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Part 1: Neutron Polarization

<> a magnetic moment arises from the motion of electrical charges -- though neutral, a
neutron is composed of charged quarks which give rise to a net magnetic dipole moment
which is quantized with corresponding spin 1/2 -- a neutron is a Fermion

<> if it exists at all, any neutron electric dipole moment is of negligible magnitude for all
practical purposes of concern to us here

<> a neutron can be represented by a spinor wave function having two components
corresponding to two spin eigen-states (spin “+” or “up” and “-” or “down”)

<> for a nucleus with spin, the neutron-nucleus (i.e., the nuclear) interaction is spin-
dependent

<> the magnetic interaction between the neutron magnetic moment and that of a nuclear
magnetic moment is relatively weak (and nuclear magnetic moments are normally not
ordered -- a notable exception occurring in a 3He gas cell used as a neutron polarizer)

<> the magnetic interaction between the neutron magnetic moment and that of an atomic
magnetic moment, on the other hand, can be comparable to the nuclear interaction

(a good description of the phenomenon of a quantized spin one-half system is given in
the quantum mechanics text by Merzbacher)
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Figure 41-15. Representations of the electric and magnetic fields of a
sinusoidal electromagnetic wave: (a) the field lines; (b) the sinusoidally

varying amplitudes.  (after Weidner kSells, Ejementary Classical Physics)
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GENERAL MULTILAYER REFLECTIVITY
CALCULATION FOR RIZED NEUTRONS
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FiG. 126. Magnetic form factor curves for iron. The full-linc curves show the calcula-
tion by Wood and Pratt for. respectively. the five 3d electrons of + ve spin and the
single 3d electron of —ve spin for a free ron a'om. The points are the experimental
measurements of Shull and Yamada for metallic iron. The broken-line curve contrasts
the experimental data for the Fe'* jon in magnetite.
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FIG. 134. The residual magnetization (kG) in iron as deduced ex perimentally by
Shull and Mook (1966). The positive excess of 3d magnetizat:on along the cube
edges is over-emphasized in comparison with the interlocking rings of negative
magnetization. The rings shown are centred on 030, 04 }. -
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Non-resonant magnetic x-ray scattering in UAs (0,%,4)  Non-resonant magnetic x-ray scattering in UAs (%,0,4)
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Fig. 2: Experimental results taken with different polarization (as indicated) for the satellites around the
(004) charge peak in UAs. Based on Eq. (4) and our understanding of the magnetic structure
(from neutrons) the structure factors are proportional to:
left hand side: ~ (mw — m) zero_ (r—>0) (L+S)

right hand side: (7 — ) (~0.5L+8) (71— 0) (~0.18)

(AFTER &, LANDER etal,)
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Fig. 3: Intensity of the magnetic satellite from
a uranium and neptunium compound as
a function of energy. The solid lines are
fits to atomic resonance theory. (Taken
from Ref. 24 and 25)
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Co (dashed) measured from the resonamt L | white-line intensity vs. applied field for comparison (bottom right) of summed Fe+Co (dashed)
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Reflection and Transmission of Polarized Neutrons Involving Magnetic Potentials

Given the existence of two different spin states of the neutron, a general magnetic interaction potential
must be able to account for two qualitatively different types of possible scattering processes — ane
which results in a change of the initial spin state, and another which does not. Consequently, the
description of specular reflection [rom a flat magnetic film structure requires a pair of coupled, one-
dimensional wave equations (the spin quantization axis is laken lo be z whereas the direction of
propagativn ol the wave is along the x-axis):

A
i gt 10 Vs Pt 10 /y/" -
%*ﬁ?(ﬂfr(ﬂ o) Elod ’yf = o

The interaction potentials can be, in general, spin-dependent and derive from both nuclear and
magnetic interactions between neutron and matter. As shown in detail in the quantum mechanics text
hy Merzhacher (Chapters 12 & 13, pages 251 (o 293), the magnetic interaction must he represented hy
an UpEI‘dt[\); appropnate for the qmntllm spmor nature of the neutron maghetic moment:

\, 2B zubB=-pul(5B +5"B,,+,§'Bz)
= "ﬂf@ 5) B, +(O“L)B +( /"[@4;,5 —8

_\_ég_here,t{ is the magnitude of the magnetic moment of the neutron, o' is the Pauli spin upew.lur dl'ld
B is the magnetic field. Previously, the scalar, non-spin-dependent nuclear potential was written as

= ZT’"‘F} i - 217‘?!1
The magnetic patential can also be expressed in terms ol scattering length densities as
v -n-h P P b
5. = M
MO T \Q KB, R

Combining nuclear and magneut. pulenua].:. we obtaln

V +\/ z‘ﬂ"h pﬂ+(‘?na- Gﬂm“i*&z} 2k (2, .

‘—-__j
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In terms Uf Lhe scattering lengt.h densities, the muple wave equations of motion are

+ho —%Wp++]qu“ 4717"1-(}”\ =
[a b WY 4R =0

Inthes ecm] case wht'T(' all magnetic fields are taken to be along the defined z-axis of quantization,

(Z- =2, = 0 and the wave equations become decoupled, each describing one of the two pure spin
clgemmte'; independently. The expressions for the rellection and transmission amplitudes associated
with each of the twu uncoupled equations then hecome essentially equivalent to those derived for the
nonmagnetic case in Figure 3. For the (ime being, this is all we should need.
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APPEMNDIX PN : NEUTRON PoLAR(ZATION FORMULAS
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NEUTRON POLARIZER
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A POLARIZATION ROTATION {51:
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Fig. 11. Magnetic guide field configuration along the neutron trajectory (v axis) similar to that shown in Fig-

ure 10, but for a more general initial neutron polarization at v = . Note that as the fieutron polatization precesses

through Region T, its projection along the feld direction (7' axis) remains constant. The component along the
v' axis, however, is rotated to point along the —x" axis at y = L.



Part 2: Application of Polarized Neutrons in Scattering Studies
of Magnetic Condensed Matter

<> elastic scattering to determine magnetic structures

<> inelastic scattering to probe magnetic excitations such as spin waves
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THE PRINCIPLES OF MAGNETIC
SCATTERING

6.1. Introduction

AT the beginning of Chapter 2 we explained that, whereas in peneral
the scattering of neutrons by atoms was a nuclear process, neverthe-
less an exception occurred with magnetic atoms, in the case of which
there is additional scattering on account of an interaction between
“the neutron magnetic moment and the magnetic moment of the
atom. We return in this chapter to a discussion of the principles
of magnetic scattering and will proceed in the following two
chapters to a detailed account of magnetic form-factors and of the

way part culﬂa_[htipea of magnetic structure are revealed.
The dnmmatmn'_fthc magnetic structures _of materials isa

mticrm,g of neutrons. Indeed it is true Io say that our whole
conception of the existence of a *magnetic architecture’ within the
L atomic nructureofso]ids has arisen from observations w:lhnculrons
" The elements of the first transition series which includes i iron,
cobalt, and nickel. have incomplete 3d shells, as indicated in Table 12
which lists the electronic structures of the free atoms with atomic
numbers 19-3). The arrangements of the 3d and 4s shells of some
free atoms and ions are shown in Table 13 which also gives the
number of unpaired electrons and the spectroscopic ground terms
of the ions. These unpaired electrons give rise 1o a resultant magnetic
moment. Interaction of this with the magn:nc moment_of the
neutron, which has a spin quantum number of § and a magnetic

moment of 1-9 nuclear magnetons, produces neutron scattering
which is addjtmnal to that produced by the IILII...ll:l.lS.

