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Abstract. Due to recent progress in the development of >He spin filters, it has only now become possible to
perform routinely longitudinal (one-dimensional) neutron-spin analysis (POLARIS) in small-angle neutron
scattering (SANS) experiments. It is the purpose of this article to provide a brief introduction into the
technique and to discuss first experimental data. In particular, for the most common scattering geometry
where the applied magnetic (guide) field is perpendicular to the incident neutron beam, we write down the
equations for the non-spin-flip and spin-flip SANS cross sections of a bulk ferromagnet, and we discuss the
various angular anisotropies and asymmetries along with some selected experimental results on an FeCr
based soft magnetic nanocrystalline alloy. In particular, we show that the analysis of the spin-flip data
allows one to obtain the magnitude-squares of the three vector (Fourier) components of the magnetization.

1 Introduction

Polarized magnetic neutron scattering is one of the most
powerful techniques for microstructure determination in
magnetism research. The theoretical foundations have al-
ready been laid in 1939 in the seminal paper by Halpern
and Johnson [1]. After the development of the first nuclear
research reactors, the theory of polarized neutron scatter-
ing [2-7] has been worked out in the early 1960’s and sev-
eral classic experimental studies [8-15] have demonstrated
the basic principles and paved the way for todays 3D cryo-
genic polarization-analysis device (CRYOPAD) [12,16].
However, for the scattering of cold neutrons along
the forward direction, it has only now become possi-
ble to perform routinely neutron-polarization analysis, for
instance, at the SANS instrument D22 at the Institut
Laue-Langevin, Grenoble, France [17]. This progress is
mainly due to the recent development of efficient 3He
spin filters [18]. Consequently, only a few experimental
SANS studies exist which do exploit this rather new op-
tion [19,20]. In this paper, we provide a brief introduction
into the POLARIS technique, as it is applicable to SANS.
The non-spin-flip and spin-flip cross sections (and linear
combinations thereof) are expressed in a form which is
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adapted to the most commonly utilized SANS geometry,
and selected experimental results on an FeCr based two
phase nanocomposite alloy will be discussed. We would
like to emphasize that we are not performing a 3D polar-
ization analysis, but rather (in analogy to the experiment
by Moon, Riste, and Koehler [9]) we measure scattering
intensities which connect two neutron-spin states.

2 Experimental setup

The neutron experiments were perfomed at the SANS in-
strument D22 at the Institut Laue-Langevin [17]. The in-
cident neutrons are monochromatized by means of a ve-
locity selector. We used neutrons with a mean wavelength
of A = 8 A and with a wavelength spread of AN/A = 10%
(FWHM). A 1.2m long remanent FeSi supermirror trans-
mission polarizer (m = 3.6), installed immediately after
the velocity selector, was used to select one of the two
neutron-spin states. Reversal of the incident neutron po-
larization was achieved by a rf spin flipper which was
installed close to the sample position. Measurement of
the four partial neutron intensities I+, 1=, I~ and
I~ (see below) became possible through a polarized *He
spin-filter cell, which was placed inside a homogeneous-
field cavity (“magic box”). Due to the rather large size of
the magic box and in order to avoid depolarization of the
cell due to stray magnetic fields, the analyzer device was
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installed in the evacuated detector tank, which in turn lim-
ited the accessible range of solid angles (minimum sample-
to-detector distance ~4 m). The initial nuclear polariza-
tion of the 3He spin filter is typically about 70%, and the
relaxation time of the 3He nuclear magnetic moments is
roughly 200—300 h [18]. Installation of the pre-polarized
3He cell into the detector tank typically takes about 4 h.
Magnetic guide fields of the order of 1 mT serve to main-
tain the polarization between polarizer, rf flipper, and 3He
filter. The scattered neutrons are detected by a multi-tube
detector which consists of 128 x 128 pixels with a resolu-
tion of 8 x 8 mm. Raw data treatment was carried out by
means of the GRASP [17] and BERSANS [21] software
packages.

3 POLARIS scattering cross sections
for a bulk ferromagnet

In the following, we aim at displaying the spin-resolved
cross sections in a form which applies to the SANS geom-
etry where the applied magnetic (guide) field By || e, is
normal to the wavevector kg of the incident neutron beam.
For ko || e,, the scattering vector q (in the small-angle
regime) varies in the e, —e, plane, and the angle § may be
introduced in order to specify the orientation between By
and q. For this geometry, the elastic differential POLARIS
cross sections dX'/d(2 can be written as [9,15,22,23]

dX*E 8
o @)= i o (INP + 63 DL sin® 0
H|My|2sm 6 cos® 0

- b%{(ﬂyﬁ; + MZM;) sin® @ cos 0
Fby(NM: + N*M,)sin® 0
:l:bH(]\NU/\ZJ+]V*My)sin9cos9), (1)

dX*+F 873 ~ ~

o @ =1 b (1ML + M, [ cos 6

+ | M. sin? 0 cos® 6
- (My]T/f; + MZM;) sin 6 cos® 9). (2)

