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Abstract. General principles of polarized-neutron magnetic
scattering are presented and their applications are considered.
It is shown that this technique is especially useful if the system
as a whole contains an axial vector interaction. The examples of
the magnetic field, Dzyaloshinskii — Moriya interaction, and
elastic torsion are considered. In all these cases, polarized
neutron scattering provides information unavailable with other
experimental methods. The theory is illustrated by pertinent
experimental results, notably the confirmation of the Polya-
kov— Kadanoff — Wilson algebra for critical three-spin fluctua-
tions in iron; the first determination of chiral critical exponents
in the triangular-lattice antiferromagnets; and the determina-
tion of noncollinear magnetic structure for a number of complex
antiferromagnets.

“No one can embrace the unembraceable!”
Koz’ma Prutkov§

1. Introduction

Polarized electromagnetic radiation (light, X-rays, synchro-
tron radiation, etc.) is widely used in condensed matter
studies, and the corresponding theoretical concepts and
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basic results are generally known. For polarized neutrons,
the situation is quite different. The basic principles of their
application, the results obtained, and research prospects are
only known to a small circle of specialists.

At the same time, polarized neutrons are being increas-
ingly used in condensed matter physics. Conferences on this
theme (Polarized Neutrons for Condensed Matter Investiga-
tions, PNCMI) are being held on a regular basis. The last such
conference, PNCMI-2000, was held at the St Petersburg
Institute of Nuclear Physics (Gatchina) in the summer of
2000. The next conference is scheduled for September 2002 at
the Institute for Solid State Research in Julich, Germany.

The main areas of application of polarized neutrons are
perhaps best illustrated by examining the program of the
PNCMI-2000 conference, whose proceedings were published
in Physica B 297 (2001). The problems discussed at the
conference were the following.

1. Elastic and inelastic scattering of polarized neutrons in
magnetic substances as a tool for studying magnetic struc-
tures and excitations. Particular emphasis was on small-angle
scattering in disordered systems, a technique that allows
large-scale nuclear and magnetic inhomogeneities in a
material to be examined separately.

2. Depolarization of neutrons in magnetic materials. This
effect is used to study very large scale (1 pm and more)
magnetic inhomogeneities in bulk samples, which cannot be
resolved by other scattering techniques.

3. The study of surfaces and multilayered structures using
the specular and diffuse reflection of neutrons (neutron
reflectometry). This technique makes it possible to assess the
quality (or otherwise) of interfaces and to study the exchange
interaction in multilayered structures of Fe/Cr type. The
latter point is important for understanding the mechanism
of giant magnetoresistance.

4. Scattering of polarized neutrons from nuclei. This
enables one, first, to study spatial and temporal phenomena
related to nuclear spin polarization and, second, to investi-
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gate incoherent scattering from nuclei and thus to obtain
information on the energy density of states in the system.

5. Spin density studies using the elastic scattering of
polarized neutrons by samples in an external magnetic field.

6. Neutron spin echo. This method permits the spectra of
both magnetic and nonmagnetic substances (for example,
HeIl, polymers) to be studied at very low energies (10~¢ eV)
and at distances comparable to interatomic separation.

7. A somewhat exotic program of testing the fundamental
principles of quantum mechanics — mainly with neutron
interferometry.

Clearly, one review paper is not enough space for all the
above applications of polarized neutrons to be described in
sufficient detail. We therefore limit ourselves to considering
the elastic and inelastic scattering of polarized neutrons in
magnetic materials. Examples from various areas of the
physics of magnetism will serve to illustrate the general
principles of this scattering.

It should be borne in mind when reading this review that
experimental techniques involving polarized neutrons are
considered here only briefly and that only basic physical
ideas underlying these techniques are described. The reason is
that the volume of the review is limited and that the authoris a
theorist and so does not consider himself a specialist in
experimental techniques.

2. Experimental methods
for studying neutron polarization

The neutron spin s = 1/2 is described by the operator ¢ /2,
where ¢ is the Pauli vector. The term polarization of a
neutron refers to the #-odd axial vector P = ¢, where the bar
indicates an average over the spin states of the neutron beam.
Currently, three major methods are available for creating
beams of polarized neutrons and measuring the polarization
after scattering.

1. Bragg scattering from ferromagnetic crystals. When
using the interference of magnetic and nuclear scattering, it
turns out that we can suppress almost completely the
scattering from one of the polarization projections onto the
direction of the sample’s polarization. (This point is discussed
in detail at the beginning of Section 9.)

2. Reflection from magnetized mirrors. This phenomenon
is essentially as follows [1—3]. When entering a material, a
neutron beam is refracted. The square of the index of
refraction is

né =1-2mn N—Ob ,

ME
where N is the density of the material, M and E are the mass
and energy of a neutron, and b is the scattering length for
neutrons scattered by the material’s nuclei (this quantity is the
negative of the scattering amplitude). The deviation of 73
from unity is usually very small (of order 10~4—10-%), so in
neutron optics only small glancing angles are considered.

