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Abstract—The results of recent investigations into new magnetic phenomena by means of small-angle polar-
ized neutron scattering are reviewed. In particular, the problem of spin chirality observed in a helical structure
of MnSi, which has provided a deeper insight into the properties of cubic magnets without the center of inver-
sion, is analyzed. More recently, spin chirality has been observed in a Dy/Y multilayer structure. Using polar-
ized neutron scattering, the temperature dependence of the spin wave stiffness D, in a Fe—Ni alloy (Invar) has
been studied and for the first time it is established that it is well fitted by the power law D = Dyt* with x = 0.5
in the entire ferromagnetic range of temperatures: T =1 — 7/T¢ from 0.1 to 0.9. The results of the first neutron
investigations of the mesostructure of alloys possessing magnetic shape memory are considered. Data on the
structural ordering of Fe;O, magnetic nanoparticles in a D,O-based ferrofluid on a single crystal silicon surface
are considered. The original observations of neutron scattering on heavy-fermion quasi-particles are described

and discussed.
DOI: 10.1134/S1027451007050072

1. INTRODUCTION

Experiments with spin-polarized neutrons (in con-
trast to those with unpolarized particles) involve, in
addition to wave vector transfer q and energy transfer
, polarization parameter P. In magnetic scattering
measurements, this factor provides additional informa-
tion that in most cases cannot be obtained by other
methods. The unique possibilities offered by polarized
(in contrast to unpolarized) neutrons are related to the
fact that the magnetic scattering cross section depends
on the mutual orientation of the sample magnetization
m = M/M, scattering vector e = q/g, and initial neutron
velocity v (or wave vector kj). As long ago as 1939,
Halpern and

Johnson [1] established a relation P = —e(eP,)
between the polarization P and the scattering vector e,
and found a pseudovector M| = m — (em)e in the scat-
tering cross section that described the magnetic-nuclear
interference. Later, Maleyev [2] found M, = (em)e
pseudovector for purely magnetic scattering and n =
k', Kol/I[K', Ky]| pseudovector [3] for a higher, above
Born, approximation along which the polarization can
be oriented upon scattering on three-spin correlations.

All the aforementioned pseudovectors have been
used in our experimental investigations of various mag-
netic interactions by means of small-angle polarized
neutron scattering.

2. EXPERIMENTAL METHODS

The relation P = —e(eP) plays a determining role in
the polarization analysis of small-angle neutron scatter-

ing. Indeed, once vector P is determined, we know the
direction of the scattering vector ¢ and then calculate
the magnitude of this vector using the scheme of scat-
tering, since the initial wave vector k and the scattering
angle 0 are set by the experimental setup. Thus, the mea-
surement of polarization P provides complete informa-
tion about the scattering: the knowledge of polarization
components P,, P, and P, makes it possible to sepa-
rately determine the elastic (for P, and P, perpendicular
to the beam axis) and inelastic (for P, parallel to the
beam axis) magnetic scattering, while the sum rule
P /P, + P /Py, + P [P, =—1 allows the nuclear scatter-
ing and the detector background to be evaluated.

In order to realize these possibilities, a three-dimen-
sional (3D) analyzer of the polarization of scattered
neutrons was created [4], which allowed the polariza-
tion of the primary neutron beam to be sequentially set
parallel to the X, Y, and Z coordinate axes, and the cor-
responding polarization components P P,, P, and P,
respectively, to be measured.

Using the phenomenon of neutron depolarization on
magnetic domains, it is possible to evaluate the domain
size and determine the parameters of magnetic texture
from the depolarization anisotropy coefficient A; =
In(P, ,)/In(P,) [5], that is, to study the texture and the
magnetostriction effects. If a magnetic field B pene-
trates inside the sample, the vector P will exhibit Lar-
mor precession dP()/dt = y[P(¢), B] and, by measuring
the rotation of P, it is possible to judge the magnitude
and direction of B in the sample.

The use of spin-polarized neutrons in small-angle
neutron scattering makes it possible to study the spin
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dynamics without energy analysis, by measuring only
the polarization characteristics. The theoretical works
of Maleyev et al. and the results of experiments [6] on
the critical spin dynamics in iron performed using the
3D polarization analyzer [4] fully confirmed the unique
potential of polarized neutrons. In these experiments,
the critical static (v = 0.67 = 0.01) and dynamic (z =
2.617 £0.04) indices for the transition of Fe into a fer-
romagnetic state were determined for the first time with
a high accuracy in a range of relative temperatures T =
(T - T)/T two orders of magnitude wider than that in
other investigations. The measurements were per-
formed in the region of very small energy transfer (with
a sensitivity threshold of 10~ eV per 1% polarization
change at A = 1 nm and 6 = 10~ rad), which was inac-
cessible to standard neutron spectrometry. Thus, the
validity of the scaling hypothesis in critical phenomena
was confirmed. The experiments also confirmed the
anisotropy of the neutron beam depolarization on mag-
netically isotropic inhomogeneities—a new physical
phenomenon that had been theoretically predicted ear-
lier, revealed a difference between the dynamic form
factor and the Lorentz function in the high-frequency
limit and demonstrated the important possibility of
experimental investigations of the asymptotic proper-
ties of the Green function of ferromagnets.

Another important achievement was the theoretical
prediction and experimental detection of three-spin
(chiral or screw) dynamic correlations C® =

(87 (1) S5 (t,) S5 (t3)) [3, 7). The relative scattering cross
section on these correlations is negligibly small (on the
order of 1079), but it was found that the cross section
must increase in the critical paramagnetic region near
T and the scattering must exhibit a left-right asymme-
try (LRA) relative to the n = [k', ky)/|[K', K]| direction.
The corresponding experiment was carried out at the St.
Petersburg Nuclear Physics Institute (Gatchina) using
an iron sample in a zero magnetic field, and the chiral
scattering component was measured for the first time.
The asymmetry was at a level of 1.5 x 10 and exhib-
ited a temperature dependence of the 1/7 type, in agree-
ment with theory.

In a magnetized sample, the M|, = (em)e pseudovec-

tor operates and the z-component S5 (t;) is fixed by the

magnetic field in the C® correlator. Under certain
experimental conditions (oblique magnetic field)
related to the parity of the antisymmetric part of the
inelastic neutron scattering cross section [8], it is possi-
ble to observe spin-wave excitations described by the

(87 (t,))S5(t,)) correlator. The spin-wave part of the

cross section exhibits LRA and is readily separated in
experiment.