Here, V is the sample volume, N (q) and M(q) =

[M.(q), M,(q), M.(q)] denote, respectively, the Fourier
transforms of the nuclear scattering-length density
and of the magnetization vector field M(x) =
[M,(x), My (x), M.(x)], and by = 2.7 x 107 m/ug,
where pp is the Bohr magneton. Helical scattering terms
have been neglected in equation (2), and the magnetic
form factor in the expression for the magnetic scattering
amplitude was set to unity, which is permissible along the
forward direction.

Note that the above POLARIS cross sections contain
terms which are linear in the transversal Fourier coeffi-
cient M, and that these may give rise to an asymmet-
ric SANS pattern (compare Fig. 1 below). However, for
polycrystalline ferromagnets with a random distribution
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Fig. 1. (Color online) Quahtatlve variation of the neutron non-
spin- ﬂlp (nsf) and spin-flip (sf) cross sections, equations (1)
and (2), with the angle 0 between the scattering vector q (in-
plane) and the applied magnetic field Bo (horizontal; point-
ing to the right). In these plots, we have neglected the possi-
ble 6 dependence of the Fourier coefficients N(q) and l\N/I(q),
and we have explicitely taken into account the terms in the

sf cross section that are linear in M,. Upper panel: nsf cross

. ++ . . . . .
section din at magnetic saturation and for increasing ratio

of N/(buM.): (a) N/(budL.) = 0.1; (b) N/(bsrD) = 0.5 (c)
N/(bgM.) =2.5; (d) N/(bHM ) = 100. Lower panel: qualita-
tive field dependence of the sf cross section ** i di * ; Bo

increases from low fields (i.e., a few mT) (e) to a few 10 mT
((f) and (g)) to saturation (i.e., a few 10 T) (h).

of perturbing magnetic anisotropy fields, the longitudinal
magnetization component M, is positive (for sufficiently
large positive applied fields) while M, takes on either sign
with equal probability. Therefore for isotropic polycrys-
tals, terms such as M, M sin® 0 cos 0 and NM sin @ cos
may cancel and do generally not contribute to the scat-
tering.

The four partial scattering cross sections are the two

++
non-spin-flip (nsf) quantities, dgg , and the two spin-flip

(sf) cross sections di?; . In particular, when the rf flipper

is inactive (off), we measure, depending on the spin state
of the 3He filter, the nsf or sf intensity It+ or I7—, and
when the flipper is active (on), we measure either 1~
or I=T. However, since the transmission polarizer, the rf
flipper, and the 3He analyzer do not work perfectly, i.e.,
are characterized by efficiencies close to but smaller than
unity, it is necessary to measure all four partial cross sec-
tions in order to correct for spin leakage [24]; such a cor-
rection can be done with the BERSANS software tool [21].

Due to the omission of chiral terms in equation (2), the
two sf cross sections are independent of the polarization P,
of the incident neutrons and expected to be identical (see
below). On the other hand, the nsf channels contain two
Py dependent terms. Furthermore, as a consequence of the
trigonometric functions, a variety of angular anisotropies
and asymmetries may be seen on a 2D detector (see be-
low). Note that the information on the underlying mag-
netic microstructure is solely contained in the functions
M(q), which depend on the magnetic-interaction param-
eters (e.g., exchange, magnetostatics, magnetocrystalline
and magnetoelastic anisotropy) and on the applied mag-
netic field. Therefore, by varying By one can control the
relative contributions of these terms to the POLARIS
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cross sections. For superparamagnetic particles, where the
orientation distribution of the magnetic moments as a
function of an effective magnetic field and temperature
is determined by the Langevin statistics, the POLARIS
cross sections have been derived and measured in refer-
ences [19,25]. However, for a 3D bulk ferromagnet, the gen-
eral POLARIS cross sections, equations (1) and (2), are
determined by all three vector components of the Fourier
coefficient of the magnetization.