In the case of a magnetized medium, the interaction
between a neutron spin and a magnetic field in the sample is
added to the picture:

V(r) = —uy0B(r), (1)

where p, = —191luy, un = ugme/M, being the nuclear
magneton. The index of refraction then turns out to be
dependent on the relative orientation of the magnetic
induction and the neutron spin, n2. = n3 + |u,|B/E, and at a

proper glancing angle (usually on the order of tens of minutes)
neutrons in one spin state are completely reflected while those
in the other enter the sample. In other words, the beam of
nonpolarized neutrons is split into two completely polarized
parts.

3. Filters using polarized nuclei of the isotope *He. The
nuclei of *He absorb neutrons strongly only if neutron spins
are antiparallel to those of the nuclei [4]. Therefore, such a
filter transmits neutrons whose spins are parallel to the spin of
the *He nuclei. The polarization of the nuclei of *He is
achieved by optically pumping a dilute gas and then
compressing it to several atmospheres. The spin relaxation
time in the filter’s *He nuclei is on the order of 100 hours.

Neutron polarization control methods. In working with
polarized neutrons, there is sometimes need to change the
direction of their polarization vector P and to introduce
neutrons into some (for example, zero-magnetic-field)
regions of space without altering the neutron polarization.
Such problems are solved by creating a specially chosen
magnetic field structure in the path of the neutron beam and
using the fact that the polarization vector rotates in a
magnetic field. This rotation is described by the equation of
motion

i—l: = —2u, [B(r) x P], (2)
which follows from Eqn (1). In Eqn (2), B(r) is the magnetic
induction at the neutron’s location (here and hereafter we use
units with 7z = 1). If the neutron velocity is v, then in Eqn (2)
r = ro + vt, and the spin of the neutron may be considered as
subjected to a time-dependent magnetic field.

Experimentally, two regimes of neutron motion are
possible, adiabatic and nonadiabatic [5]. The former occurs
when the adiabaticity condition wpt> 1 is fulfilled
(o = 2|u,||B| is the Larmor frequency for the rotation of
the neutron in the field B, and 7 is the characteristic time for
the field to change by an amount of the order of |BJ, either in
magnitude or direction). In this regime the vector P follows
the direction of the field. Thus, it is possible to turn the
polarization through a specified angle in this regime.

In the opposite limit w7 < 1, the polarization vector is
too slow to follow the direction of the field, and thus remains
unchanged. In particular, it is possible, by using non-
adiabatic transmission through a magnetic screen, to arbi-
trarily specify the polarization direction of neutrons incident
on the sample located in a zero field and to let the scattered
neutrons pass the screen with their polarization direction
unchanged. Another method for influencing the neutron spin
is a resonance (w = wy) high-frequency field which permits
the neutron spin to be rotated through a specified angle
(usually 90° or 180°) [6]. This polarization-rotation system is
called a flipper.

A large number of experimental facilities have been built
for working with polarized neutrons, the coverage of which is
beyond the scope of the present review. The interested reader
is referred to the proceedings of the PNCMI-98 and PNCMI-
2000 conferences, published in Physica B 267—-268 (1999),
297 (2001).

There are two major methods for studying the polariza-
tion of scattered neutrons, known as linear neutron polari-
metry and the three-dimensional analysis of polarization (or
spherical neutron polarimetry).

Linear neutron polarimetry. The basic idea of this method,
developed in the classical work of Moon et al. [6], is as
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Figure 1. Schematic diagram of linear neutron polarimetry: P, polarizer;
1and 2, flippers, serving to reverse polarization direction; S, sample placed
in magnetic field H; A, analyzer; D, detector. The arrows indicate the
direction of the original polarization Py and two possible polarization
directions after scattering.

follows: The sample is placed in a weak magnetic guide field,
which fixes the direction of the polarization P of the incident
neutrons. The measured quantities are the cross sections for
scattering with and without a change in polarization (spin-flip
and non-spin-flip scattering, respectively). The schematic of
the experimental arrangement is shown in Fig. 1.

If the direction of the guide field is taken as the z axis, we
have two probabilities, 7, and n_, for the spin respectively
along and opposite to the field before scattering. The two
probabilities are related by the normalization conditions
ny +n_ =1, and the projection of the polarization vector
onto the z axis is P, = n, — n_. Clearly, there are four cross
sections to be considered here: o, and o__ for no spin flip
events, and ¢,_ and ¢_, for spin flip events, with the right
(first) and left (second) indices corresponding to spin
projections before and after scattering.

