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Old days at PTAX/HB-1

—

 HB-1 was used by Moon and
Koehler for pioneering work in
neutron polarization analysis in
the late 1960’s.

S,
Praee.
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Polarization Analysis of Thermal-Neutron Scattering™*

R. M. Moon, T. Ristg,} anp W. C. KOEHLER
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830
(Received 30 December 1968)

A triple-axis neutron spectrometer with polarization-sensitive crystals on both the first and third axes is
described. The calculation of polarized-neutron scattering cross sections is presented in a form particularly
suited to apply to this instrument. Experimental results on nuclear incoherent scattering, paramagnetic
scattering, Bragg scattering, and spin-wave scattering are presented to illustrate the possible applications
of neutron-polarization analysis. :
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Hard condensed matter physics
Versatile instrument for both diffraction (~70%)
and inelastic measurements (~30%)

PTAX/HB-1 at HFIR
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Parametric study in magnetic field, high/low

temperatures, pressure, .....
(Good complement to HYSPEC at SNS)

Sample environments
Temperature: 30 mK - 1873 K
Magnetic field: 6 T/8 T (vertical): 1.5 K- 300 K

ed mode since January 2022 .
Electric field: 10 kV, 1.5 K- 300 K
Pressure: 1.8 GPa with piston cell, 0.3 - 500 K

PTAX: 100% polariz
Heusler (Cu,MnAl) monochromator and analyzer

(flipping ratio: ~15 at 13.5 meV and ~10 at 30.5 meV)
Uniaxial pressure (strain)

Beam size: ~30 mm X 30 mm

Energy: Ei 10 — 45 meV (1.35-2.86 A)
Ef 13.5 meV (2.46 A) and 30.5 meV (1.64 A)
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Ongoing upgrade

Heusler monochromator and analyzer (2020-)
New focusing monochromator and analyzer for better beam flux and spin polarization

Purchased from LLB-Saclay

Analyzer Monochromator
current

i

previo

§

* Variable horizontal focusing  ° Flat * Inadequate e Variable vertical focusing
* Installed last month * Small Heusler crystals * Redesign in progress

* Low flipping ratio

* Low intensity

*Fixed vertical focus
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Heusler polarizer

Pros

* Maintenance free

« Time independent polarization

* No need for extra space

« High magnetic field experiments feasible

* Reasonably good polarization in a wide energy range

Cons

 Difficult to obtain high quality crystals
« Strong lambda/2 contamination
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Options for polarization analysis on PTAX

Helmbholtz coils 6T/8T asymmetric magnet Wollaston Prism Spherical neutron polarimetry

Larmor diffraction — high Q resolution
Neutron spin echo - high E resolution

Full polarization analysis
including off-diagonal terms

Full polarization analysis -
Longitudinal analysis

Lecture on Thursday

Half polarization analysis - Detailed magnetic structure

y Half and full polarization Nuclear-magnetic interference
analysis - Ferromagnets
Lecture on Wednesday
~45 % ~15 % ~30 % ~10 %
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Helmholtz coils (5 independent coils)
- Controlling magnetic field along arbitrary directions -

2 coils for vertical field

3 coils for horizontal field
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Cross section

do _ NN* nuclear
dQ

+M -M*, + iP;(M* x M,) magnetic
chirality

+N*(P-M )+ N(P;-M* ) interference

Polarization vector of scattered neutrons

Pf% = P,NN*

+ (M x M)
chirality

LLLLLLLLLLLLLLLLLL
¥ OAK RIDGE |16t et
at

ional Laboratory | REACTOR | SOURCE

+ M,N* + M* N - i(P, x M,N*- P,x M* N)
+ MJ_(Pi'M*L) + M*L(Pi'MJ_) B Pi(ML'M*L)

M,
M,
D —

M. Blume, Phys. Rev. 130, 1670 (1963)

nuclear
interference

magneftic

Precession of 180°
around M,




Half polarized experiments with single crystals

Cryomagnet - ferromagnetism Helmbholtz coils - helicity (S, | helical plane)