The two SANSPOL cross sections @27 = d¥ T 4 d¥tT

s g g
dx~ _ dz- .
nd = %0 + 4 are easily recovered by adding

the appropriate terms in equations (1) and (2). Further-
more, other useful relations are obtained by linear combi-
nations of the partial cross sections [9], for instance,

dx - axt+t
+ 8
o ™ o (INP + 6 DL sin' 0
+bfq|My|251n 6 cos? 0
—03 (M, M; + M.M;)sin® 0 cos 9), (3)
dx—— _ dytTt 873 o o
2 9 @ = v (bH(NM;—FN*MZ)SinQ@
—bH(NM*—FN*My)SiHQCOSQ), (4)
ax~ ax—+ axt+t axt-
d o aw 1t ae T e 8” (|N|2
2

b2 | M, + b3 |M |? cos? 9—i—b |M.|?sin® 6
—b%, (M, M —i—MZM;)sianosH). (5)

The last expressmn denotes the total unpolarized scatter-
ing cross section ¢ 4%. Equations (1)—(5) (in conjunction
with a saturating magnetic field) permit the determina-
tion of “partial” correlation functions (see below).
Figure 1 depicts a few examples of the angular
anisotropies and asymmetries of the nsf and sf SANS
cross sections, which may be observed at different val-
ues of the applied magnetic field and momentum trans-
fer. At complete magnetic saturation (M, = M, )
the magnetic SANS contrast originates from spatlal vari-
ations M (x) of the value of the saturation magnetiza-
tion. In this particular case the angular anisotropy of

the nsf cross section 4 dQ depends crucially on the rel-
ative magnitudes of nuclear to magnetic scattering: for
small nuclear SANS (N/(bgM.) < 1), one observes the
(Flg la) For in-
creasing nuclear SANS, the terms —b HN M sin? 0 in equa-
tion (1) become progresswely important (Figs. 1b and 1c),
and oneiinally observes isotropic nuclear scattering when
N/(bgM,) > 1 (Fig. 1d). When the applied field is re-
duced, the transversal spin components give rise to the
so-called spin-misalignment scattering in both the nsf and
the sf channel, and an enhanced magnetic SANS signal
may be observed along the field direction or along the
diagonals of the detector. At saturation, the sf channel
is expected to exhibit a sin® @ cos? # anisotropy (Fig. 1h).
Note also that due to the terms which are uneven in the

well-known sin? # anisotropy of dZ o
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angle ¢, an asymmetric SANS pattern may be observed,

in particular, when M and M are isotropic (e.g., Figs. 1f
and 1g).

In the following, we will discuss a few experimen-
tal results which demonstrate the power of the SANS
polarization-analysis technique for the investigation of
magnetic microstructures.

4 Some experimental results on an FeCr
based nanocomposite

The SANS measurements were carried out at room tem-
perature and in the presence of a horizontal applied mag-
netic field. Given the limited beamtime and in an interest
to explore a maximum range within the experimental pa-
rameter space (¢, By, neutron-spin state), we display in
some instances raw data.

Figure 2 depicts SANS results which were obtained on
a two-phase FeCr based nanocomposite alloy with an aver-
age particle size of D = 10—15nm. The volume fraction of
the crystalline particle phase is about 30%. For more de-
tails on sample characterization, we refer to reference [26].

At a saturating field of 1.31 T (Figs. 2a and 2b), both

. ++ o .
nsf cross sections d‘EQ exhibit a strongly enhanced sig-

nal normal to the field direction, in qualitative agreement
with the sin* @ prediction by equation (1). Furthermore,
the results in Figures 2a and 2b clearly reveal that the
nuclear SANS intensity of this alloy is very much smaller
than the magnetic scattering (compare also Figs. la—1d);
this statement was also verified by measuring the unpo-
larized cross section at saturation (cf. Eq. (5)). At lower
fields, transversal spin components contribute to both the
nsf and sf scattering, and in both nsf channels (Figs. 2c
and 2d) one still observes a dominating scattering perpen-
dicular to By. Closer inspection indicates, however, that
the pattern is now slightly asymmetric (tilted) with re-
spect to the vertical in-plane direction. The asymmetry of
the signal is a consequence of the spin-misalignment scat-
tering, which enters equation (1) through terms that are
uneven in the angle 6. Since the nuclear SANS is much
smaller than the magnetic scattering, the polarization-
independent terms M, M, sin® @ cos@ in equation (1) are
most likely responsible for the asymmetry. As already dis-
cussed above, such an asymmetry is not expected for an
isotropic polycrystalline magnet, and its existence in the
data is therefore indicative of the presence of texture in
the magnetic microstructure. However, an unambiguous
confirmation of this asymmetry is the subject of further
investigations.