The cross section o . is measured when flippers / and 2 in
Fig. 1 are not switched on and only neutrons with their spins
up pass through the device. The cross section g_ is measured
when flipper 2 is on, which changes the direction of the
neutron spins from up before the scattering to down after.
Similarly, ¢, _ is measured when flipper / is on, and o__,
when both flippers are on.

The cross section and the projection P, of the polarization
of scattered neutrons are given by

1
o= 5(0++ +o_+o i +oi)
1
+§ Py(oir+0_y —04 —0__),
(3)
1
oP; = §(U++ 0. _+oi —0y)

1
+§ Py(oyr+0-_—0_y—0,).

The Zeeman energy of a neutron in a field is usually negligible
compared to its kinetic energy. Then o,. =0__ = oy,
where o 1s the non-spin-flip cross section.

It then follows from Eqn (3) that

1
0 = Ongf + O—Sf+§ P0(0'_+ — O'+_),
1

1
O'PZ = 5(04,7 - 0'7+) +§ PO(Unsf - an)7

where oy = o, + o_ is the total spin-flip cross section. The
cross section is a scalar, whereas the polarization is an axial

vector. Therefore the cross section may depend on the
polarization Py only if there is an axial vector in the system.
The same condition is required for neutrons to be polarized in
a scattering event.

A shortage of linear neutron polarimetry is that one
cannot distinguish a rotation of the polarization vector from
a change in its length. This is the reason why the method of
three-dimensional analysis of polarization was developed.

Three-dimensional polarization analysis. This method was
used in the early 1970s by Rekveldt to analyze the polariza-
tion of a transmitted neutron beam [7], and by Drabkin,
Okorokov et al. to study small-angle scattering [§8, 9]. In 1989,
Tasset and colleagues developed an innovative facility called
CRYOPAD for the three-dimensional analysis of large angle
scattering — an approach they called spherical neutron
polarimetry [4, 10, 11].

In a three-dimensional analysis, the neutrons are taken
to be initially polarized in three mutually perpendicular
directions x, y and z successively, and then, following
scattering from a sample placed in a zero magnetic field,
all the three components of the polarization vectors of
scattered neutrons are measured. This yields the polariza-
tion matrix Py, with the indices ‘f and ‘i’ referring to the
final and initial polarizations, running over the values x, y
and z. As a result, along with the diagonal components Py,
P,, and P.., which are measured in the linear polarization
analysis, also the nondiagonal components Py, etc. are
measured, which describe the polarization rotation in a
scattering event.

The facility for small-angle three-dimensional polariza-
tion analysis described in Ref. [9] is shown in Fig. 2.
Unfortunately, since three-dimensional analysis requires
very long measurement times and highly intense neutron
beams, it has not been thus far used in inelastic scattering
studies involving energy transfer measurements.

3. Neutron polarization: theory

In the case of nonpolarized neutrons, the cross section is the
sum of the nuclear and magnetic contributions. But since
magnetization is a vector, exploring the magnetic scattering
cross section alone does not give full information about the
distribution of average magnetization in a sample, nor about
the fluctuations of this distribution. This information can be
obtained using polarized neutrons.

A theoretical framework for analyzing experiments on
polarized neutron scattering were developed many years ago
[12—19] (see also Refs [20—23]). As indicated above, the
characteristics measured in neutron-scattering studies are
the scattering cross section and the polarization of scattered
neutrons.

The inelastic scattering cross section can be written in a
general form as

0(Q7 (1)) = O-O(Qv CL)) + POZO(Qv w) ) (4)

where Q = k; — kf and w = E; — Ef are the momentum and
energy the scattered neutron transfers to the sample. Clearly,
in the elastic case there is no dependence on w in Eqn (4).
Since Py is an axial vector, the dependence of the cross section
on Py can only appear when there is a pseudovector
interaction of some kind in the system. This may be an
interaction with an external magnetic field, spontaneous
magnetization, the Dzyaloshinskii— Moriya interaction, tor-
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Figure 2. Facility for the three-dimensional analysis of polarization in small-angle scattering [9]: /, collimator; 2, specular polarizer; 3, flippers; 4, ‘Vector’
module; 5, twenty-channel specular analyzer; 6, detectors. As the bottom, the specifying and analyzing blocks of the “Vector’ module are shown, which
consist of mutually perpendicular solenoids of rectangular cross sections when the polarization component P, is measured (S is the sample in zero field).

sional deformation, spin spirals, etc. All these cases will be
discussed in detail below.

The analogous expression for the polarization of the
scattered neutrons has the form

Po(Q,w) = T(Q,w) Py +X,(Q,w) . (5)

In Eqn (5), T'is a second-rank tensor acting on the vector Py
according to the rule (T'Py), = T,3Pop, where o, f = X, », z.
Here and hereafter, summation over repeated indices is
assumed. The tensor T,g may have a symmetric and an
antisymmetric part.

