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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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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 }. -



Neutron Polarization Vector
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Polarization Rotation
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Precession of the Polarization
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Figure 41-15. Representations of the electric and magnetic fields of a
sinusoidal electromagnectic wave: (a) the field lines; (b) the sinusoidally

varying amplitudes.  (after Weidner kSells, Ejementary Classical Physics)
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Non-Resonant Magnetic X-Ray Scattering

<> X-rays interact with magnetic as well as with electronic charge
distributions -- the magnetic scattering of x-rays is a relativistic effect.

<> For non-resonant x-ray scattering, Ivacneric / Ienarce & 10,
<> Teyarge @ FT(charge density) x C
rvacnetic @ (1/2) FT(orbital density L) x A + FT(spin density S) x B

where the factors A, B, and C describe the polarization dependence of
the scattering.

(For neutrons, the magnetic scattering amplitude is proportional to (L +
2S) so that the L. and S contributions cannot be directly separated --
however, because the spatial extents of the magnetic densities
corresponding to L and S are different, modeling and fitting allows for
separation, at least in principle.)

Resonant Magnetic X-Ray Scattering

<> Resonant enhancement can be as large as 10°.
<> Resonant magnetic scattering is element specific.

<> As an example, in Ho and at an incident x-ray energy near the L(III)
absorption edge, the incident photon excites a 3p electron to the 5d
unoccupied level - under these conditions electric 2" pole resonances are
stimulated and contribute to the coherent scattering amplitude: the
process can roughly be described as one in which a core electron is
excited to an unoccupied level and forms a magnetic resonance with the
unpaired electrons in that particular shell.

Details about magnetic x-ray scattering can be found, for instance, in the work of Doon Gibbs and
colleagues on this subject (and from which the above information was obtained).
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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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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






SELECTION RULES FOR SCATTERING

OF POLAR|IZED MNEUTEWS BY MAGVETIC
MOMENTS o

¢ ONLY MAGNETIZATION ComPowenTs L @ GNVE RISE TC .

¢ COHERENT MACLEAR SCATTERING | ALL WNsF

¢ NUCLEAR SPIN THCONERENT

FIELD AT
SAMPLE SF NSF
Hia 2/3 /3
#_L ﬂ o ot
¢ ANTIFERRSMAGNET oOR  FARAMAENET
FIELD AT SF MEE
SAMPLE — i
Hia 1 o
AHi& i/2 /2

¢ SPIRAL MAGNETIc STRUCTURES WTH
SINGLE DemAIN OF ONE CHIBALITY

H}."fj +>- o8 ——+ SF onu,

PEFPENPING oM WHETHER  SPIRAL
/15 RieHT- oR LEFT- MANDEP



FM Z 2 107%t
3 L
= -4
'II i 10 _
ﬁl el
1f - ++)  (b)
AFM ] 2 W o
- ' I :
— d - &
o 1077 {(+-) =
: = ' (-~ 1107
- 1
fz.u e f 10°*
L,
E
-
[ ]
9
‘c
[
2z
S
o
4]
o
‘©
o

ANKNER, SCHREYER,
MATKRZAK ZABEL, et al.



Polarized Beam Reflectometer (PBR) at NIST
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Epitaxial Growth of Superlattices



Relative intensity

Magnetic Multilayers and Thin Films
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The Nobel Prize in Physics 2007

This year 5 Nobe! Frize in Plysics i owordad to ALBERT FERT and PETER GRUNBERG for thek dismo-
very af Giant Magnetareskiance. Appcotions af this p hanomenon bove revokrtion ized fechigues for
FEtEVI o T O Do disks. The discovery 01S0 Pl 0 M0F 0N 3 vERIOUS MOgEtic Snsors a5 well
s Jor ENe development of @ New gENSRTHon of elCErNis. Thewse of Gt Magnetoresstance cn he
FEFCE (05 ONE Of the T¥ StMajor qap RCTEaNs arnanotechn algy.

Better read-out heads for pocket-size devices

Coostantly diminishing electronics have become a matter of course in today’s [Towocld, The
yearly addibion to the market of ever more powerful and Lighter computers 1s sometbing we have
all started to bake for graoted . In particular, hard disks have shrunk — the bulky box under youar
desk will soon be hi;tm'}"ndunﬂu same amount of data -c.:|.1'|.j1.ut as E.l'l.il.}'l:h'_'l'h:ﬂ'ld in a slender
lapiop. And with a omsic player 1o the pocket of each and =veryome, bew still stop to think about
how many cds’ worth of music its iny bard disk can actually bald. Recently, the maxmum
skorage cap:.-cit}'nl:’h.uﬂ disks for bome use has soared to a I:r_'rab}tr. {a thousand bullion Iq.'tu:l

wad densky idgabke

Diagrams showing the accelerating pace of miniaturizarion might give a fals: impresson
of simplicity — as if this development followed 2 law of oature. In actml fact, the ocogong
IT-revalution ﬂepu‘lﬂl on an ioiricate inter_ph}' between fundamental sciemtific Progress and
techoocal fine tuning, This 1s just what the Nobel Prize io Physics bor the year 2007 15 about.

The Nobel Prize in Fhysics 2007 * The Royal Swedish Academy of Sciences * wwwkva.se I
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Sclentifk: Backgraund on the Mot Prizz In Physics 2007

The Discovery of Giant Magnetoresistance

compilkd by the Class for Physkcs of the Royal Swadish Academy of Sciences

Thi Royal Swadish &cademy of Sciences, Information Depatment, Box goocs, SE-104 o5 Steckhalm, Swaden
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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!
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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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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.
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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.
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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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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 labeling 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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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).
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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)

www.ncnr.nist.gov -- variety of references and articles on the subject of polarized
neutron scattering.

Zero-Field Neutron Polarimetry References

P.J.Brown, V.Nunez, F.Tasset, J.B.Forsyth and P.Radhakrishna
J.Phys.:Condens.Matter 2 (1990) 9409

Determination of the magnetic structure of Mn,;Sn
using generalized neutron polarization analysis

V.Nunez, P.J.Brown, J.B.Forsyth and F.Tasset
Physica B 174 (1991) 60
Zero-field neutron polarimetry

P.J.Brown, T.Chattopadhyay, J.B.Forsyth, V.Nunez and F.Tasset
J.Phys.:Condens. Matter 3 (1991) .
Antiferromagnetism in CuQ studied by neutron
polarimetry
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