It is worth noting in passing that the fact the neutron, which is
an uncharged particle, possesses 4 magnet:c moment is anomalous.
A likely explanation is that a neutron spends part of its time dis-
sociated into a proton and a negative m-meson, and although the
centres of their reqpecme positive and negative charges do coincide
yet the negative charge is more diffuse. This would cause the neutron

POLARIZED NEUTRON REFLECTOMETRY

C.F Magkrzak { National Institwle of Standards and Technology)

Histoncally, neutron elastic scattenng studies have provided a wealth of important aiomic scale
informatien about the magnetic strectures of condensed matter, a siznificant part of which could not
have heen ohiwned hy any other means. [n the heginning, magnetic neutron diffraction reseanch was
performed primunly on bulk crystals. In more recent years, sdvances in thin film deposition techniques
have made it possible 1o synthesize a vanely of new types of layered magnetic systems, with propertics
thiat can be tailored for studics of fundamental scienufic interest as well as lechnological applications.
Throughout this still engoing development, neutron scaitering technigues, especially polanzed neutron
reflectometry (PNR) and dif fruction, have made and continue to make significant contributions 1o the
understanding of the physical behavior of magnetic thin films und superlattices (sce, for example, the
references [1,2]).

Polanzed neutron reflectometry can be divided into two broud categories, one of which cormesponds to
reflection measurements performed with the wavevector Lransfer Q) normal to the film surface,
commonly refermed to as specular reflectometry, and the other o scatiening done with some component
of Q lying in the plane of the film. Analysis of the specular polarized neutron reflectivity, measured as
a function of (), yields the in-plune average of the vector magnetization depth profile along the surface
noemal, with a spatial resolution of less than a nanometer in certain cases. The nonspecular reflectivity,
on the other hand, reveals in-plane magnetic structure, such s that associated with domams or
artificially pattemed surfaces.

In this presentation, we will first show why PNR is such an extraordinarily sensitive, and in some
regands unique, probe of magnetic order in thin films and multlavers. We will also illustrate how
state-of-the-art methods in experimental and theoretical PNR (see, for example, [3]) can be applied to
study current problems in magnetism, including investigations of magnetic semiconductor films and
superlattices [4], of particular interest in the relatively new field of “spintronics”™,
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Polarization Analysis of Thermal-Neutron Scattering*
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A triple-vis neutron spectrometer with polarization-sensitive crystals on both the first and (hird axes fs
thscriberl. "The culeulation of polariaed-neutron seattering cross soclions is presented in a form particylarly
suitedd 10 apyply tor this instrument, Experimental results on wuckear incoherent scattering, paramagnelic
scadtrring, Bragg scabtering, und spin-vave scallering arc fresented (o fllustrate the possihle applicatinm

ol wewlron-polarization analysis,

1. INTRODUCTION

\_ i aelelend o new dimension by measrements

al themal-eatron scattering by construeting,
1 the Uk Ridge High-Flux [sotope Reactor, g Iriple-
cds spectrameter with polarization-sensitive eryslals
it buth the tirst il thind axes, With this insirunient
he: distribution of seattered nentrans from an mitially
monachromatic, polarized heam is measured a5 4

kLl V&

i ol

scatlering (++4 and = =), The theoretical QUAntifie
of reatest inferest are the partial cross sections

This is w different language than is CUst L 1
by theoreticians in describing fhe seat ering of g
neutrons. The total cross section (sl O i
spin stales) and the linal polarization are i g
A unction of the initial polarization, ‘The polarizigy
equationgis a vector relutionship yiving the Maghitude
and direction of the final polarization, We Reasure
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Magnetic Neutron Scattering

Neutron: S=1/2; u=1914uy

Scattering by atomic
magnetic moments: p=0.54 X 8§ X f (sin6/ 1) X 10" em

Magnetic and nuclear scattering amplitudes
are of similar magnitude

DIFFRACTION BY MAGNETIC CRYSTALS
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Polarized Neutron Reflectometry

at the NCNR. NG-1 Reflectometer

Scattering experiment determines the correlation of magnetism
at two depths separated by d ~ 2r/Q
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2

orthogonal overlapping
coils on each face

Fig. 5-2

Figure 5-2. Cubic volume defined by three mutually orthogonal, intersecting solenoidal coils of
square cross section within which a magnetic ficld B, is created. Assuming sudden transitions
across the coil boundaries, the neutron polarization will precess about the different field direction
- de the coil as described in the text. Thus, the neutron polarization P can be rotated to any
general orientation in space relative 1o the guide field B