The LRA method was used in the first thorough
investigation into the spin dynamics in iron in magnetic
field [9], where fundamentally new results were
obtained: the odd, in terms of energy, spectra of three-
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spin correlations were observed, a “stiff” critical dipole
dynamics in iron was established, and the hypothesis
concerning factorization in the momentum dependence
of triple dynamic vertices for large momentum transfer
was confirmed. In contrast to common spectrometers
(where the spin-wave stiffness D is determined from
the q-dependence of the energy transfer ®), the D value
for the LRA measurements in oblique geometry is
determined in a very simple manner: the maximum
angle of neutron scattering on a magnon is equal to the
ratio of the magnon and neutron masses, 6, =
(h/21)*/2Dm,,, which yields D(meV A2 = 2072/8,
(mrad). This method was used to study amorphous
magnets [10], Fe-Ni (Invar) alloys [11], and many
other magnetic materials. A complicated relief of a
large data array on neutron scattering observed using a
two-coordinate (XY) detector (128 x 128 pixels)
ensures high accuracy of the extracted parameters. For
example, for the amorphous alloy Fes,Ni,,Cr;,Pg, we
have a stiffness of D = 52.74 +0.05 meV A2 a dipole
constant of ®y(S,) = (50 £ 3) x 10° eV, and a damping
constant of I'y(kR,) = 25.2 £ 0.5. Figure 1 shows
the pattern of neutron scattering on this amorphous
magnet.

3. CHIRALITY
OF MANGANESE SILICIDE CRYSTAL

The chirality (handedness) is a basic characteristic
of substances with helical (spiral) structures, which are
frequently encountered in nature, including both
organic (living) and inorganic matter. Substances such
as proteins and DNA play a very important role, and the
elucidation of the relationship between their essential
properties and chirality is among the urgent problems.
The spiral (helical) ordering of magnetic moments
(spins) is also frequently encountered in magnets,
where the problems of chirality constantly attract the
attention of both theorists and experimenters.

In 1985, Kawamura [12] put forward a hypothesis
that the transition to a chiral spin structure in magnets
belongs to a new class of universality in second-order
phase transitions having specific chiral critical indices
(exponents). This hypothesis was confirmed for the first
time by means of polarized neutron scattering on a tri-
angular-lattice CsMnBr; antiferromagnet [13]. In heli-
cal magnets such as Ho, chirality is difficult to study
because the domains with left- and right-handed helices
have equal populations (r; and n,, respectively). In order
to create a nonequilibrium population (n, — n, # 0) of
these domains, it is necessary to use special treatments
of the samples, for example, to induce elastic twist
deformation. However, this is not necessary in noncen-
trosymmetric crystals of compounds such as manga-
nese silicide (MnSi), where the chirality is determined
by the Dzyaloshinskii-Moriya (DM) interaction poten-
tial V ~ Dpy[S; X S,] and has a single preferred direc-
tion of rotation as determined by the D, vector.
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Fig. 1. The typical (a) experimental and (b) theoretical (see
text for parameters) patterns of spin-wave scattering Al =
I(P) — I(-P) on a FesyNiyCrigP1g amorphous alloy;
(c) map of the comparison of experimental and theoretical
data (smooth curves).

We have studied the properties of MnSi at tempera-
tures both above and below 7 = 29 K. The dependence
of the intensity of small-angle neutrons scattering on
their polarization P,,, magnetic field H, and temperature
T was measured in a noncentrosymmetric cubic crystal
of MnSi, where a left-handed helical spin structure with
a superstructural vector Q = 2n/a)(C, ¢, {) (£ =0.017)
is formed at temperatures below T~ = 28.7 K. The unit
vector of this helix m =[S, X S,]/5? in a demagnetized
sample is oriented in the (111) direction. The elastic
neutron scattering cross section G,,(q) depends on the
mutual orientation of vector m, momentum transfer (,
and the initial polarization P, [14] as

6.(q) = [FSF(g)/21°{[1 + (gm)” + 2(qPo)(qm)]1A, , ,
1
FlL+(qm) = 2(qP)(qm)1Ag, o},

where r = 0.54 x 1072 cm, § is the atomic spin, A, ; o =
[(21)3/v] 8(q £ Q), and v is the unit cell volume.
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111
G / [111] ky
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Fig. 2. Experimental geometry for polarized neutron scat-
tering on a MnSi single crystal: B is the vector of magnetic
induction; Py is the initial neutron polarization vector.

The experiments were carried out on the SANS-2
setup of the FRG-1 research reactor in Geesthacht
(Germany), using a polarized neutron beam with a
wavelength of A = 5.8 A (AAMA = 0.1), an initial polar-
ization of P, = 0.96, and a beam divergence of AQ =
2.5 mrad. Scattered neutrons were detected by a two-
coordinate (XY) detector. The measurements were per-
formed in a temperature interval 7 = 10-60 K for a
magnetic field H = 10-6800 Oe oriented perpendicular
to the neutron beam direction. The Bragg scattering
intensity on the magnetic helices, I(g, P,) and I(qg, —P,),
was measured and the Bragg reflection polarization
P.(q, Py) = Al(q)/I(q) was determined, where Al(g) =
1(g, Py) — (g, Py) and I(q) = I(q, Py) + I(g, Py). The sam-
ple crystal was oriented so that two crystallographic

axes ([111] and [111] and field H (and, hence, polar-
ization Py) were in the same plane perpendicular to the
incident beam. Figure 2 shows a schematic diagram of
the experimental geometry.

3.1. Chirality of MnSi: First Stage of Investigation

(i) The chiral critical fluctuations were observed for
the first time at temperatures near and above T [15].
The pattern of scattering had the shape of a crescent
facing in the direction of the neutron beam polarization
(Fig. 3). The radius g of this semicircle in the momen-
tum space is equal to the vector Q of a helix formed at
T<Tc.

Fig. 3. Patterns of polarized neutron scattering on chiral
critical fluctuations in MnSi at 7 = T + 0.3 K. The arrow

indicates the direction of the initial neutron polarization P.
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Fig. 4. Evolution of the pattern of polarized neutron scattering on MnSi helices depending on the magnetic field. Long arrows show
the direction of magnetic field; white arrows indicate the double scattering peaks; black arrows indicate the second-order reflection

peaks.

(i1) At T < T¢, four principal diffraction peaks are
observed for tq; and *q,, which correspond to the

[111] and [111 ] directions (Fig. 4); four peaks of dou-
ble scattering (indicated by the white arrows in Fig. 4);
and second-order reflection peaks (indicated by the
black arrows).

