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MarHuTHo-siiepHas MHTepdepeHuus

NurepdepeHuuonnbie 3G eKThl B pacCessHUU UCIOJIb3YIOTCH U M3Yy4YaKTCH BCerjaa, ecjau
3TO BO3MOKHO, U3-32 BHICOKOM YYBCTBUTEJIbHOCTH K AMILUIMTYIaM PacCesHUs.

® /I3 NpuI0KEHUM - 3TO, B TIEPBYIO0 OUEPED, CO3AHUE HEUTPOHHO-TIOIAPUIYIOLIECH ONITUKH

® DKCIEPUMEHTHI C TOJIIPU30BAHHBIMU HEHTPOHAMH TTO3BOJISIOT BBIJCIUTh HHTEP(HEPESHITMOHHOE
paccesiHue T.e. u3MepuTh npoussenenue (AB), rue (A) u (B) aMminTyabl SIepHOTO B MAarHUTHOTO

pacceiaHusdg , COOTBCTCTBCHHO.
" BBII[@J'II/ITI) H3 ropas3ao 0o0JIee MHTEHCUBHBIX KaHAJIOB pacCCiaHUA ( AACPHOTO UJIIK MAIrHUTHOTIO,

WJIU U3 CYMMapHOT0) Ha (M3UYECKU HYJIEBOM (OHE.

HNuTtepdepernronnoe paccesaue A(Q) B SKCIIEpUMEHTE U3MEPSETCSl KaK Pa3HOCTh
MHTCHCUBHOCTH PacCesHUS C MOJIIpU3aneid HeUTpoHOB UP/dOWN MO OTHOIICHHIO K

MPUIOKEHHOMY K 00pa3ily MarHUTHOMY ToJito H:
Ag) =1*(@) - I(@) = P(AB) , Iy ~A% Ty ~B> (1)

riae P - monsipuzanysi HEUTPOHOB, (] — BEKTOP pacCesHUsl, Kak MPaBUII0, BEIOMPAETCS
ontumanbHas reomerpus (P 11 H Il B, ; B 1q), B, uanykius B obpasie B mone H.

A(Q) runeitno 3a6ucum om amnaumyo pacceanus!
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KavyecTBe OCH 2. PaCcesaHue Oylet HCKaXaTb 3TY BOJHY, BC/IeACTBHE
yero pesyabTHpylolmiaa BojHOBAA (YHKUMA HeHTpOHA IpPUHHMAeT
BAAJH OT pacceHBaIOWETO/IeHTPaA CAeNYIOUIHA BHL:

P(r, 0)=exp (ikrcos8)+f (0, kyexp(ikryr.  (1.1.4)

3mech nepBOe cnaraemoe ecTh najdilias BOJMHA, a BTOpoe cJjarae-
Moe — pacxojsuiasca c@epuueckasa BoJaHa, oOyCIOBJeHHAA pac-
cesstHHEM; B — yros paccesHus. |
tbyHKmm f(8, k), nasnBaemas amnAuTyoOd pPAccesHus, ompe-
AeJsAeTCA BHAOM [OTeHIHaJa B3aHMOJEHCTBHA HeHTpOHA € SAJpOM.
IT0 ecTb OCHOBHaA XapaKTepHCTAKa pacceaHus. [Juddepennnanb-
HOe CeueHHe paccesHWd B HHTepBaJ TeaecHOro yriaa d2Q=2m sin 0 do
BRIpAXKAeTCA Yepe3d KBAAPAT MOAYJA AMMJIHTYAN pacCesHHs

do=(f(0, k)?dQ. (1.1.5)
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AMI'IJ'II/ITy,EI,a MarHMTHOro paccedaHnd Ha atomMe

a? PaccMmorTpuM vacTbifi cayual, Korfa cOCTOfi-
¥ HHe cHcTeMBl HeHATpon NJIOC aToM B pe3yabrare
CTONKHOBEHUS He H3MeHseTcs (nmepexon (s, m) —»
% - (s; m)). B atom cayuae BolpaxeHue AJsi aM-
nauTyasl paccesHus (1.1.25) MOXHO nepenucaTe

) B BHJE:

f==ro|v| SP(%)F,

Puc. 1.8. C rne
Mgﬁug bekTopa F=2(s,9), (1.1.27)

wn g e h G—eleh)—h

(3nece B ectb enMHMUHBHIA BEKTOp B HAaNpaBJ€HHH CIIHHA aToMa).
Cesi3b MeXJAy BekTopaMu &, € ¥ R nokasana na puc. 1.8.