Polarized Beam Reflectometer (PBR) at NIST

Liguid Hydrogen Cold Source

NG-1 Reflecting
Guide Tube
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NIST Vertical Sample, Polarized Neutron Reflectometer

The VREFL reflectometer uses a vertically focusing pyrolytic graphite
monochromator to intercept the full height (15 cm) and width (6 cm) of the
beam in the NG-1 guide and focuses it down to ~ 3 cm at the sample.
Adjustable slits after the monochromator and in front of the sample, 1.5 m
away, define the beam width and collimation. Highly efficient (polarization >
98 %, and transmission of one spin state ~ 80 %) supermirror polarizers,
shown in the photo below, may be inserted in the incident and reflected beams
to provide full polarization analysis. Overall instrumental flipping ratios of the

order of 100 are routinely achieved.

Instrument Specifications
Wavelength, | 4.75A, 1.5 %
& resolution | AAA
Q-resolution | AQ/Q = 0.025
nearly
constant
Flux at 10° n/cm2-s
sample typically
Minimum < 108

measurable
reflectivity




TABLE 2: POLARIZING AND FLIPPING EFFICIENCY CORRECTIONS

a,,,0 _@g,  and o_, are defined as the NSF and SF reflectivities, respec-

tively, corresponding to the sample.
[offaff Jemen [off o ond | o/f are defined as the intenicities measured with

front and rear flippers respectively, in "on” (7 rotation of the neutron spin) or

“off” (no rotation) states.
F, R, f, and r are defined as the front and rear polarizer and front and rear

flipper efficiencies, respectively.

The relationship between the intensities measured in the detector and the
sample spin-dependent reflectivities are [28]

pottottig =g, (14 F)(1+ R) ool jfma,, (1+ R)[14+ F(1-2f)]

+a., (1 - F){1+ R) 4o, {1+ R))1 - F(1-2f)]
+o__(1=F){1-R) +a__(1-R)1-F(1-2f)]
4o, (1+F)(1-R) +a,- (1= R)[1+ F(1-2f)]

[l mimg,  (1+F)14+R(1-2)] 1==/f=c,1+F(1-2f)]1+R(1-2r)
+o_.(1=FI1 4+ R(1-2r)] +oJl-F{1-20)1+ R -2r)
to__(1=-F)i— R(1-2r)] +o__[1-F1=2f)]1 = R(1 - 2r)]
+a,-(1+ F)[1- R(1-2r)] +o, 1+ F1=2f)|[1 - R(1-2r)]

ﬁuMmﬁuﬁﬁMmhﬂnﬂfﬂm&mmu&mm
sities if the instrumental polarizing and flipping efficiencies and the constant § are
determined.

The constant [ is given by
ity [ i Jn.l'rri'.'_lrrqlr.f.f rl'f.fﬂ'
e I+l " -Tye ~ s T
where the subseript “NS" signifies measurements at zero scattering angle with
“no sample” in place.  Also,
e = FR+1
Iy fa = FR(1 - 2f) +1
™ ja=FR(1-2)+1
so that f, r, and the product F R can be determined.

=i

If the sample is replaced with & “reference sample” (R5) which has o4, # 0__
andeoy,_ =o_; =05, ando__ nesd not be known), then F and B can be

individually determined.
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INFORMATION FOR THE PUBLIC

The Nobel Prize in Physics 2007

This year s Nobe! Arize in Physics i owrdad to ALBERT FERT and PETER GRUNBERG for their diso-
very OF Gant Mognetareskiance. AppNCTHoNS af s P RanOmencn Aove revolition ired fechliques for
rebreving ditom howd disks. The discovery 0is0 plgys 0 ME0r FOle 3 VErous Mognetic Snsors o5 well
s Jor e develOpment of @ New ENSRTHON of SlCEronics. Theuse of Giant Magnetoresstance cn he
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Better read-out heads for pocket-size devices