The second-order reflection peaks appear as a result
of the helix deformation caused by a change in the
direction of vector Q. This behavior is explained by the
fact that the helices are aligned in the (111) direction
only for H =0, while the application of a magnetic field
introduces instability into the helical system. This
instability is related to the dependence of the spin wave
energy on the angle o between the helix vector Q and
the magnetic field H, which was theoretically

expressed as ef] (H) = 8,22 + A2 — b} cos?o, where h, =
gWH,, H, is the field component perpendicular to Q.

According to this formula e; (H)), the energy of spin
waves for H, is negative and the energy balance leads
to the rotation of Q toward the direction of field H. As
aresult, H, decreases and (for H ~ 1.3-1.5 kOe), vector
Q becomes parallel to H. Figure 5 illustrates this rota-

tion of helices from the [111] and [lli] directions
toward H.

(iii) The helical structure exhibits a transition to the
ferromagnetic state at H- = 6.0 kOe (for H || [111]).

(iv) The temperature dependence of the helix pitch
can be deoscribed as d(T) = dy[1 — b(TIT, c))f,]’ where d, =
182+ 1A,5=0.10+£0.01, and x =2.32 A 0.01.

(v) The spin-wave stiffness can be described as
D(T) = Dy[1 — c(T/T.)?], where D, = 50 meV A2,
¢=0.035 £ 0.006, and z = 2.4 £ 0.1. This behavior
agrees with the published data for a triaxial spectrome-
ter. It should be emphasized that our data were obtained
from a comparison of the magnetic field energy to the
spin-weave energy, without energy analysis of scattered
neutrons.

(vi) The critical chiral exponent is evaluated at 3, =
0.47 £ 0.02, in agreement with the calculations of

Kawamura [12]. This value was obtained from the tem-
perature dependence of the chiral intensity Al(g) =
I(C], PO) - I(CI, PO)

Thus, in addition to the validity of Kawamura’s
hypothesis concerning the new chiral class of universal-
ity in second-order phase transitions, which was previ-
ously established for a triangular-lattice antiferromag-
net [13], we have also corroborated this hypothesis for
a helical magnetic MnSi crystal.

3.2. Theory of Helical Magnets

Simultaneously with the realization of experiments
described above, Maleyev et al. have developed a the-
ory describing the properties of cubic helical magnetic
crystals featuring DM interaction [16]. The theory took
into account the following interactions: (i) usual isotro-
pic exchange J;, + Dk*; DM interaction (Dpy); anisotro-
pic exchange (F); dipole interaction ((,); Zeeman
interaction (gugH); and cubic anisotropy (K). The

300\5(\)0 650 850 10/001150 1350 1500 Oe
Y 80% o< - ‘o/~ o (|)

75
70
65

60

55

50 '

1 1 1 1 X
60 65 70 75 80 85

XY-detector channels

Fig. 5. Rotation of the helix vector Q from the initial orien-
tation parallel to the (111) axis to the magnetic field direc-
tion (according to the patterns in Fig. 4); X and Y are the
numbers of detector channels.
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ground-state energy and the spin-wave spectrum were
calculated taking into account that the DM and EX
interactions represent first- and second-order spin—orbit
interactions. Thus, the hierarchy of interactions in the
system under consideration is as follows: D > Dpy, > F,
K, o,

Consider a system of coordinates based on mutually
perpendicular unit vectors a, b, c. Let spins in the sys-
tem under consideration be ordered in a helix with
wave vector k aligned in the direction of the ¢ axis. An
external magnetic field H applied in an arbitrary direc-
tion can magnetize the system, causing spins to deviate
by an angle o from the plane of helix rotation. The clas-
sical ground-state energy of the magnetic system under
consideration can be expressed as [16]

E, = —-S7/2(Jysin oL+ J,.cos oL+ my/3)

— §’Dpai(k[a x b])cos’ o
2 2 2 2 2 2 2 (2)
+(STF/4) [k (a; + by) + ki (a; + by)

+ k?(a? + bf) Jcos o + Shysino + (S2/2)mONCCsin20c,
where the angle o is determined from the expressions
sinot = —hy/H, for H < H_ and sino. = -1 for H > H,
(H,, being the critical field for the transition from the
conical to the ferromagnetic phase); ®, = 47(glg)*/ vy is
the characteristic energy of dipole interaction; N, is the
demagnetizing tensor component; iy, = glH,; and H| is
the field component parallel to axis c¢. It should be
emphasized that, while the classical energy depends on
the field parallel to ¢, the system is highly sensitive to a
magnetic field component perpendicular to ¢. This is a
quantum effect, which will be considered below.

For small k, expression (2) can be rewritten as
Eq = ~(S*12(Jo+ 0y/3) + [(SDK/2) + (S’ F1/4)
— 8’ Dpy(k[axb])]cos o 3)
+ Shysina. + (87/2)@, N, sin’a,

where [ = Zki(ai + bi) is a cubic invariant, and we
obtain the following equation for vector k:

DK’ + (SF/2)I(K) = SDpy(k[axb]). 4)
As can be seen, the energy E is minimum for
k = (SDpylaxb))/(D + SFI/2). (5)

In this case, the spins rotate in a plane perpendicular to
vector Kk and the sign of Dy, determines the helix type,
which is right-handed for a positive Dpy; and left-
handed for a negative Dp), (as in MnSi). However, the
direction of the wave vector is determined by the sign
of F and by the magnitude of the cubic invariant /. In
the case of F < 0, the energy E, is at minimum for the
maximum absolute value of this invariant, I = 2k%/3; for
F > 0, the energy E is at minimum when the cubic

OKOROKOV et al.

invariant is minimum (/ = 0). In the former case, vector
k is directed along the (111) cube diagonal (as in MnSi),
while in the latter case, Kk is oriented along the edge of
the cube.

The critical field is determined in terms of the main
energy interactions in the system under consideration:

gUsH, = h, = Dk’ + SFk*/3 = Dk’ (6)

The second term on the right-hand side of Eq. (6) can
be ignored, since D > F. Using relations (5) and (6), it
is possible to evaluate the main parameters of the mag-
netic system such as the spin-wave stiffness D = h /k?
and the constant Dpy, = A /k.