In the general case, the tensor 75 can be written as

Ty = Tx(/;s '+ d,

where ¢,p, is a third-rank unit pseudotensor and 4, is an axial
vector. Equation (5) then becomes

Po = T(S)P()+A><P0+El. (6)

Although expressions (4) and (6) generally contain 16
quantities, in practice there are much fewer independent
quantities. Another obvious restriction to note is |[P| < 1.
Scattering amplitude. We now turn to the microscopic
description of neutron scattering. For neutrons with spin, the
nuclear scattering amplitude consists of two parts, one of
which is proportional to the product of the neutron and
nuclear spins. For nonpolarized nuclei, this part gives an
incoherent background which is weakly dependent on the
momentum Q and is usually neglected in magnetic studies.
The nuclear scattering amplitude can therefore be written as

Ng=-N""2%"b,exp(iQR,), (7)

where R, and b, are the coordinate and the scattering length
of the nth nucleus in the system, respectively, and N is the total
number of nuclei.

The amplitude of magnetic scattering is easily calculated
in the Born approximation by taking the magnetic field in
Eqn (1) in the familiar form

where R = r —r’, and j(r) is the current, consisting of a spin
and an orbital part [24]. The magnetic scattering amplitude
can then be written

Fn=o6Mg. 9)

In Eqn (9), Mg = Mg — (QMQ)Q is the part, perpendicular
to the moment Q, of the vector Mg defined by the relation

Mg = N2 Z:exp (ier) (s,- | Q52D,> ,

(10)

where r = 5.4 x 1073 ¢m, and s; and p; = —iV; are the spin
and the momentum of the jth electron in the system; here and
hereafter, 0 = Q/Q.

In Eqn (10) for Mg, the first and second terms
describe scattering from spins and the orbital current,
respectively. One should make the following points about
this formula. The amplitude of magnetic scattering is
proportional to the neutron spin and is determined by
that part of the Fourier component of the magnetization
density which is perpendicular to the momentum transfer.
Therefore, the dependence on Q does not disappear even
in the limit Q — 0, which is an important circumstance for
small-angle scattering (see below). The dependence on the
direction Q is due to the weak decrease of the magnetic
interaction with the distance and describes the demagneti-
zation effect for finite Q, when |Q| > 1/L, where L is the
sample size.

In many cases, the orbital part of scattering (d-electron
magnetism) can be neglected. Then, the formula for Mg takes
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the form [12]
Mg = rN~'2) " exp (iQR,,) F.(Q) Sy = r F(Q) Sq,
m (11)
S Sm) 'ibm( )
Fm(Q):Jdﬂp Zexp iQr;) ot 1)

Here, R,, and S,, are the coordinate and the spin of the
mth magnetic atom, respectively, and F,,(Q) is its magnetic
form factor. The right-hand side of Eqn (11) for Mg is
written for the case in which all magnetic atoms are
identical and determines the corresponding Fourier compo-
nent Sq.

In some cases (manganites, felectrons in rare earths and
actinides), orbital scattering is important, for which the
following rather complicated expressions hold [25]:

MG =rN""2% exp (iQR,) Ln(Q).
Lo(Q) = [dru;(0) Y 1@ ().

1(Q) = 5 [Lh(iQr)) + A(iQr) 1] .

N —

Here, 1; is the orbital momentum operator for the jth
electron of the atom, and h(x) = [I — (I —x)expx|x~2.
As one should expect, for small Q the vector L, (Q)
becomes one-half the total orbital momentum of an
ion.

However, Eqns (12) do not exhaust all the orbital
current contributes to the magnetic scattering. There is
also a small term proportional to m*/MQ?, where m* is
the effective mass of the carrier, and M is the neutron mass.
This contribution can be important for Q — 0 [26—28] but,
to our knowledge, it has not been studied experimentally
even though it may be very informative for heavy-fermion
systems.

Thus, from Eqns (7) and (9), we obtain for the scattering
amplitude

Fo = No +Mge, (13)
which implies that both the cross section and the polarization
of scattered neutrons consist of three parts — nuclear,
magnetic, and nuclear-magnetic interference.

In the present review, we consider inelastic scattering and
then indicate how to transform the results to the elastic case.
We emphasize that the derivations below are not system-
specific but only rely on Eqn (13) for Fg, the general
principles of statistical physics, and the algebra of Pauli
matrices.