Coostantly dimimshing electroracs have become a matter of course in todays [Twocld. The
yearhy addition to the market of ever more powerful and lighter computers is sometbing we bave
all started to take for graoted. In particular, hard disks have shrunk — the bulky box under your
desk will soon be bistary when the same amount of data can just as =asily be stored in 2 slender
lapiop. And with a music plaver 1o the pocket of each and everyme, bew still stop to think about
how maTmy cds’ worth of mousic its 1:i.11.}' hard disk can al:h.l.:llh' hald. Rzmnﬂ}', the maximum
sborage capacity of hard disks for borme use bas soared to a terabyie (2 thousaod hllon bybes).

eil dansiy 1oliga by

Di.a,grm:ru- 1|:n:ru.'ing the .:l.cl:d:r.:ti:n.g pace of miniaturization mi.ghl: g.i'n. a false impu'u:.i.m
of simplicity — as if this development {ollowed a law of oature. In actml fact, the cogoing
IT-revaluion dzpends an an iotricate ioterplay between fundamental soermbe progress and
techrocal fine tuning, This 13 just what the Wobel Prize in Physics bar the year 2007 13 about.

The Nobel Prize in Physics 3007 # The Royal Swedish Academy of Sciences * www kva.s= 17y
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As recounted in the “Scientific Background”
material referred to on the left side of the page,
prior to the discovery of the GMR effect by
Gruenberg, polarized neutron diffraction

studies of magnetic superlattices revealed

an unambiguous coupling between magnetic
layers across intervening nonmagnetic

spacers. The interlayer coupling (IEC) observed
in this neutron diffraction work was explained in
terms of long-range exchange interactions, for
example, the RKKY (Ruderman Kittel Kasuya
Yosida) interaction. Interestingly, the underlying
mechanism responsible for GMR was thus
known about before the effect itself was
discovered! Much of the original neutron
diffraction work was performed at the NIST (then
NBS) neutron scattering facility by scientists
including James Rhyne, Ross Erwin, and

Julie Borchers, some of whom continue related
forefront research today at the NCNR.

This is an example of the continuing importance
of neutron scatttering as a fundamental

probe of condensed matter.
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Figure 7-1. NSF (open circles) and SF (filled circles) scattering from a [Gd,, - Y] superlattice
as described in the text. The data have not been corrected for instrumental polarizing and
flipping efficiencies (the SF scattering at the (002) position is predominantly, if not entirely,
instrumental in origin). The SF scattering which appears at values of Q corresponding to a
doubling of the chemical bilayer spacing (odd-numbered satellites) is consistent with an
antiferromagnetic alignment (for an applied field approaching zero) of neighboring ferromagnetic
Gd layers as depicted schematically in Figure 7-2. (After Majkrzak et al. (1986)).
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Magnetic Semiconductor Superlattices

Currently a great deal of attention is being focused on spintronics, a new area of solid-state
electronics. In spintronics not only the electric current but also its spin state is controlled.
Spin valves and spin injectors are the first practical applications of spintronics. Further
progress in developing new devices hinges critically on the availability of suitable materials.
Such materials need to be ?good? semiconductors, easy to integrate in typical integrated
circuits, and their electronic properties should exhibit strong sensitivity to the carrier?s spin,
ferromagnetism being an especially desirable property.

EusS is one of the very few natural ferromagnetic (F M) semiconductors. Since it becomes F
M at a low temperature (T, = 16.6 K) it is an unlikely choice for applications. However,

studying the properties of heterostructures made on its base may give an important insight
into fundamental processes taking place in all classes of materials under consideration.

GaMnAs is a man-made F M semiconductor. It is an example of a diluted magnetic
semiconductor (D M S) in which a fraction of nonmagnetic cations (Ga) is substituted with
magnetic ions (Mn). Such a material can readily be incorporated into modern GaAs-based
semiconductor devices. Its T__ is still below room temperature, but this limitation may be

lifted in other materials of this class (Refer to Reference 1).

Interlayer exchange coupling (I E C) in superlattices (S L), composed of ferromagnetic and
nonmagnetic layers, is a crucial element of all spin-valve type devices that utilize the giant
magnetoresistance effect. In metallic S L’s currently being used, conduction electrons
transfer the interlayer interactions through nonmagnetic spacers (Refer to Reference 2). Here
we address the question whether I E C phenomena are possible in all-semiconductor
superlattices, like EuS/PbS and GaMnAs/GaAs, where the carrier concentrations are many
orders of magnitude lower than in metals.