If the magnetic field is applied at an angle to the
helix wave vector (so that 4 < k), the field-dependent
part of the ground-state energy is given by the formula

E, = — Shi/2h.— ShA*/{2h.(1 + cos o) -
X [A® = (h}/2)cos o] }.

where & and h, are the components of the magnetic
field h parallel and perpendicular, respectively, to vec-
tor k. The first term on the right-hand side of Eq. (7) is
the magnetic part of the classical energy considered
above. The second term describes the interaction of the
helix with the field component perpendicular to the
helix wave vector. This term, having a quantum charac-
ter, is responsible for the rotation of the helix wave vec-
tor toward the magnetic field vector, which was
observed in our experiments [15]. The theory predicts
the presence of a spin-wave gap A in the second term,
otherwise the magnetic system will be unstable with
respect to a negligibly small field perpendicular to vec-
tor k. It should also be noted that the magnetic field
component perpendicular to the helix wave vector pro-
duces deformation of the helix structure, which leads to
the appearance of higher harmonics. The corresponding
second-order reflections were observed in our experi-
ments [15] and previously reported by Lebech et al.
[17].

In accordance with the theory, it is possible to deter-
mine the part of the ground-state energy (E)) that is
responsible for interaction with the magnetic field and
to express it as a function of angles ¥ and ¢, which
relate the basis set a, b, ¢ to the coordinate system of the
crystallographic cell for various values of A. In these
coordinates, the 2D ground-state energy surface has

minima at 9 = arccos( 1 /ﬁ ) and ¢ = w/4, which cor-
respond to the [111] axis, which is parallel to the direc-
tion of the field. As the applied field is increased up to
h=A, anew trough appears on the energy surface. This
trough, being aligned in the direction perpendicular to
the field, implies the appearance of a new minimum.
However, the trough is too shallow in comparison to the
minimum related to the field component parallel to the
[111] axis. The trough becomes deeper than the mini-

mum along the [111] axis when A < h < Aﬁ. There-
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[1T0]

[110]

[1T0]

Fig. 6. Reorientation of the helix vector from the initial
[111] direction (parallel to the field) to a perpendicular
[ 110 | direction in a field between 70 and 150 mT: (a) H =
0; (b) H=70 mT; (c) H=0= 150 mT; (d) H =250 mT.

fore, in this interval of fields, one can expect that vector
k will rotate from the [111] axis (field direction) to a
perpendicular direction. This implies the possibility of
observing a phenomenon related to the chiral quantum
phase transition in experiment.

3.3. Chirality of MnSi: Second Stage of Investigation

In order to check for theoretical predictions con-
cerning a 90° reorientation of vector k, we have per-
formed a special experiment [18] with a sample crystal
and a magnetic field H oriented so as to observe simul-
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Fig. 7. The field dependence of the intensity / of polarized
neutron scattering related to the magnetic helices oriented

inthe [111] and [110] directions.

taneously the two Bragg reflections related to the orien-
tations of vector k parallel to the mutually perpendicu-

lar directions [111] and [110 ]. The primary polarized
neutron beam was directed along the [112] axis (i.e., it

was perpendicular to both [111] and [110 ] directions.
In the case of polarized neutron scattering on a mag-
netic helix with a large pitch, this experimental geome-
try allows the two diffraction peaks to be observed in
the region of small scattering angles, provided that the
Bragg condition is satisfied. Although the Bragg condi-
tion in the ideal system can be satisfied for only one sat-
ellite, both these peaks have been observed (Fig. 6) due
to a high mosaicity of the magnetic structure.

Figure 7 shows the field dependence of the intensity
of peaks related to the magnetic helices oriented in the

[111] and [110 ] directions. As can be seen, the inten-
sity due to the [111] helix grows when H increases from
0 to 80 mT. This pattern reflects the rotation of all pos-
sible helix directions toward the field H (i.e., to the
[111] axis). Then, the intensity of this peak drops, while
the intensity of a peak related to the perpendicular helix

[110] grows and then remains constant in the interval
from Hp, to —Hy, (centered at H = 160 mT). This corre-
sponds exactly to reorientation of the helix by 90° (per-
pendicularly to H), predicted theoretically in the form
of a trough with a minimum on the potential surface,

where h; = A/2 and the spin system loses stability. The
patterns of reflections observed for H = 0. 70, 150,
250 mT in Fig. 6 reveal this reorientation by a 90°
change in the helix vector direction for H between 70
and 150 mT.
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Fig. 8. Schematic diagram of a Dy/Y multilayer structure
with the helix wave vector directed along the ¢ axis.

The theoretical prediction of a gap in the spin-wave
spectrum, as well as the experimental observation of
instability related to this gap in the spin system, confirm
the conclusions of Pfleiderer et al. [19-21] that MnSi
features a quantum phase transition to a disordered
state, which is achieved under hydrostatic pressure. It
was demonstrated [19-21] that 7. decreased with
increasing pressure, and the magnetic order disap-
peared at 7= 0 and a critical pressure of P, = 14.6 kbar.
However, the nature of the spin instability remained
unclear. Our results contribute significantly to the elu-
cidation of this nature. Under hydrostatic pressure, all
the aforementioned interactions are altered, which can
lead to spin melting. In order to check for this possibil-
ity, we are planning to continue these investigations
with polarized neutrons on MnSi crystals under pres-
sure.

4. CHIRALITY OF THE Dy/Y SYSTEM

Another interesting experiment [22] has been car-
ried out on a Dy/Y multilayer system, which is known
to possess a helical spin structure. The aim of this
experiment was to check whether this system has an
average chirality, that is, a difference in populations of
the left-handed (n;) and right-handed (ng) helices,
which is necessary for determining chiral exponents. It
should be noted that such investigations could be per-
formed only using polarized neutron scattering.

The sample was a superlattice similar to that used by
Erwin et al. [23], comprising a sequence of Y(50
nm)[Dy(4.3 nm)//Y (2.8 nm)]35,/Y(234 nm)/Nb(200 nm)
layers on an Al,O; substrate, which was created by the
method of molecular beam epitaxy. The layers were
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grown on the plane perpendicular to the [001] axis of
the hexagonal Dy/Y structure (a quasi-single crystal).
The multilayer plate had dimensions of 60 X 60 mm.

The magnetic properties of bulk dysprosium are
well known [24]: below the Néel critical temperature
(Ty = 180 K), the spin system of a Dy/Y crystal (pos-
sessing a hexagonal structure) is ferromagnetically
ordered in the ab plane, but the spins are curled along
the ¢ axis into a helix that is incommensurate with the
crystal structure. As the temperature decreases, the
helix pitch increases from 2.5 to 4.0 nm. Below the
Curie temperature 7 = 89 K, the system exhibits a tran-
sition to the ferromagnetic state.