~——
monoth romatgr,

guidelfield
flipper

“ass, . < = .
_ S j_hehca'l plane P

Experimental setup

Heusler monochromator — flipper (+ or -) — sample — PG or no analyzer
PG monochromator — sample — flipper (+ or -) — Heusler analyzer
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Half polarization analysis of weak ferromagnetic component

I, =(Fy+ Fy)? *+:Sn//H
=A™ B

Fn: nuclear structure factor
F\: ferromagnetic structure factor

2
Flippingrato R = ((I;_l\'Nt ICI,:/I,,;Z

F
For Fu<<Fy R~ 1+4F§',\: (R ~1.4 for Fyy/F\=0.1)

2
Intensity ratio for unpolarized neutrons I/::Mz (~0.01 for Fy/Fn=0.1)
N
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Ferromagnetic component in Wyle semimetal Co;Sn,S,
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I+ = (Fn + Fu)?
I+- | = 4FN.FM
R =1+ 4F/Fy

Flipping ratio ~ 1.055 Fy/Fn=0.0172
Fy2/Fn?=0.0003

Q. Zhang et al., JACS 144, 14339 (2022)

Rhombohedral R-3m =———>

a

FM FM AFM

phase separation;
spin glass;

exchange bias;
stiffer spin glass;

TA
(135 K)

TC
(175K)

0.14(2) yg at 1.5 K
* No long-range AFM phase



Canted magnetic structure in *>*SmRu,P,,
T. Matsumura et al., Phys. Rev. B 102, 214444 (2020)
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(a) (d)

Sm-1 — Sm-2 )
o . a Sm-2 SmRusPy, 14K 5TII[170]
8 8 Ru P 412
0 o] ) S 001 ; - - - - '
7f_ 7{7 E‘ E w _ — [ ] \&"i = i(a) 1 [ (b) lup/lgown 1
15 = ' H : Ru g I x1/50] I ® exp. -
: = Sm-1 N200 + [ . 1.5H o cale. 4
(82 o
— 10 SmRuP;2 ! m, T — H @ L of = ’ -
= ®) © MAF - c I {c
T I ™ (110] 8 | + 12 o
8 I \ B NP 1 §1.0H
e ~ 4 : Sm-1 TN [(177) 21001, 18 '}
%5 10 15 20 T 5 | . +
T (K B = 7 ] i
" ' Sample volume < 1 mm? ol o downs  os5L . -
(c) f I () ] -t -t w - - (‘4.)
t me=0.06 ug x 70T > 7
: ‘L = = T LI ) T l T L} L) I LI ) T T ] T LI ) T
H- g : SmRu4P,, 1114 :
. & 200} .
Intermediate phase (phase Il) 2 - -
Field-induced CDW caused by p-f hybridization 3 I :
. o ° 100 —
m, (m.) reduced (increased) with surrounding cage expanded (shrunk) = | -
= B -
L] ° L] L] w - T -
Consistent with resonant x-ray diffraction data g [ 5T “.[1 10] 1 # ]
o L L L 1 L 1 L L l L L 1 L 1 L L
0 5 10 15 20
OAK RIDGE | HigH FLux | spaLLATION Temperature (K)

NEUTRON
SOURCE

National Laboratory | REACTOR



Magnetic structure of ferromagnetic thin film Fe;¢N,
X. Hang et al., Phys. Rev. B 102, 104402 (2020)