Van Hove functions and generalized susceptibilities. In
the literature, the cross section is commonly expressed in
terms of the so-called van Hove functions [29] or in terms
of generalized susceptibilities [1, 30]. The usual nuclear or
magnetic scattering is then expressed in terms of the
imaginary parts of the corresponding generalized suscept-
ibilities. This, however, is only true of diagonal cases —
for example, for purely nuclear scattering or for the cases
in which the magnetic susceptibility y,; is a symmetric
second-rank tensor (see below). If y,, has an antisym-
metric part or if we are interested in the nuclear-magnetic

interference, a somewhat more complicated formalism is
needed.
The van Hove functions are defined as follows [29, 30]:

Hyp(w) = %‘[jc dr exp (iwt) (A(r) B(0))

E,
=z ! Zexp <— 7) AubBbaé(w +Eab) . (14)
a,b

Here, the angle brackets denote thermodynamic averaging,
the subscripts @ and b refer to the system’s states, £, ; are their
energies, Ey = E,— Ep, and Z =) exp(—E,/T) is the
partition function.

For generalized susceptibilities, we have [31]

(4,B), = iJ dr exp (iwt) ([A(1), B(0)])
0
Eu
=—Z 1Zexp <f—> tha|: T }
X (w+ Eqg+i0)"", 6 — +0. (15)
Using the well-known formula 1/(x +1d) = P/x —ind(x),

where P is the principal value, it can readily be shown that

nH 45(0) = {1 —exp <?)}1<A B)". (16)

Here, (4,B)" is the so-called absorption part of the
susceptibility (4, B),, determined by the J-function contri-
bution to Eqn (15) according to the rule

<A7 B >(U

— (4,B)), +i(4,B)!

(O

(17)
where (4,B)! is the dispersion part associated with the
denominator P/(w + Eg). If A= B*, then (B*,B)) is
identical to the imaginary part of the susceptibility
(BT, B),. In the general case, the function (4, B)! may be
complex.

The absorption parts of the susceptibilities have simpler
symmetry properties than van Hove functions. As these
properties are important for further discussion, let us
formulate them here. From time-reversal symmetry, we have
[31]

<A>B>w,H = i<B»A>w,—H~ (18)
In Eqn (18), H is an external magnetic field or a spontaneous
magnetization, the plus sign corresponds to quantities with
the same time parity, and the minus sign to those with
different time parity. Further, using Eqn (15), we can readily
show that

<A7 B>w+i5 = <B7 A>—w—i5 ’
<A B>w - <B A> 0N (19)
<AvB>Z) = _<BvA>liw

Cross section and polarization of scattered neutrons.
Using a standard procedure [1, 29, 30] and definition (17)
for the absorption parts of the generalized susceptibilities,



574 S V Maleev

Physics— Uspekhi 45 (6)

we obtain [22, 23]

nk| P <_¥)}1

x {{N_q, No),, + (Mtq, M), +iPo (M, x Mg).,
+Py(N_o,Mg +Mo, No),y } (20)

a(Q,w):lE[l—e

k - "
Po(Q,w) = % Ef [1 —exp (* %)} {(N_q,Nq)., Po
+ [((PML ), M) + (M-, (MGPy))”
- <(M{Q’Mé)>Z)PO]

+ (N_q,Mg + M4, No).,

— (M, x Mg),,

+i(N_q, My — Mg, No), x P} . (21)

Equations (20) and (21) can be greatly simplified by
introducing the symmetric and antisymmetric parts of the
magnetic susceptibility as follows:

(5% 58)u = 1:4(Q,0) = 1,5 (Q.0) + 7, (Q. ), (22)
where xé‘? = X/(;f) and Xiffl) =— x,ﬁ;‘”- Since any antisymmetric
second-rank tensor is uniquely related to an axial vector, we
write [32]

145 (Q, 0) = —ity, €,(Q, ). (23)
Here, &,p, is a third-rank unit pseudotensor, and C is an axial
vector, which we will call a chirality vector or chirality.

Thus, the cross section depends on the polarization of the
neutrons if the chirality vector C is nonzero. The physical
meaning of separating the susceptibility into a symmetric and
an antisymmetric (chiral) part is as follows: the symmetric
part describes the fluctuations of magnetization along the
axes X, y,z, whereas the chiral part describes skew fluctua-
tions.

Using Eqns (15) and (17), we can easily show that the
absorption parts of x,,_‘/gf and C, are identical to Im X&/s;) and
Im C,. Equation (20) then becomes

-1 on(5)]

x {(N_q,Nq);, + r*FpIm Xf/f)(Q,w)((sa/s — 0.0p)

+2r7F(Py0) (2 Im C(Q, w))
+ PQ(N_Q,Mé + N[fQ7 NQ)Z)} R

where Fy, is the magnetic form factor of the ion. If the system
has no axial vector, then only the first two terms — taking
into account the nuclear and usual scattering — are present,
and the cross section is independent of the polarization Py.