B ONTUMasNibHOW KOHUrypaumu:

f=0.539 S x10'2 cm, S — cnuH atoma
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[Tpu paccMoTpeHHH B3aHMOLEHCTBHA MeL/eHHBIX HEHATPOHOB ¢
BelleCTBOM Heo6XOAMMO YUYHTHIBATb UKTepdeperyuio s0eprozo u
MA2HUTHO20 pacceaxun. JTO 03HavyaeT, 4To B oblieM cay4yae pac-
cessHHe HeATPOHOB Ha aTOMe JO/XKHO ONHCHIBATBCA CYMMapHOH aM-

NAHTYROH
R=ax |fuls (1.1.33)

rae a — AnauHa paccesHus Pepmu (1. e. ¢ TOYHOCThbiO Jo obpar-
HOTO 3HAKa — aMIJINTYAa ANepHOro paccedaHHs), a fy — aMnauTyna
MaruuTHoro paccesuus. Ilosenenue n8yx 3xakos B (1.1.33) oGBbac-
HSeTCA TEM, YTO aMIJHTYyAa f, MeHseT CBOM 3HAK NpPuU NepeopHeH-
TAUHH CNHHA HeATpOHA.

pacCesiHHa ANA NJ/IOCOBHIX CTONKHOBEHHHA HMeeT BHA:
do
(), =+t
a 0N MHHYCOBBIX CTOJIKHOBEHHH

(@) =+R—2]L]

5b = b (r) - <psvw DY (a) = [drexp(igr)sb™ ™ (r-r)



Visualization of interference scattering
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Small-angle scattering of polarized neutrons in HTSC ceramics

G. Gordeyev", A. Okorokov*, V. Runov**, M. Runova®, B. Toperverg,
A. Brulet®, R. Kahn®, R. Papoular®, J. Rossat-Mignod", H. Glattli®,
H. Eckerlebe‘, R. Kampmann®, R. Wagner®

Physica B 234-236 (1997)

Interference scattering on inhomogeneities of the magnetic flux
penetrated into the Y-Ba-Cu-O ceramics at T <Tc



Visualization of interference scattering (without Analyzer or Beam Stop)
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A(g>qy) = 1"(q) - I(q) ~ P(AB)



Small-angle polarized neutron setup “Vector”
(reactor WWR-M, PNPI)

1 — collimator, 2 — mirror filter, 3 — magnetic monochromator, 4 — polarizer, 5 — flipper, 6 — resonance flipper,

7 —analyzer, 8, 9 — flippers, 10 — sample, 11 — analyzer (stack of permanent supermirrors: 10x40x45 mm?) ,
12 —3He PSD detector (300x300mm?, Ad=1.5mm, f > 10° Hz).

The parameters of setup “Vector” are as follows:

» operating in the slit geometry

- incident of wavelength : A=(7-12) A, AMA= (10-25)%
* neutron flux on sample: 2x10%4 nfcm?s (AAA=25)%

« range of momentum transfer : 0 < q < 3x101 A1

* initial polarization: 94-95%



3d- impurities in nonmagnetic matrix

* It is known that some brass alloys can depolarized neutron beam.

* It was found that alloys CuzZn(20)+Ni(at.1%) depolarized neutrons.

« But quenching at T at up to 800 C remove depolarization (D=1-P < 10-3).

* Subsequent annealing returns depolarization, the value of which depends on the annealing conditions.
» What is the scale of magnetic correlations at heat treatment?
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at different heat treatment:
* Initial sample - D= 30%;
« annealing during 5h at 800C and quenching — D=(0+10-3);
* subsequent annealing at 600 ° C — D= 2%
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Determination of the characteristic radius R spin-
spin correlations in samples in H = 0.5 T at different
heat treatment. Fit: A(q) = a/(q*+(L/R.)?:

100 <Rc <5000 A,  <s; s>~ exp(-r/Rc)

V.V. Runoy, D.S. llyn, M.K. Runova, A.K. Radzhabov,
JETP Letters. 95, 9, pp. 467-470 (2012).



“Reverse” problem: magnetic-nuclear contrasting phase in the magnetic alloy

* P91: heat resistant steel of martensite type: (8-9%) Cr (Mo, Nb, V, C, (N), Si, Mn), remain Fe,

must work up to T = 620 C at a pressure of 300 atmospheres;
* Binary phase formed during operation : V(C), Nb(C), Me(C), which determine the mechanical properties alloy.
Samples treatment:
* quenching at 1050 C - nanoscale phase of V(C); Nb(C) is formed end restrain creep dislocation. Hardness is well!
« annealing (imitation of operation) at T = 800 - 500 C during different time — Laves phase of Me(C) is formed
» creep increased end - steel loss hardness.

SANS on P91
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“Reverse” problem: magnetic-nuclear contrasting phase in the magnetic alloy

* P91: heat resistant steel of martensite type: (8-9%) Cr (Mo, Nb, V, C, (N), Si, Mn), remain Fe,
must work up to T = 620 C at a pressure of 300 atmospheres;
* Binary phase formed during operation : V(C), Nb(C), Me(C), which determine the mechanical properties alloy.

Samples treatment:

* quenching at 1050 C - nanoscale phase of V(C); Nb(C) is formed end restrain creep dislocation. Hardness is well!
« annealing (imitation of operation) at T = 800 - 500 C during different time — Laves phase of Me(C) is formed

» creep increased end - steel loss hardness.
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V.V. Runoy, V.N. Skorobogatykh, M.K. Runova, V.V. Sumin, Physics of the Solid State, 56, 1, pp. 62—67 (2014).