The situation for Dy/Y superlattices is similar to that
for bulk dysprosium because Y can be considered as a
nonmagnetic analog of Dy. Below Ty = 166 K, a coher-
ent spin helix with a characteristic coherence length
much greater than the thickness of the Dy/Y double
layer appears, whereas the ferromagnetic transition at
T- = 89 K is suppressed [23]. It is suggested that the
coherent spin helix penetrates through paramagnetic Y
layers due to the Ruderman—Kittel-Kosuya—losida
(RKKY) interaction, although direct evidence is lack-
ing. It can also be suggested that a 1.6% lattice misfit
between bulk Y and Dy leads to epitaxial tension in the
Dy (and Y) lattice, which gives rise to stresses in the
direction perpendicular to the plane of layers. It is
assumed that stresses that develop in the Dy lattice are
capable of creating a difference in the populations of
left- and right-handed helices as described in [25]. As
will be shown below, such a difference between n; and
ng was in fact observed in our experiment [22].

The experiment was performed on the same setup
for small-angle neutron scattering as that used to study
the chirality of MnSi, but the measurements were per-
formed in the reflection mode in a range of momentum
transfer g from 6 X 1072 to 3 nm™'. The scattering inten-
sity was measured at temperatures from 30 to 190 K for
different signs of the initial polarization P,,. The exter-
nal magnetic field up to 10 mT was perpendicular to the
incident beam and parallel to the ¢ axis of the sample
(Fig. 8). In contrast to the case of MnSi, where all heli-
ces were of the same handedness, in the Dy/Y system it
was important to thoroughly measure the relative dif-
ference (n; — ng)/(n, + ng), that is, the ratio of the dif-
ference AI(P,) = I(+P,) — I(-P,) to the sum XI(P,) =
I(+P,) + I(—P,), which can be called the polarization of
the reflection: P, = AI(P,)/ZI(P,). The angular position
of the reflection on the neutron scattering map (Fig. 9)
was used to determine the wave vector transfer 2m/d,
where d is the period of the structure.

Figure 9a presents a map of the diffraction peaks (on
a logarithmic scale) at 7= 150 K, and Fig. 9b shows the
scattering intensity variation in a horizontal g, scan.
The two symmetric peaks (denoted NL and NR on the
left- and right-hand sides, respectively) closest to the
center (¢ = 0) are due to reflections from the nuclear
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periodic structure. Neither positions nor intensities of
these peaks change in the entire temperature range
studied, and they have P¢ = 0. The most intense peak
(denoted MR) on the right side of the map is due to the
scattering from the spin helix. This peak appears below
T = 166 K. As the temperature is decreased to 100 K,
the helix pitch increases from 2.34 to 2.78 nm and
remains constant at 7 < 100 K. A peak between NR and
MR appears as a result of the modulation of the mag-
netic helix by the nuclear layer structure and is denoted
ModR. Both MR and ModR peaks are characterized by
positive Py values.

The parameters of the MR reflection have been
quantitatively processed. As can be seen from the neu-
tron scattering cross section S for a helical structure
[14], the polarization-independent part of the scattering
intensity XI(Py) is proportional to S% while the
P-dependent part is proportional to the mean chirality
(C) =([S; x S,]). It was established that a spontaneous
chirality on a level of 7-8% appeared at T < Ty. Ther-
mal cycling in a zero magnetic field did not change the
magnitude and the sign of the spontaneous chirality.
The results of experiments with a magnetic field
applied along the helix vector showed the presence of a
field-induced difference in the populations, (n; —
ngp)/(n, + ng), which was dependent both on the field
magnitude and on the temperature. The Py value
reached 25% in magnetic fields on the order of 1 T. The
temperature dependence of the total intensity XI(P)
was fitted to a scaling expression as I(P,) = 1,1°P for
1 <0.1, where T = (Ty— T)/Ty, and B is the critical mag-
netization exponent. It was found that 7y = 165.3 £
0.2 K and B = 0.40 £ 0.01, which coincided with the 3
value for pure dysprosium [24]. Assuming that the

mean chirality varies with the temperature as 'CBC, the
behavior of the magnetic reflection polarization Pg can

be described as P ~ 7% In the critical region, this
fitting yields Ty = 165.4 £ 0.2 K and B, -2 = 0.22 +
0.01, which corresponds to B, = 1.02 + 0.2. Note that
B. ~ 1 is close to the exponent 3, = 0.90(3) reported for
holmium [25], where a difference in the populations
n;—ng was artificially created by torsional straining. By
analogy with [25], one can assume that a mechanism of
interlayer straining stresses is operative in the Dy/Y
multilayer system, which is related to a 1.6% misfit
between Dy and Y crystal lattices.

In concluding, the experiment described in this sec-
tion revealed for the first time the mean chirality in the
Dy/Y layer system with a critical exponent of 3, =
1.02£0.2.

5. SPIN DYNAMICS
IN Fe-Ni INVAR-TYPE ALLOYS

An important property of polarized neutrons is their
increased sensitivity to magnetic inhomogeneities,
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Fig. 9. Neutron reflections from a Dy/Y layered structure:
(a) a pattern observed on the XY plane of the detector; (b) a
cross section of the reflections along the g, axis (MR is a

Bragg reflection from the spin helix).

which is due to the nuclear-magnetic interference in the
coherent wave scattering. Indeed, the amplitude a,, of
the magnetic scattering of neutrons depends on the
polarization P as a,, = RM P (where R is a constant
coefficient), while the nuclear scattering amplitude a,, is
polarization-independent. As a result of interference,
the a,, and a, amplitudes are added (a = a,, + a,,) and the
differential cross section acquires the following form:

do/dQ = a. + 2a,a,(+P,) + a., . Then, the difference of

m

scattering intensities is Al(g, Py) = I(g, Py) — I(q, Py) =
4a,a,,. This value is at least two times as large as the
intensity of scattering for unpolarized neutrons, for

which do/dQ = ai + afn . The difference in the results

of two measurements with variation of only one param-
eter P, eliminates the entire polarization-independent
background.