In the case of a magnetically isotropic scatterer, the
magnetic susceptibility is

(24)

Yop = XO0ap , (25)

and the second term in Eqn (24) turns out to be 2r2F2 Imy.
This occurs, for example, in cubic crystals in the paramag-
netic phase (ferromagnets above the Curie point). The third
term in Eqn (24) describes chiral (skew) spin fluctuations [32].
Finally, the last term in Eqn (24) takes into account the
interference of the magnetic and nuclear scattering. It should

be noted that the vectors determining the chiral scattering and
the interference scattering are mutually perpendicular. Thus,
for example, directing the polarization P along the momen-
tum transfer Q, one can get rid of the interference contribu-
tion to the cross section. This fact was first noted for inelastic
scattering in ferromagnets [33].

In a similar way, for the polarization of scattered
neutrons, we have

-1

p (— QT)} {(N-q; No)y, Po
+r2F2 [2Im 1Y (Q, ) Py — Im 3Py

~20 (0ImC(Q,w))] + (N-q,Mg + Mg, No),,
+i(N_q,Mg — M4, Ng),, x Py} . (26)

Po(Q,w) :%% [1 —ex

Here, the first term is the nuclear-scattering contribution,
which does not change the polarization of the neutrons. The
next two terms describe the change in the neutron polariza-
tion in ordinary magnetic scattering events, where the tensor
}(f)(Q, ®) has the components
(s) _ — 0.0\, — 0.0

L1op(Q0) = (0 — QuQu) 2y, (Opp — 05, Q) (27)
and is perpendicular to the vector Q: y,0 = Qy, =0.
Polarization due to scattering is described by the chiral
terms and by the interference between the nuclear and
magnetic scattering. Finally, the last term accounts for the
interference-related rotation of the polarization vector Py.
We emphasize that both the chiral scattering and the
interference terms appear only if there is an axial vector in
the system.

If the incident neutrons are polarized along the momen-
tum-transfer vector, in the case of ordinary magnetic
scattering the polarization changes sign, so that

On — Om

Op + O

PO ) (28)

where ¢, and o, are the cross sections for nuclear and
magnetic scattering, respectively.

Separating out spin-flip and non-spin-flip scattering as a
tool to separately study nuclear and magnetic scattering —
and to study various contributions from the latter — was
proposed in Ref. [6] and has since become a standard
technique. Magnetic scattering often is much stronger than
the nuclear scattering. This occurs, for example, for critical
scattering in ferromagnets, for near-Bragg scattering in
antiferromagnets, etc. For magnetically isotropic samples,
from Eqns (25) and (26), we have in this case the following
simple formula [12]:

P =—-0(0P). (29)
The corresponding change in the sign of polarization was first
observed experimentally for small-angle critical scattering in
nickel [34] and used to study critical fluctuations in iron (see
Ref. [35] and references therein).

Expression (29) also proved helpful in describing the
depolarization of neutrons passing through a medium with
large-scale magnetic inhomogeneities. It was predicted [36]
and then confirmed experimentally [8] that the depolarization
effect depends on how the neutrons’ velocity and polarization
are oriented relative to each other. These results have
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provided the basis for neutron depolarization studies of
magnetic textures [37, 38]. The combination of the depolar-
ization and small-angle scattering techniques has revealed
two correlation lengths in the critical region in iron—nickel
invar [39-41] and allowed one to determine the width of the
Curie temperature spread due to the internal inhomogeneity
of this alloy [42].

For elastic scattering, the formulas for cross section and
polarization have the same structure as Eqns (20) and (21)
and are obtained from them by the replacement

%% {l—exp <—‘;>]1 (4,B)! — (4)(B), (30)

with the angle brackets indicating a thermodynamic average.

Note one more fact, which will be used in our further
discussion. In experiment, one often measures scattering in a
specified direction (without measuring the energy transfer),
i.e., the scattering integrated over the energy transfer w. If the
characteristic energy transfer is small compared to 7 and Ej,
then the factor

l&176:)( _e h
Ttki p T

in Eqns (20) and (21) may be replaced by 7T/nw, and the
corresponding expressions for the cross section and polariza-
tion will contain integrals of the form

T J dw "

e (4,B)q., -

Neglecting the dependence of the momentum transfer on w in
these integrals (experimentally specified quantity is the
scattering angle, not Q), we have [31]

dw

<AB>w:0 = % J? <A7B>Z) :

(31)

The quantity on the left is the generalized susceptibility at
o =0, known as the static susceptibility. We call the
corresponding expressions for the cross section and polariza-
tion static (not to be confused with elastic!).

As already noted, in the absence of axial-vector interac-
tions in the system the magnetic-scattering cross section is
independent of the polarization Py, and a magnetic-scattering
event involves the rotation of the polarization vector — a
rotation which is described by the expression in square
brackets in Eqn (21). This gives rise to non-spin-flip and
spin-flip neutron scattering processes, whose experimental
study provides a standard method for separating magnetic
from nuclear scattering as well as for separating various
contributions to the magnetic scattering. We will not try to
consider the numerous examples of such separation and limit
ourselves to the less trivial cases of chiral scattering and
nuclear-magnetic interference, phenomena which arise if
some kind of axial-vector interaction is present in the
system. Examples discussed below show that the experimen-
tal study of related phenomena yields additional information
compared with ordinary magnetic scattering.