Magnetic-nuclear scattering in the magnetic alloy P91 during the
heat treatment

2400 ]
2200 P91 H=0.5T ]
e 0 1 2 3 4 5 6 7 8
2000 48 500 T T T T T T T T T T T T T T
1800 y w 1 i -4 500
1600 - —%— S6 750C 3h || 450 ¢ |
i —m— S1 quenchd | 1 correlation radius Rc
1400 A —O—S3600C 5h - 4004 1450
1200 ] —&— 54 600C 10h | 250 ] ¢ -
g | —A— S5 600C 74h | | I T hardness \ +4 400 E
= 1000 - S7820C 6h || 2 1 = N -
o —®— S2 600C 1h & 300+ —, 1 &
C
o] < \ 1350 ©
° s 250 ¢ S
o 4 . [ { T
200 - } _/ K 300
150 J ./ \./ —,
4250
100 T T T T T T T
0 1 2 3 4 5 6 7 8
_400 - ] # Samples
I I I '
0,004 0,006 0,008 0,010
q, A™ Growth phase during annealing at 600 C and above is
’ consistent with the decrease in the hardness of the alloy that
Cross-section of nuclear-magnetic scattering on Is expected according to literature data.
samples S1 - S7. Solid lines - fitting results The scale of contrasting phases was found.

V.V. Runov, V.N. Skorobogatykh, M.K. Runova, V.V. Sumin, Physics of the Solid State, 56, 1, pp. 62-67 (2014).



Total scattering, a.u.

Magnetic-nuclear interference in spinodal phase of ALNICO alloy

* Alloy: Al(7), Ni(14-15),Cu(3-4), Co(35), Si(<0.6), Nb(up to 1.1), Ti(5), Fe(36-31) mass%
« It is alloy for permanent magnets.

« It is possible to formed in the alloy spinodal phase, under certain annealing in field

« Spinodal phase essentially defines the properties of a permanent magnet
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It is shown that spinodal phase formed from the nuclear and magnetic subsystems
and interference scattering is the method for it study



A few more examples of the
Interference method sensitivity

A lot of experiments was done on the scattering of magnetic nanoparticles in
different nonmagnetic matrices

« As usual, in such systems depolarization (D) is zero (< 10-3)
for mass concentration nanoparticles < 3%



Polymer with the Fe;O, (< 2% mass concen.) nanoparticles
(magnetoplastic)
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The difference in the interference scattering
for sample No7 for parallel and perpendicular
orientation relative to the field of texturing.

» Since this series of samples was prepared in the magnetic field parallel to the surface,
it was possible to observe the anisotropy of interference scattering, caused by treating in

the applied field.



Polymer with the Fe;O, (< 2% mass concen.) nanoparticles
(magnetoplastic)

Plastic with Fe O, (sample #7, H=5300 Oe)

Total scattering (neuclear + magnetic)
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* Interference scattering < 1% from total!

* Magnetic a lot less.
* If you want to have information about scale of magnetic correlations,
itis difficult to find another method, or perhaps impossible



Comparison of the interference method and SQUID measurements

» We were offered to study two samples LiFePO, with different functional properties, obtained by slightly
different technology.
* Colleagues have some difficulties in the interpretation of their data
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Summary:

At last, it was found magnetic phase FesP in one of the

sample LiFePO, with character scale ~170 A from neutron

interference and x-diffraction data and electrochemical
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3akiIr04eHHe: HEIOCTAaTKU U JJOCTOMHCTBA METO/1a aHaIKM3a MHTEPGEPEHIIMOHHOTO PaCcCesTHUS
HenocraTkm:
* Hy>KHBI TOJIIpU30BaHHBIE HEMTPOHBI M COOTBETCTBYIOIIAS TEXHUKA.
* I3MepeHust MPOBOJAATCS B MArHUTHOM IIOJIE. | P

P,
* Hy>X€H KOHTPOJIb MOJISIPU3ALUH.

* I3MepsieTcs MPOU3BENCHUE AIEPHOM U MATHUTHOW aMIUIUTY/, IMOJy4aeM
HHPOPMALHMIO 0 MACIITA0e MATHMTHO-SJEPHO KOHTPACTHUPYHOIIUX

odsiacTed, a €CJIU XOUETCS BBIJACIHUTD SJCPHOE UIIM MAarHUTHOE paccesiHue 1o 7777

JlocTOMHCTBA:

O [TonyyaeM uHbOpMaIMIO 0 MAacIITa0C MArHUTHO-SIEPHO KOHTPACTHPYIOIINX
00J1acTe! C BHICOKOM 4yBCTBUTEIBHOCTBIO, KOTOpasi 00yCIOBJICHA!

* JIMHEHHOW 3aBUCHMOCTBIO K U3MEHEHMIO JTIOO0M aMIUIUTY/IbI;

* BO3MOXHOCTHIO paboTaTh Ha PU3MUECKHU HYJIEBOM (OHE.

° I[J'ISI ONPCACIICHHOI'O KJIaCCa KAYCCTBCHHBIX OKCIICPUMCHTOB 3TO 3KCHpCCCHBII>i MCTOM.



Cnacunbo 3a BHMMaHue