N

& i X. Hang, PhD Dissertation, Univ. of Minnesota (2021)
® o Fe,¢N,: giant saturation magnetization
16/V2
® -0
Wyoka | Atomic Difficult powder sample preparation (ferromagnetic impurities)
pos., pos.
N 2a (0,0,0)
Fe()| 4 (0,0,2) N o
T Thin films (on MgO)
Fo®)| 4 (039 1in. X1in. X40 nm
x =0.2449, z = 0.2898 ,I 0 ieces
FIG. 1. Crystal structure of Fe;gN,. p
Model my (ug) my m; M, (emu/cm®)  x2
room temperature H=3 T Min [30] 213 250 285 1800(226) 20
Lai [31] 2.36 275 353 2050 (2.58) 6.6
" Huang [32] 2.06 242 290 1770 (2.22) 22
3 . Sakuma [33] 227 225 283 1730 (2.17) 25
s o Tanaka [34] 217 195 274  1590(2.00) 37
%‘ 4 | —— + fitting ] o Ji [42)° 3.1 325 27 2220 (2.79) 3.2
S —— —fitting Sims [35]° 2.83 291 3.08 2110 (2.66) 5.1
€ Ke [36]° 224 255 312 1890 (2.37) 15
Szymanski [37] 2.74 282 2096 2040 (2.57) 74
Hiraka [38] 14 1.8 2.6 1370 (1.72) 60
% Fe(1) Fe(2) Fe(3) m my ms
£ Fe' Fe'* Fe'* 28+03 3.8+0.2 1.6£0.5
Fe'* Fe* Fe® 3.1+£03 39+0.2 1.1+04
Fe'* Fe* Fe'* 3.1+£03 38+02 1.6 0.5
Fe** Fe’t Fe!* 27+0.3 38+02 1.6 0.5
Fe't Fe’t Fe!* 24+03 3.7+£02 1.7+£0.5
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° 3 °
Magnetic form factor of Ru** in a-RuCl; C. L. Sarkis et al., Phys. Rev. B 109, 104432 (2024)

Observation of field-induced moment in the paramagnetic phase Single crystal: 2 g
25
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Half polarization analysis of helicity

Magnetic intensities of incommensurate peak at Q = 6

d A A
(d_g) = Ip{mj, + mi * 2mym (S, - C)}

my: spin component along b
m_: spin component along ¢
S,: neutron spin vector

C: chirality vector

guidelfield =~

flipger 2 ,z
cew C C cW A X ‘;-LI%C%”E,@; QU|defq
m¢
my

my=m;and S, // C 2> IF=4m,?
my=mcand S, /[-C> I"'=0

SPALLATION
NEUTRON
SOURCE

OAK RIDGE

HIGH FLUX
: ISOTOPE
National Laboratory

REACTOR




Chirality in ferro-rotational material RbFe(SO,), - multiferroic behavior -

J. Yang et al., Adv. Sci. 11, 2402048 (2024)
Helical order below 4 K
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Skyrmion-|attice phase in EuPtSi K. Kaneko et al., J. Phys. Soc. Jpn. 88, 013702 (2019)

Magnetic ground state at ambient field
4 g=(0.00, -0.20, 0.30) at 1.5 K

(0,-0.2,0.3) ki
Ox

A-phase: skyrmion-lattice 15K

Magnetic Field ( kOe )

,0 “(Off);$\‘1 U(on)
o 1" oft Single crystal: 2 X 2 X 1 mm3
o 1"%on 0 Absorption by Eu
l:‘ Moment: S=7/2

ga=(-0.09, -0.20, 0.28)
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(chiral crystal structure)
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Summary

Half polarization analysis (diffraction with single crystals)

e Sensitive to tiny ferromagnetic component

e Helicity
Presence of helicity
Helical domain ratio (CW and CCW)
Ellipticity

complementary to SNP
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Cross section

do _ NN* nuclear
dQ

+M -M*, + iP;(M* x M,) magnetic
chirality

+N*(P-M )+ N(P;-M* ) interference

Polarization vector of scattered neutrons

Pf% = P,NN*

+ (M x M)
chirality
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+ M,N* + M* N - i(P, x M,N*- P,x M* N)
+ MJ_(Pi'M*L) + M*L(Pi'MJ_) B Pi(ML'M*L)

M,
M,
D —

M. Blume, Phys. Rev. 130, 1670 (1963)

nuclear
interference

magneftic

Precession of 180°
around M,




Linear-polarization analysis with Helmholtz coils

‘ Sy I x
e r&?rom'atg; @WHOTZ£OIF N - Nuclear Magnetlc
‘T en i ' x Toff @
guidelfield e < aIyzer Tl T T
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> - > S,,//”x —s gwde f. ‘l’ @
a2 e »n......,,.,. source M fllpper sample
’:’)()(
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1
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. : 2
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Linear-polarization analysis with vertical field cryomagnet

8T vertical field magnet
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Study of ferromagnets
Study of magnetic-field-induced phase

Only P,, is observable.