The use of a nuclear-magnetic interference in the
critical small-angle scattering of polarized neutrons on
a FegsNijs (Invar) alloy in a paramagnetic state near
T-= 485 K gave rather unexpected results [26]. The
interference scattering caused by the spin—lattice inter-
action revealed a correlation between the critical mag-
netization fluctuations and the nuclear density fluctua-
tions. The magnetic scattering in this system was iden-
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tified as the scattering on critical fluctuations. At the
same time, the dependence of the interference scatter-
ing on the momentum transfer g showed that the form
factor of nuclear scattering is identical to the magnetic
form factor. From this, it was concluded that the form
and the lifetime of a nuclear object are correlated and
limited by the form and the lifetime of critical magnetic
fluctuations. It was also established that the relative
local variation of the lattice reaches Ad/d ~ 0.004. The
characteristic size of the region of lattice deformation is
on the order of 5.0-7.0 nm, depending on the tempera-
ture and the magnetic field.

Thus, we have established for the first tine a rigid
relation between the atomic magnetic moments and the
lattice in the paramagnetic region, where the Invar
effect does not operate on the macroscopic scale (ferro-
magnetic fluctuations at 7> T ¢ are also of the Invar
type). This result leads to a new point of view on the
nature of Invar-type alloys. Brown [27] demonstrated
that the magnetic moments of Fe and Ni do not vary
with temperature in a broad range, which implies that
the atomic magnetic moments keep the lattice
unchanged in this temperature range by means of
strong spin—orbit coupling. This hypothesis requires
theoretical verification, but it has the right to exist along
with other hypotheses on Invar mechanisms.

The discussion about a 1.5- to 2-fold difference
between the magnetic stiffness (D,) determined by neu-
tron methods and the values (D,,) calculated from mag-
netization measurements in Invar-type alloys was based
on the results of neutron measurements for relatively
large ¢ and ® = 1 meV, and it was suggested that this
difference might vanish for a small energy transfer .
However, our experiments [1] with FegsNizs showed
that this difference also takes place at small ¢ and ® =
10-100 peV.

According to Bloch’s model, the temperature
dependence of the saturation magnetization M, can be
described by the formula

M(T) = M,(0)(1-BT™), @®)
where B = [2.612guy/M(0)](kg/4nD)*?, kg is the Boltz-
mann constant, and D is the spin-wave stiffness,
defined for Heisenberg ferromagnets as D(T) = Dy(1 —
AT>?). The magnetic measurements of M, can be used
to determine D,(7) and measurements of D by the
method of magnetic scattering of neutrons can be used
to obtain D,. According to the results of numerous
experiments, D,, and D, values coincide well for ferro-
magnetic materials except for Invar-type alloys, where
the saturation magnetization M, decreases faster with
increasing temperature than might be expected from
D,(T) calculations. In order to provide for the experi-
mental value of M (0), D,,(0) must be on the order of
80 meV A2, whereas the neutron data give D,(0) ~ 140-
190 meV A? [28, 29]. The hypothesis of additional
“latent” spin-wave excitations, which was formulated
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in order to explain the discrepancy, has found no exper-
imental evidence.

Another hypothesis consists in the sample magneti-
zation being measured at g = 0, in the state of which the
long-wave spin-wave excitations are suppressed by the
dipole—dipole interaction, whereas the neutron scatter-
ing is measured for ¢ that exceeds the dipole momen-
tum g,. In fact, it would be correct to compare D, (q =0)
to D, (g ~0). We have performed such measurements on
the aforementioned setup for small-angle polarized
neutron scattering at GKSS (Geesthacht, Germany).
The measurements were performed in the oblique
geometry developed previously, which allowed the
antisymmetric part of magnetic scattering (related to
the dynamic three-spin correlations) to be determined
in a magnetic field oriented at an angle (optimum, 45°)
relative to the direction of the incident neutron beam.
The result is extracted from the LPA data and represents
pure dynamic scattering on spin-wave excitations in the
range of small g and .

The first measurements using this scheme were per-
formed in the interval from 7 = 485 K to 300 K, and
the results were extrapolated to T = 0 according to the
commonly accepted law D(T) = D(0)(1 — T°?), which
follows from the Bloch equation (8). The experiment
[11] yielded D,(0) = 117 £ 2 meV A2, which was
smaller than the values for large ¢ and ®, but still
greater than D,,(0). However, it was established in sub-
sequent experiments that this result suffered from the
ambiguity of data interpolation to 7 = O from the far
range of 7> 300 K.

The measurements were continued on a sample of
FegsNiss with T = 485 K in a temperature range from
50 to 500 K and an external field varied within 70—
250 mT. It was found that, in the entire temperature range
studied, 0.9 > t=(1-T/T) > 0.1, the behavior of D,(7) is
reliably described by the power law D(t) = Dyt* with
x=0.48+0.01 and D, = 137 meV A2, which coincides
with D, determined using a triaxial spectrometer [29]
(Fig. 10). The spin-wave damping behaved as I, = T'pg?
with Ty = 12 meV A2 in the entire range 0.9 > T > 0.1.
In other words, the experiment showed that the 7°% law
following from Bloch equation (8) was completely
invalid for Invar-type alloys.

It should be noted that the observed temperature
dependence, D(T) = D,yt*, which is valid in a broad tem-
perature range, indicates that this entire temperature
interval is critical. We can naturally assume that, in fact,
the Invar system occurs in a critical region with respect
to parameter G (pressure). Indeed, experiments with
variable pressure [30, 31] showed a sharp decrease in
T with increasing pressure, up to 7 = 0 at a critical
pressure of G. = 6 GPa. With decreasing temperature,
the balance of the spin—orbit coupling and other inter-
actions can give rise to elastic stresses and internal
pressure, which is equivalent to external loading.
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Accordingly, at a temperature of T, < T, the system
occurs in a critical region at Tg,, determined by the
induced internal pressure (Tg, < T¢). In this case, the
temperature 7 = 0 corresponds to a quantum critical
point. The proposed pressure mechanism explains the
sharp decrease in 7 with increasing Fe content in
Fe—Ni alloys, from T = 600 K in Fey,Niy, to T = 0 in
Fe,sNi,s [e32]. Note that, in this case, the internal pres-
sure can additionally vary due to a misfit between Fe
and Ni lattice parameters.

6. MAGNETIC SHAPE MEMORY EFFECT

Materials featuring thermoelastic martensite transi-
tions, which ensure a reversible plastic deformation
called the shape memory effect, have attract the atten-
tion of researchers for several decades. This interest is
related primarily to practical applications of such mate-
rials in aerospace technologies, medicine, and high-
precision machine building. Alloys exhibiting memory
effect belong to so-called functional materials, the
properties of which can be effectively controlled by
changing external parameters. In recent decades, a new
direction in the development of functional materials has
appeared, which deals with the magnetically controlled
shape memory (MSM) effect. The most typical repre-
sentative of these materials is the Heusler alloy.

