. Intensity goes down with Q — magnetic signature.

o0
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INELASTIC NEUTRON SCATTERING (INS)

Q=4-5A" NdTa,0,,
= CEF model
=== background

E (meV)
E (meV)

INS intensity (arb. u.)

E (meV)

Q (A"

Same measurements performed with higher incident-neutron energies.

Additional flat level at higher-energies.

o0
®,® Jozef Stefan Institute, Liubljana, Slovenia Matej Pregelj
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INS intensity (arb. u.)

CRYSTAL ELECTRIC FIELD REFINEMENT

Q'= 23-35A" =

Q=4-5A"
== CEF model
sseases background

= ]
o o

o

Peak int. (arb. u

o
[

10 20

Combined refinement of INS, susceptibility and magnetization results.
Program PHI (https://www.nfchilton.com /phi.html) and /or Mantid.

A single solution for CEF levels — energy levels and magnetic states.

30
E (meV)

| © data
[ =—CEF fit
15 [ eeesee CW fit (6, = -78 K, p, = 3.811,)

0 L 1
-100 0 100 200
T(K)

Magnetic ground state is of Ising type — magnetic moment
perpendicular to the plane (along the ¢ axis) is dominant.

g factors g, = 2.78 and ¢, = 1.22

o0
®,® Jozef Stefan Institute, Liubljana, Slovenia

300

| £my) +wo E) +ws +ws +wy

| £9/2) 0 +0.590 0 +0.807 0
|+ 7/2) 0 0 +£0.425 0 0
|+£5/2)| 0933 0 ~0.017 0 F0.358
| +3/2) 0 0.021 0 ~0.015 0
|+ 1/2) 0 0 —0.515 0 0
|+ 1/2y] F0.244 0 F0.574 0 —0.588
|+ 3/2) 0 +0.807 0 +0.590 0

| +5/2) 0 0 +£0.015 0 0
|=7/2)| 0263 0 —0.474 0 +0.725
[ +9/2) 0 0 0 0 0
E(meV) 0 0.4 37.3 39.8 87.1
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https://www.nfchilton.com/phi.html

GROUND STATE

CEF model does not account for complete M(H)
at lowest temperature of 2 K

Comparison of neutron diffraction (WISH at
ISIS) at 40 mK an 10 K imply potential
presence of diffuse magnetic scattering.

d L B S R \ T ‘ —
N ,L ]
| ALLaA i i
e
EA 1
s %
§ \\
-10F @ 2K \ _
A 10K %‘\
o 1 2 3 4 5 & 7
B(T)

o0
o0
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Neutron intensity (counts)

3000 -

2500 -

2000 -

1500

1000 -
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POLARIZED NEUTRON SCATTERING

At D7 instrument at ILL, France.

Directly distinguish magnetic and non-magnetic
contribution — no need for subtraction.

Reveal magnetic nearest-neighbour Ising
correlations at 50 mK.
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SUMMARY /fﬂ/:ﬁ;ﬂj

Basic neutron advantages:

W

Woavelength and kinetic energy comparable with interatomic spacings and excitations in solids

Weak interaction with matter - convenient for scattering, simple interpretation

»

¢
: T » T X ©
Neutron magnetic moment couples to magnetic field - neutron “sees” magnetism P
4

Magnetic scattering by unpaired electron spins

©
Both spin and orbital angular momentum of electrons contribute ©

Q

Magnetic interactions are long range and non-central - neutrons can be used to probe electron distributions b €
Nuclear and magnetic scattering have similar magnitudes
O Magnetic scattering depends only on component of B perpendicular to Q

Polarized neutrons are sensitive to a particular magnetization direction

Inelastic neutron scattering reveals details of the shapes of interaction potentials in materials

Additional information: matej.pregeli@iis.si
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