4. Chiral scattering. Magnetic spirals

In this section we will consider chiral scattering from spiral
magnetic structures in ordered magnetic materials. Inelastic

chiral scattering due to the Dzyaloshinskii—Moriya interac-
tion and chiral scattering from magnetized samples (dynamic
chirality [32]) will be treated in Sections 5 and 6, respectively.

As noted above, chiral scattering arises from skew spin
fluctuations. Magnetic spirals (frozen fluctuations) lead to
elastic chiral scattering, the direction of the spiral’s rotation
being an axial vector that determines the spin chirality. From
Eqns (20) and (21) it follows that chiral scattering makes the
cross section dependent on the initial polarization Py and
leads to the scattering-induced polarization. Both these
effects are determined by the same vector quantity. There-
fore, we restrict ourselves below to the study of the chiral
contribution to the cross section, which is the simplest to
investigate experimentally.

We start with elastic scattering from a magnetic spiral. In
this case, the average spin of a magnetic atom at a site, S,,, and
the vector Mg have the form!

1 . .
S, = 3 [S exp (—ikR,,) + S™ exp (1kRm)]

= S cos (kR,,) + Sy sin (kR,,) , (32)
r N *
Mo = 3+ F(Q) > (S8q-ke +S*0qikr), (33)

where R, is the coordinate of the site m and 7 is the reciprocal
lattice vector.

Using Eqn (33), the general formula (20), and the rule (30)
to calculate elastic scattering, we obtain [17, 18]

2
va = |3 F@)| {157~ (81,07 +87 - (5:07"
% (dqik + Ag-k) + 2(PoQ) ([S1 x $5] 0) (dgk — Ag-k)} -

(34)

Here, the function

3
(2;0) S 5(Q+k 1)

AQ+x =

describes the superstructural peaks at Q = +k + t, and Vj is
the unit-cell volume. The last term in Eqn (34) differs from the
generally accepted form [17, 18]. In its traditional form, it is
proportional to Py[S;{- xS;]. The simpler expression involved
in Eqn (34) is a consequence of the identity
AL xB; = O(]A x B] Q) [21]. Note that the expression for
polarization that arises upon scattering from a spiral was first
derived in Ref. [16]. The last term in Eqn (34) is proportional
to the product of the average values of the spins S; and S,.
Strictly speaking, it should be replaced by the Fourier
transform of the static chirality

CH’I]I’I12 = <Sm| X sz> 5 (35)
and these quantities are not necessarily equal (see Section 8).

Below we call a spiral right-handed (right) or left-handed
(left) depending on whether the vectors S;, S;, and k form a
right or left coordinate system when made mutually perpen-
dicular by less-than-90° rotations [18]. This definition is
transparent for a simple spiral, when [S;| = |S,| and all

! Here and hereafter, we speak of the average spin for definiteness,
although in many cases — in rare-earth ions, for example — the total
moment J,, is actually involved.
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three vectors are mutually perpendicular. For this case,
important for our further discussion, we have, instead of
Eqn (34), [17, 18]

rS : A AN2 N (O
el = {7 F(Q)} {1+ (@)™ +2(Py Q) (Qrir)| Aq:x

+ [1+ (Om)® = 2(PoQ)(0ri)] Aq i}, (36)
where 71 = [S| x S;]/S? and the vector k is parallel or
antiparallel to /1 (a right or a left spiral).

It follows from Eqns (34) and (36) that the scattering of
polarized neutrons makes it possible to determine the
direction of the spiral’s rotation. In a real sample, however,
domains can exist that differ in rotation direction. The
polarization-dependent part of the cross section in this case
is proportional to the difference in population ng —np
between ‘right’ and ‘left’ domains (ng + n, = 1).

If the symmetry of the crystal is such that its energy is
independent of the direction of the spiral’s rotation, then the
population difference ng # n; may only occur by chance, so
that on average the cross section does not depend on Py. Such
a dependence results from a fluctuation, which is noticeable
only for large domains comparable in size to the sample.
Indeed, if the sample contains N accidentally formed
domains, then it is clear that the population difference
nRr — Ny X Nil/z.

The situation is different when the Dzyaloshinskii—
Moriya interaction

1
VDM = E Z Dmlmg [Sml X sz}

my,my

(37)

is present. The summation in Eqn (37) is over the pairs of ions
such that symmetry allows an axial vector D,,,, to exist
between them. In 1964, Dzyaloshinskii first showed [43] (see
also Refs [44—46]) that the interaction (37) determines the
direction of a spiral’s rotation, so that the cross section in the
direction toward the superstructural peaks Q = Fk +t
should be dependent on the initial neutron polarization. In
particular, as Eqn (36) suggests, in the case of a simple spiral
(at t = 0), one of the superstructural peaks should disappear
for the neutrons completely polarized along the vector Q = k.