The Heusler alloy is a ternary intermetallic alloy of
Ni,MnGa composition, which exhibits the martensite
transition from a cubic L2, type phase to a tetragonal
phase with a ratio of unit cell parameters of c/a = 0.94.
A special feature of this alloy is that the martensite
transformation takes place in the ferromagnetic state;
the ferromagnetic transition temperature 7 and espe-
cially the martensite transition temperature 7, change
significantly when the alloy composition deviates from
stoichiometry. The strong relationship between the
structural and magnetic subsystems accounts for the
attractive properties of these alloys, such as the MSM
effect, which reaches 6% in some alloys of the Ni-Mn—
Ga system. These materials also have a significant
advantage in the rate at which they respond to a change
in the control parameters. Numerous macroscopic and
neutron scattering investigations have been performed
in order to elucidate the nature of the MSM phenome-
non [33, 34]. Both the usual shape memory effect and
the MSM are substantially influenced by deviations in
the alloy’s composition from stoichiometry, which
must be also accompanied by fluctuations in the nuclear
and spin density as manifested by the small-angle neu-
tron scattering. The structural fluctuations proper could
hardly be observed in Ni,MnGa, because the change in
the unit cell volume upon the martensite transition from
a cubic to a tetragonal phase is very small (below 1%),
but this alloy exhibits a unique situation in which fluc-
tuations (or nuclei of the new phase) appearing during
the structural phase transition can be observed due to
magnetic contrast. Our investigations demonstrated
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Fig. 10. The temperature dependence of the magnetic stiff-
ness D(T) of a FegsNis5 alloy. Points present the experimen-

tal data [29], the solid curve shows the results of calcula-
tions using the D = Dyt* formula.

that the experimentally observed small-angle neutron
scattering and the magnetic-nuclear interference
involved in the scattering can be explained in terms of
the magnetic decoration of tetragonal domains formed
in the first-order phase transition, which possess a mag-
netic moment significantly different from that of the
cubic phase.

The goal of our recent experiments [35] was a com-
parative study of the evolutions of the mesoscopic
structure (mesostructure) in the stoichiometric
(Ni,MnGa) and nonstoichiometric (Nigg;Mnyg,Gay; 5)
alloys in a broad temperature range (15 < 7' < 400 K).

Figure 11 presents comparative data for the stoichi-
ometric (S) and nonstoichiometric (NS) systems, which
reveals a significant difference in the temperature-
dependent evolution of the mesostructure. As is known,
the two materials also exhibit different MSM character-
istics: as a rule, a significant MSM effect is observed
only in NS compositions (in the Niy ;Mnyg,Ga,; s
alloy under consideration, this effect amounted to
2.5%). Both alloys exhibited virtually the same Curie
temperature (7 = 373 K), whereas the martensite tran-
sition temperatures differed by 90 K: 7;, = 306 K (NS)
against 216 K (S). These values of T,, coincide with the
published data, but the evolution of the mesostructure
in the vicinity of T, revealed several specific features.
The main distinctions in the intensity of small-angle
neutron scattering in the NS and S compositions were
as follows:

(i) An increase in the scattering intensity with
decreasing temperature in the austenite phase on the NS
composition (for T,, < T < T) and a sharp drop (i.e.,
nearly complete homogenization of the alloy on the
mesoscopic scale) at T = T,, upon the transition to the
martensite phase, in contrast to a jump in the scattering
intensity in the martensite phase of the S composition.

(i1) An increase in the intensity of scattering in the
martensite phase of the NS composition at 7'< 150 K.
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Fig. 11. Comparative data on the temperature evolution of mesoscopic inhomogeneities in zero-field-cooled samples of Ni,MnGa
alloy with (a) nonstoichiometric and (b) stoichiometric composition. The inset in (b) shows the scattering peak corresponding to a

pre-martensite phase transition at 7= 267 K on a greater scale.

(iii) A peak in the intensity of scattering in Ni,MnGa
at 7, =267 K (see the inset to Fig. 11b), which has been
explicitly recorded for the first time and interpreted as
a reflecting premartensite phase transition.

The observed behavior of the mesophase in ¢
requires theoretical interpretation. The method of
small-angle scattering of polarized neutrons proved
once again to be an effective tool for detailed investiga-
tion of the mesostructure—an important factor deter-
mining the properties of functional materials.

7. SELF-ORGANIZATION OF MAGNETIC
NANOPARTICLES IN A LIQUID MATRIX

Investigations of ferrofluids is important both from
the standpoint of deeper insight into the basic features
of supermagnetism and for the practical use of mag-
netic fluids (MFs) in various applications, including
high-density data recording media, targeted drug deliv-
ery systems in medicine, magnetic slide bearings, vac-
uum-sealed mobile joints, and many others.

An MF is a stable system exhibiting no phase sepa-
ration, representing a solution of magnetic mon-
odomain nanoparticles in a nonmagnetic liquid solvent
(water, kerosene, or other organic fluids.). Nanoparti-
cles can be protected against coagulation by a layer of
surfactants (typically, fatty acids or their salts). The sta-
bility of MFs is ensured by a fine balance of forces act-
ing upon these particles, including dipole—dipole
forces, van der Waals forces, gravity, etc. On the other
hand, this is a system without a clearly pronounced

ground state, since the dipole interactions lead to strong
correlations among the rotational and translational
degrees of freedom. As a result, certain particle concen-
trations allow fluctuations both in their number density
and magnetization even in the absence of external mag-
netic field. Ferromagnetic particles in MFs can also
exhibit self-organization phenomena. In our experi-
ments [36], self-organization was observed in a near-
bottom layer of an MF in a cell. These neutron experi-
ments were performed on an EVA reflectometer at the
Laue-Langevin Institute (Grenoble, France).