S\ 1 scattering plane (2)

Nuculear
Mag (S.) Mag (Sy)

Horizontal field magnet with Sy // Q to observe P,,
(unavailable on PTAX)



Linear-polarization analysis

e Powder diffraction

Separating nuclear and magnetic contributions

* Single crystal diffraction
Separating nuclear and magnetic contributions
Determining spin directions in detail
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Determining magnetic structure of Ir in pyrochlore Nd,Ir,0,  Helmholtz coils

sample: 4.8 g K. Tomiyasu et al., Sci. Rep. 8, 16228 (2018)

Polarized neutron powder diffraction annular holder: 20 mm¢ and 0.8 mm thickness

1500/ 40K 222 reflection ] 2500 rrprrrr

" ON = 6K ] L
- [ : 1.4K Sy//Q ! f® I, oI, AT =TI,
€ 1000} 113 reflection . 2000:- _
= | e fo b 1]
8 5001 ., o | S 1500} :
£ 15000———+——+——+——+——+— g - - ]

i i g - f
8 ; 40 222 ~ 1000F 14 % 0 :
= L OFF 5 6K Py 2 [ 1 .
210000~ o 14k B : S ]
Z : 2 g 500 331 :
o i g : ~E NI 'S ]
£ 5000 & . [ 55 :

| R S T— B

Jc e A7 4o 49 50 B 0 5;)0 10;30 ;500. 2000 2500
Scattering angle / deg mag,cal arb. units

« Magnetic / nuclear intensities overlap. . I3 (all-in/ all-out) is best.
* Polarized beam reduces relative nuclear «  m, = 0.14(5) ug and myy = 1.22(5) ug at 1.4 K

intensities by ~15.
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Separating magnetic and nuclear components in single crystal

Magnetic structure in Rh-doped Sr,IrO, Helmholtz coils
F. Ye et al., PRB 92, 201112(R) (2015)

SrylrOy Srylrg ssRhg 1204 Sralro.gsRhg 1204
(b) T— (c) small crystal (2 X 2 X 0.5 mm?3, ~10 mg)
0.18 ug/Ir
— Ir absorption
r(2) Iry(2) . .
unpolarized polarized (Sy // Q)
- g " @0 (103 | 37f® (1,03  Polarized, PIQ ]
I Irh( 5201 Unpolarized {2, [® SF T=4K
%
480+ 12
5
é 82 0
Ko 1 %=
g % | ' Gv (deglree)’ .
= L (c) (1,0,1 Polarized, P/IQ -
8400- {0240 (;) hSSF ) ;anze gt
c L. = -

360}

0
i o
|
[
e ® 2 el
oK O
.__0_4:
o
r—l O
Counts/15mins

3200 L L L 1 1 17
0 30 60 90 120 150 180
Temperature (K)

(103) is magnetic.
(101) is nuclear.
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Detailed magnetic structure in 4f-electron system NdB,

crystal: 4 X2 X2 mm3

SnIlQ Sn] Q(2)
HF-NSF VF-SF || O it s
2] uonenwt -
(H,K,0) mi. Bl e * HE-NSF
(H,0,L) b me(mihor, S T 4
(H.H.L) me,(michor. Zl

(a) I'y (all-in all-out)
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(b) I's (diagonal FM)
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S = N W
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T
RSN oe® " >
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Temperature (K)

ab-plane and c-axis spin components

behave independently.