The nonmagnetic spacer in EuS/PbS S L’s is a narrow gap semiconductor with electron
concentration of the order of 1017 cm™ to 10'8 cm3. For thin PbS layers (dp,g < 70 A)

neutron reflectivity spectra, shown in Figure 1, have revealed a pronounced maximum of
magnetic origin at the position corresponding to the doubled structural S L periodicity, thus
indicating the existence of antiferromagnetic (A F M) interlayer arrangements (Refer to
Reference 3).
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FIGURE 1. Unpolarized neutron reflectivity spectra for EuS/PbS S L with thin (23 A) PbS
spacer. Antiferromagnetic interlayer exchange coupling below T and at zero external field is
clearly visible (blue curve). Applying a strong enough magnetic field (185 G in this case)
parallel to the S L surface forces all the EuS layer?s magnetizations to ferromagnetic
configuration (green curve). Above T, the system is nonmagnetic, the only Bragg peak
comes from the chemical S L periodicity.

For much thicker PbS spacers (dpg > 120 A) the only magnetic peaks visible in the

reflectivity profiles, see example in Figure 2, coincide with the chemical ones, thus leading
to the conclusion that the magnetization vectors in adjacent EuS layers are parallel, which
indicates FMIE C.
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FIGURE 2. The sample with thick (135 A) PbS layers is almost ferromagnetically coupled.
Application of an external magnetic field enhances the F M Bragg peaks and lowers the
intensity between them (at the A F M peak position).

In the intermediate PbS thickness range (70 A < dpy g < 120 A), both A F M and F M peaks

are present. Polarized neutron analysis of these maxima gives evidence that the
magnetization vectors of adjacent EuS layers are not colinear. Hence, the I E C found in
EuS/PbS S L’s has an oscillatory character similar to that occurring in metallic S L’s,
although the oscillation period is much longer than the one in metallic systems.

In order to confirm that the free carriers, present in the PbS layer in such a small amount, are
the cause of the observed oscillatory I E C, a series of analogous measurements have been
carried out on EuS/YbSe S L’s. The structure and lattice constant of YbSe are the same as
those of PbS. In contrast to PbS, YbSe is a semi-insulator with a negligible carrier
concentration. Neutron reflectivity profiles have shown no evidence of any interlayer
coupling in the all investigated samples. That finding, together with the oscillatory character
of coupling in § L’s with PbS spacer, strongly points to the leading role of PbS free electrons
in providing the necessary I E C mechanism, similar to that discovered in metallic
multilayers.

Ferromagnetic ordering in GaMnAs is carrier (holes) induced; the Mn atoms, apart from -
being the magnetic element in the system, act also as acceptors providing the holes
responsible for transferring exchange interactions between them. The details of the magnetic
ordering, in particular its range, are still being disputed.

To address the latter issue, polarized neutron reflectometry has been performed on a number
of GaMnAs/GaAs superlattices. Figure 3 shows an example of the obtained reflectivity
profile in the vicinity of the first S L Bragg peak, for one of the samples. The very presence
of the magnetic contribution to the structural S L Bragg peak is a strong confirmation of the
FMIE C between consecutive GaMnAs layers. The absence of any spin-flip scattering
shows that the sample is in a one-domain state, i.¢., the F M ordering in GaMnAs is long
range, and the sample is spontaneously saturated. The peak in (--) cross section, and its
absence in the (++), is proof that the magnetization is directed oppositely to the external
magnetic guide field, hence the long range ordering has formed spontaneously, without the
influence of the external field. More details can be found in Reference 4.
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FIGURE 3. Polarized neutron reflectivity spectra for GaMnAs/GaAs superlattice.
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Pinpointing Chiral Structures with Front/Back
Polarized Neutron Reflectometry

We have developed a new method of using polarized
neutron reflectometry (PNR) to extract the structure
of buried magnetic spirals in magnetic films. This technique
improves upon earlier methods by being particularly sensi-
tive to the presence of magnetic twists vis-a-vis structures in
which the magnetization direction does not vary appreciably.
Tracking the formation and growth of twists may solve a
number of puzzles that hamper the development of magnetic
thin film devices.