Figure 12 shows diagrams of ferrofluids based on
Fe;0, nanoparticles with concentrations of c =2, 5, and
7% in heavy water (D,0). A narrow (sheet) beam of
neutrons was incident on a silicon cell from below,
transmitted through the bottom, and scattered from a
near-bottom layer of the ferrofluid. The results of pro-
cessing the scattering data as a function of g showed
stratification after 10-20 h of exposure in a zero mag-
netic field. The number of layers rapidly increased with
increasing concentration ¢ of magnetic particles. Fer-
rofluids with ¢ = 7% exhibited a Bragg peak of scatter-
ing from a volume quasi-crystal. The application of an
external magnetic field with Hj up to 10 mT parallel to
the bottom of the cell had little effect on the process of
self-structurization in the ferrofluid with ¢ = 2-6%. At
a greater concentration, the number of layers signifi-
cantly increased with H,. The application of an ortho-
gonal field H, led to densification of the layers, up to
the formation of a close-packed hexagonal structure.
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8. HEAVY-FERMION SYSTEM CeRu,Si,

Investigations into the properties of compounds
with heavy fermions (HFs) is among the extensively
developing fields of the physics of condensed state in
the recent quarter of a century. At temperatures below
the Kondo temperature (7%), the antiferromagnetic
interaction between conduction electrons and those
localized on a partly occupied f shell of a rare-earth ion
in HF compounds leads to the so-called coherent
Kondo effect. This phenomenon is manifested by the
formation of quasi-particle states at the Fermi level, the
effective masses m* of which are two orders of magni-
tude higher than the free electron mass m,. Such parti-
cles (HFs) have been observed in a large number of
compounds, referred to as HF metals.

The main body of information concerning HFs has
for the most part been obtained by macroscopic meth-
ods (heat capacity and electric resistance measure-
ments, de Haas—van Alfvén effect), which are sensitive
to a narrow layer of carriers (with a width on the order
of temperature 7T) near the Fermi level. Earlier, neutron
experiments were performed in the range of large
momentum transfer g, where the magnetic scattering is
sensitive to the system of localized magnetic moments
and provides only indirect information about HFs.
However, Maleyev [37] showed that HF quasi-particles
in such compounds can be directly observed in polar-
ized neutron scattering measurements, since the orbital
part of the magnetic scattering amplitude contains a
term singular for ¢ — 0. This term accounts for small-
angle neutron scattering on mobile charge carriers, the
effect being proportional to (m*/M)?, where M is the
neutron mass. For common metals, this factor is
(m*/M)? ~ 10°-107%, so that this contribution to scatter-
ing is negligibly small. However, in HF compounds
with m* ~ 100 m,, we have (m*/M)> ~ 1072 In such
cases, the neutron—electron scattering component can
be detected and the corresponding cross section
depends on the scattering angle ¥ as dX(19)/dQ o< ¥~
for 2E9 o T and as «<O72 for 2E9 < T, where E is the
neutron energy [37]. A crossover between the two
regimes should be observed at O, = T/2E, which is
related to the following circumstance: for 2E0 < T,
neutrons are scattered on thermally excited quasi-parti-
cles, while for 2E% > T, the temperature is insignifi-
cant.

Thus, the small-angle scattering of polarized neu-
trons can be used to probe a layer with a width of EY
near the Fermi level. This product can be varied within
broad limits, which implies that the probe can penetrate
deep under the Fermi surface and study the spatial
structure of fluctuations of the HF current depending on
EU, T, and the external magnetic field H.

We have studied [38] small-angle scattering of
polarized neutrons from a CeRu,Si, single crystal for

the purpose of direct observation of scattering from HF
quasi-particles at low temperatures and the investiga-
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Fig. 12. Diagrams illustrating self-organized structurization
in ferromagnetic fluids (FF) comprising Fe;O,4 nanoparticles
with concentrations C = 2 (a), 5 (b), and 7% (c) in heavy
water (D,0).

tion of magnetic field effects. Previously, the CeRu,Si,
system was characterized by various methods as a typ-
ical HF compound with Ty = 25 K, which does not pos-
sess superconducting properties and does not exhibit
magnetic phase transitions at low temperatures in the
region of 7= 1 K (such transitions would substantially
complicate the interpretation of experimental data).
Experiments were performed using neutrons with two
wavelengths A = 8.1 and 10.5 A (at AA/A = 10%), in the
interval of momentum transfer 0.6 x 1072 < ¢ <
2.1x 107! A-!, in the range of magnetic fields 0 < H <
2.5 T, and at temperatures within 7= 0.85-1.2 K.

The main experimental results were as follows [38]:

(1) Small-angle neutron scattering was observed at
T =0.85 K and H = 0 in the range of momentum trans-
fer ¢ < 0.04 A-1. According to theoretical predictions
[37] and our estimates, this scattering could be inter-
preted as the orbital part of magnetic scattering on HF
quasi-particles (Fig. 13).

(i1) The application of a magnetic field H (up to
2.5 T) increases both the scattering intensity (Fig. 13)
and makes it anisotropic relative to the field direction
(Fig. 14). The scattering also depends on the orientation
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Fig. 13. Small-angle scattering of polarized neutrons on HF
system (CeRu,Si,) at 7' = 0.85 K for two neutron wave-

lengths A = 8.1 A and A = 10 A in magnetic fields H = 0 and
1 T (in the g-scan, there is no difference between A and A,).

of CeRu,Si, single crystal relative to the incident neu-
tron beam and the magnetic field H.

(iii) Measurements with the applied magnetic field
H revealed additional scattering for ¢ > 0.04 A~!, which
is well described by a Lorentzian curve and can be
interpreted as the magnetic scattering of neutrons on
spin density fluctuations with a correlation radius of
R.=30A.

Thus, we have observed for the first time the small-
angle scattering of polarized neutrons on HF quasi-par-
ticles. The experiment showed that, using primary neu-
tron beams of higher intensity, it is possible to study the
properties of heavy fermions in more detail.

9. CONCLUSIONS

It should be emphasized that all results considered
in this paper were obtained only owing to the use of
polarized neutrons. Polarized neutrons offer a unique
radiation probe for studying magnetism, which is capa-
ble of revealing the magnetic phenomena not “seen” by
other techniques. We have used well-verified methods
developed in our previous work. However, the polar-
ized neutron techniques are continuously developing.
In particular, radio-frequency spin-echo techniques
have been developed, which allow the spin-echo unit to
be miniaturized and incorporated into usual diffracto-
meter and spectrometers, thus increasing their resolu-
tion with respect to both ¢ and ®. We believe that such
developments will bring absolutely new, unexpected
results in the nearest future.
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Fig. 14. Small-angle scattering of polarized neutrons on HF
system (CeRu,Si,) at T'= 0.85 K for two orientations of the

applied magnetic field relative to the direction of the
momentum transfer vector q.
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