di;{ at saturation (Fig. 2e)

shows the characteristic sin? 6 cos? § variation with max-
ima along the diagonals of the detector (6 = 445°),

while 9207 at 0.07 T (Fig. 2f) exhibits a dominat-
ing scattering parallel to Bg. A decisive advantage of
the present polarization-analysis technique compared to
the usual unpolarized or polarized incident-beam experi-

ment becomes obvious: measurement of the sf channel at

The sf cross section
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Fig. 2. (Color online) SANS polarization-analysis results on
an FeCr based nanocomposite. The direction of the applied
magnetic field Bo is horizontal (pointing to the right). Neutron
non-spin-flip cross sections dg:; (a) and %%, (b) at Bo =
131T. (¢) " and (d) 42, at Bo =0.02T. ©) at By =
1.317T (e) and at Bo = 0.07 T (f). The range of momentum
transfers (from the center to the corner of the detector) roughly
corresponds to 0.04 nm™* < ¢ < 0.55 nm ™.

saturation yields the partial correlation function |M,|?,
without the nuclear scattering. Moreover, since the angu-
lar anisotropy of the pattern in Figure 2e is nearly exclu-
sively of the sin® 6 COSE/& type, this strongly suggests that
M. is isotropic, i.e., M.(q) = M.(q). This assessment is
further supported by the results shown in Figure 3.

In Figure 4, we show the radially-averaged sf cross sec-

tions dg;; and di;; at 1.31 T. These data have been
corrected for spin leakage and demonstrate that the scat-
tering in both sf channels is equal, as is expected for this
type of polycrystalline alloy.

Figure 5 displays the radially-averaged sf intensity at
different applied magnetic fields. The sf signal is strongly
field dependent, in qualitative agreement with previous
results for the spin-misalignment scattering of nanocrys-
talline ferromagnets [22]. The data at the largest field ex-
hibit a peak at g, = 0.22 nm~! (27/¢, = 30 nm), which
may be attributed to dense packing and/or diffusion zones
around the particles [27].

The spin-misalignment scattering can be further an-
alyzed by calculating appropriate averages along certain
directions in momentum space. Figure 6 shows radial sec-
tor averages of the 2D sf data along the vertical (8 = 90°)
and the horizontal (§ = 0°) direction. By comparison to
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Fig. 3. (Color online) The function |M.(q)|? of an FeCr based
nanocomposite at By = 1.31 T. |Mz|2 was determined from

the spin-flip cross section di;_. g-range is 0.04 nm™! < ¢ <
0.55 nm™"'. The white horizontal (§ = 0° and § = 180°) and
vertical (¢ = 90° and 6 = 270°) lines are an artifact which
results from the division of the corresponding anisotropic data

by sin? 6 cos? 6.
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Fig. 4. (Color online) Radially-averaged spin-flip cross sec-
tions di:{ and di;;

By =131T.

of an FeCr based nanocomposite at

200+
100+

104

(a.u.)

0.02 0.1 0.4
-
q (nm’)
Fig. 5. (Color online) Radially-averaged spin-flip intensity

I~ of an FeCr based nanocomposite at different applied mag-
netic fields.

equation (2) it is seen that these averages are, respectively,
approximations to the |M,|* and to the |M,|* + |M,|?
correlation functions. The transversal correlation func-

tions vary by almost two orders of magnitude between
the highest field of 1.31 T and 20mT (compare Fig. 4).

Roughly, the |M,|2 + |M,|? data appear to be twice as
large as |M,|?.
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Fig. 6. (Color online) Field dependence of (£7.5°) sector av-
erages of the spin-flip cross section of an FeCr based nanocom-
posite. The curves labelled 8 = 90° are related to |Mx|27 while
the § = 0° data is proportional to |M,|> + |M,|?* (compare
Eq. (2)).

5 Summary and conclusions

We have provided a brief introduction into longitudi-
nal neutron-spin analysis (POLARIS), as applicable to a
small-angle neutron scattering (SANS) experiment. Such
type of studies can now be carried out routinely at the
SANS instrument D22 at the Institut Laue-Langevin. The
general POLARIS cross sections for a bulk ferromagnet
have been displayed in a form which is adapted to the most
common SANS geometry where the applied magnetic field
is normal to the incident neutron beam. By means of this
method it becomes possible to measure partial correlation
functions, and several novel anisotropies and asymmetries
in the magnetic scattering cross section may be observed.
For the example of an FeCr based two-phase nanocrys-
talline alloy, we have shown that the (isotropic) longitu-

dinal correlation function |MZ|2 as well as the transver-

sal contributions |M,|? and |M,|? can be extracted from
the spin-flip cross section. Such a procedure opens up the
unique possibility for analyzing independently the three
vector components of the bulk magnetization, and we be-
lieve that this technique will significantly contribute to the
understanding of the magnetic interactions in nanostruc-
tures.

We thank the Institut Laue-Langevin and the Deutsche
Forschungsgemeinschaft (Grant No. MI 738/6-1) for financial
support. Fruitful discussions with Joachim Kohlbrecher are
gratefully acknowledged.
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