In collaboration with [BM scientists, we have applied
the technique to a thin-film exchange-spring magnet and
confirmed that the results may violate the current theory
regarding the behavior of such magnets. t has been pre-
dicted that exchange-spring magnets, comprised of soft and
hard ferromagnets in close proximity, are a composite that
has a strong moment and does not readily demagnetize [1].
Therefore, exchange-spring magnets should give industry
the ability to make much smaller permanent magnets for use
in the magnetic recording devices, and elsewhere. As a side
effect, when a small external magnetic field is opposed to
that of the magnet, the portion of the soft ferromagnet
farthest from the hard ferromagnet may twist into alignment
with the field. When the field is removed, the soft ferro-
magnet untwists. The film provided by IBM consists of the
hard ferromagnet Fe_Pt, topped by the soft ferromagnet
Ni, Fe,, [2].

Figure | shows a simplified diagram of the behavior
predicted by current theories [1]. A magnetic field of
0.890 T, provided by an electromagnet, is sufficient to align
both the soft and the hard layers of our exchange-spring
magnet, as shown on the left. When a modest reverse field
(on the order of 0.025 T) is applied to the exchange spring
magnet, only the top of the soft layer will realign with the
magnetic field. The hard layer remains pinned in the
original direction, and a continuous twist is induced in the
soft layer, as the direction of magnetization changes
smoothly between the reverse field direction to the aligning
field direction.

Although there are many alternatives to PNR to
measure the magnetization, typically they measure only the
average orientation of the magnetic spins, and cannot readily
distinguish a spiral from a structure in which all the spins are
canted with respect to an external field. PNR can extract the

o

FIGURE 1. Model for field behavior of exchange-spring magnets. On the
left the magnet has been aligned by a large external magnetic field. On
the right a smaller field opposed to the first field causes a twist to formin
the soft fetromagnet, while the hard ferromagnet remains aligned.

depth-dependence of the magnetic and chemical structure.
We have studied the sample over a wide range of external
magnetic fields, and can track the development of the spiral
with field [3].

A PNR experiment begins with neutrons whose
magnetic moments are aligned parallel (+) or opposite (-) to
the external magnetic field. When the magnetization of the
sample is perpendicular to this magnetic field, the neutron
moment precesses as it interacts with the sample. When this
happens the spin-flip (SF) reflectivities R~ and R™" are
strong. If the magnetization of the sample is parallel to the
external magnetic field, no precession oceurs, but the non-
spin-flip (NSF) reflectivities R~ and R~ will differ. The
NSF reflectivities also provide information about the
chemical structure of the film.

Our new modification of the PNR method greatly
enhances the contrast between colinear and certain non-
colinear magnetic structures [4]. We first measure the
reflectivity with neutrons glancing off the front surface of
the material, and then repeat with neutrons glancing off the
back surface. The experiment is akin to holding the plane of
the film up to a “magnetic mirror” to see whether the mirror
image is the same as the original structure. In a colinear
structure, all the spins are aligned along a common direction,
and the mirror image is very much like the original structure.

Research Highlights
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FIGURE 2. Reflectivity of a Ni Fe,|Fe,,Pt,, bilayer. The front reflectivity is plotted on the right while the back reflectivity is plotted on the left, The SF
reflectivities R* and R** are plotted against the right ordinate axis. The NSF reflectivities R** and R~ are plotted against the left ordinate axis.

But the mirror image of a magnetic twist to the right is a
magnetic twist to the left. Therefore, if the front and back
reflectivities are significantly different, we can deduce the
presence of a spiral. Fitting the data confirms the spiral’s
existence.