ab-plane: I'; and c-axis: I'yq

0 5 10 15

]
(=)}

[N
hN

Helmholtz coils
N. Metoki et al., PRB 97, 174416 (2018)
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Helical spin structure in MnP under high pressure Helmholtz coils

helical ¢ (0 GPa) crystal: 5 X 3 X 2 mm?3 M. Matsuda et al., Physica B 551, 115 (2018)
(a) helical ¢ Ha|f_po|ar|zat|on Full-polarization
10000 T T T T T T T
(OOL) . 5000 | o 4 S
ﬂ> S 8000 - Sv/lQ E 5} ?gi:) S 1 =
@ T=5K © 4000 T:5aK i N
> g oo ] ‘%3000- Swla@ 1
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° < 4000 - <2000 1 2
o *(%‘ = SF: Sa
§ 2000 E 1000 NSF' sz
0 a ok § B ok 4
<t> © Mn 1.80 1.55 1.50 14|95 2.60 2.'05 2.110 24|15 2.20 1.80 185 190 195 200 205 210 215 220 (OKL)
L (r.Lu) L (r.Lu)
2
helical b (1.8 GPa) crystal: 1 X 1 X 3 mm? SF: S )
(b) helical b i Half-polarization Full-polarization NSF: S,
WE: s s [TEE] ¢ W e reae ] Tde endence ]
wl . 2|0 gl O =) R -
= Bk 1 S30f T=5k ]
o S/ Q ® S\.lQ 16} ]
.gmoo- 1 £ 250 -@15_} ]
§800_ 1 3200 oo l
;’; 21501 - 14} i } ]
g 600 1 &1} Lk 2 1
‘ 400} 1 4 W= L . e s |
086 085 090 062 094 096 086 088 060 062 084 096 0 20 40 60 80 100 120 140
K (r.Lu) K (r.L.u) Temperature (K)
Helical structure
* Half-polarization: presence of helicity, helical domain ratio
OAK RIDGE | grise” et * Full-polarization: ellipticity, out-of-plane component (spin canting)




Polarized inelastic neutron measurements

* Separating magnons and phonons
* Mode analysis of magnetic excitations
(longitudinal or transverse mode)
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Separating magnon and phonon in multiferroic (La,Ca)MnO; cryomagnet
J. Fernandez-Baca, F. Ye et al., in preparation

HB1, Ef=14.7meV
T=5K

Unpolarized results at HB-1

0 0.1 02 03 04 05
(1+9,0,0)
S\l Q
(c) Q=(1.25,0,0)  (d) Q=(1.325,0,0) (e) Q=(1.40,0,0) .
e s ] Y e ] e v {] Polarized results at HB-1 (HKO) plane
¢ INGF } Eq ¢ 5F &'ﬁ - H(=3T) // c-axis (to align magnetic domains)
i T ok }?&y‘%gw $ *,M SF: magnon (transverse)
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g 10F, : "
3 240 SF-NSF X phonon { 2
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}{} } 8 39  Phonon > 17 meV
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Mode analysis of spin-wave excitations in multiferroic Ba,Mg,Fe;,0,, cryomagnet

Ba,Mg;Fe,02, (multiferroic material) T. Nakajima et al., PRB 93, 035119 (2016)
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Ry v o+ < - H=1T (FE3 ph
% -‘ U 1400 He=1 T, T=1 :5 K.’ Lvm'p?lan'zejd' . = ( P ase)
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Mode analysis of magnetic excitations in 5f heavy fermion system UPt,Si,
Helmholtz coils J. Lee et al., PRL 121, 057201 (2018)

Unpolarized data measured on SEQUOIA Tn=32K Polarization analysis on PTAX
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Mode analysis of magnetic excitations in multiferroic BiFeO, Helmholtz coils
- complementary use of HYSPEC and PTAX - M. Matsuda et al.

PTAX (HFIR) . Phys.:Conf. Ser. 2481, 012003 (2023)
HYSPEC (SNS) D. Zhang, B. Winn, M. Matsuda et al., PRB 105, 144426 (2022) Gl 55 mev
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Summary

Linear polarization analysis on PTAX

- Diffraction
Separating magnetic and nuclear components
Spin directions (single crystal)

- Inelastic scattering
Separating magnons and phonons
Mode analysis of magnetic excitations (single crystal)
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