Figure 2 shows data collected at 0.026 T after aligning
in -0.89 T. Fits to the data are shown as solid lines. The
data from the front reflectivity are shown on the right, and
the data from the back reflectivity are shown on the left.
The spin-flip (SF) reflectivities R~ and R~ " are plotted
against the right-hand axis, which have been shifted relative
to the NSF reflectivities R “and R~ plotted against the left
axis. Atg = 0.2 nm", there is a splitting in the front NSF
reflectivity that is much more pronounced than that of the
back reflectivity at the same ¢g. This is a hallmark of the
spiral structure,

Figure 3 shows the magnetic structure that gives the
excellent fit to the data plotted in Fig. 2. The location of the
hard/soft interface is marked in Fig. 3. Surprisingly, we
discover the spiral invades the hard ferromagnet even at
extremely low fields. Current theory predicts that when this
oceurs, the soft ferromagnet will not be able to untwist fully.
Yet, other magnetic studies show that our exchange-spring
magnet does untwist when this field is removed. Thus, our
PNR measurements have identified a shortcoming of current
theory.

NIST Center for Neutron Research

With this new technique, NIST is now able to better
characterize the magnetic properties of thin films, which can
improve the capability and reliability of industrial devices
for magnetic recording and sensing.

0
milH

80 -40

FIGURE 3. Fitted magnetization of the data presented in Fig. 2. The front
of the sample is at a depth of 0 nm and the back is at a depth of 70 nm.
The red curve is a projection of the magnetic structure into the plane of
the front surface.
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Fig. 3.2 Schematic horizontal cross-section of CRYOPAD showing: (1) axial
guide field; (2) non-magnetic rotation wunit; (3) nutation guide field (4)
concentric test-tube shaped Meissner shiclds; {5) wvertical super-conducting
solenoids producing a precession field of up to 100 Oe; (6) zero field sample
chamber containing a variable temperature insert which allows sample
temperatures in the range 1.5 K to 300 K; (7) Sample position. Note that the
contents of the cryostat tail are enlarged in the diagram for clarity - actual
sizes are: inner Meissner screen diameter = 40 mm, precession solenoid
diameter 13 mm, nutation guide diameter approximately 100 mm.

Fig. 3.4 Diagram showing what happens to the polarization of the incident
neutrons during their passage through the different ficld regions of the
instrument towards the sample position. In region (1), incident neutrons
are polarized axially. In region (2), fields of (1) and (3> overlap, polarization
rotates adiabatically to the direction of nutation field. As neutrons pass
through the Meissner shicld (4) the polarization is unchanged, then, in
region (5), the polarization precesses around the vertical field axis. On
reaching the second Meissner screen, neuwiron polarization has precessed
by a total angle ¢, and once in zero-field (6), polarization is preserved up to
sample position (7). Thus by choosing the angle of the nutation guide field
and the current through the precession {field, one can have any required
direction of incident polarization at the sample position.

Zero-field neutron polarimetry ( figure from thesis of Valerie Nunez)
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study of the magnetic structure of TbAlO,; using zero-
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measurements



Part 3: Application of Polarized Neutrons to Measurements
of Very Small Energy and Momentum Transfers with
Condensed Matter Systems

<> the precession of the neutron spin in a magnetic field can be
used as an accurate measure of length from which changes in
angle (momentum or wavevector direction) or neutron speed
(energy or wavevector magnitude) can be determined



Neutron spin echo labelling of angle: after work of Felcher, te Velthuis, Rekveldt, Pynn, Major
and others. (Thanks to Suzanne te Velthuis for this and next figure!)
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Precession Modulation {cosine)
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Comparison of inverted grating diffraction pattern to model where modulation of
the beam was performed according to the spin-echo labeling method (blue asterisk
symbols correspond to model and squares to calculated inversion).



Compact magnetic films replace precession coills.
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1J. Major, H. Dosch, G.P. Felcher, et al., Physica B (2003).
Also, M. Th. Rekveldt, et al., Rev. Sci. Instr. (2005).
And R. Pynn, M.R. Fitzsimmons, et al., Rev. Sci. Instr. (2005).



“Polarized Neutron Reflectometry”, C.F.Majkrzak, K.V.O'Donovan, and N.F.Berk, Chapter 9
in Neutron Scattering from Magnetic Materials, Edited by T.Chatterji, (Elsevier, Amsterdam,

2006) p.397-471.
Polarized Neutrons, W. Gavin Williams, (Clarendon Press, Oxford, 1988)
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