The dependence of the cross section on the polarization Py
in the noncentrosymmetric cubic crystal MnSi has been
studied experimentally in Refs [47, 48]. At T, =29 K this
material, which has a P2;3 (T*) structure, exhibits a simple
spiral with k = (2n/a)(¢, &, &), where ¢ =0.017. Figure 3
taken from Ref. [48] shows the intensity of scattering to the
right (Q = —k) at T = 16 K for neutrons polarized along and
opposite to the direction k. Such dependence on the direction
Py corresponds to the left-handed spiral. The small scattering
at Py|| — k is due to the noncomplete polarization of the
neutrons (Py = 0.91).

Thus, the Dzyaloshinskii — Moriya interaction determines
the rotation direction of a spin spiral. At the same time, in
many cases the energy of a crystal is independent of this
direction, and hence the scattering cross section should be
independent of Py. It has been shown [49] that the non-
conservation of spatial parity in the standard model of weak
interaction should cause magnetic ions in metals to interact
with one another via the exchange of electron —hole pairs —
analogous to the RKKY interaction. As a result, the left
spiral should have a lower energy than the right. Although
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Figure 3. Intensity of the superstructural peak with Q = —k (scattering to
the right of the direct beam) versus neutron polarization in MnSi [48]. The
almost complete disappearance of scattering for the polarization Py
opposite to the direction k corresponds to a left-handed spiral. The
maximum of the curve for Py|k corresponds to the Bragg condition

Q[ = [k|.

this energy is very small (of the order of 100 Hz per spin), it
should in principle lead to a nonzero population difference
nr —ny.

In Ref. [50], an attempt was made to detect this effect in
holmium by studying the dependence of the scattering cross
section on Py. It turned out that ng — ny < 1073, A similar
(although less accurate) result of Ref. [51] was obtained using
polarized synchrotron radiation. It was also found [50] that
torsional strain leads to a nonzero difference ng — ny. Thus,
in holmium there exists an interaction proportional to the
product Ce, where C is the spin chirality, and ¢ is the
torsional strain. Let us discuss this in more detail.

Holmium has a hexagonal close-packed structure. Mag-
netic order arises at a temperature 7x =~ 133 K, and in the
range T > T > 86 K there exists a simple magnetic spiral
with the vector k along the ¢ axis and spins rotating in the
plane ab. The length of the vector k decreases with
temperature, and k =~ 0.3(2n/c) at T = T [52, 53].

In Ref. [50], measurements were made on a textured
sample of holmium with a hexagonal-axis direction spread
of about 15°. The researchers studied scattering with 7 =0,
i.e., with |Q| ~ |k|, and measured the ‘polarizability’ of the
sample, defined as

1 I+(+k) — I (k)

PER) =3, [T (k) + I (+k)

(38)

=npL —ngR,

where the I+ (4k) are the scattering intensities to the left (k; =
k; — k) and to the right (kf = k; + k) of the incident neutron
beam polarized along (™) and opposite to (17) the direction
Q. The sample was deformed at 7> Tn and then cooled
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Figure 4. Polarizability of holmium versus the deformation of twisting
about the texture axis (a) to the left and (b) first to the left and then to the
right. The difference in polarizability values results from the plastic
deformation due to twisting [50].

below T. The dependence of polarizability on the scattering
angle is shown in Fig. 4 taken from Ref. [50].

The observed polarizability asymmetry reveals that
torsional strain influences the population of domains with
different handness. The difference in polarizability values for
twisting to the left and then (following heating above Ty) to
the right is due to the fact that the sample had been subjected
to plastic deformation to increase the effect. At present, a
detailed study of this effect in single-crystal holmium under
reversible elastic deformation is being planned [54].

From the results of Fig. 4 it is clear that torsional strain,
violating the symmetry of the crystal, produces an energy
difference between the right and left domains — i.e., acts
similar to the Dzyaloshinskii—Moriya interaction. Essen-
tially, this means that there is an interaction between spin
chirality and torsional strain, which can be written phenom-
enologically in the form [50]

1
W= E Z &mim, [Sml X sz} . [V X (uml (39)

my,ny

— Uy, )} 5

where the wu,,, ,,, are the displacements of spins from their
equilibrium positions due to strain, and the constants g,
determine the interaction energy.

In the case of elastic deformation, spin displacements u,,
can be calculated from elasticity theory [55]. For twisting
about the z axis, we have

Uy = -1z, Uy =712X, U =Y(x,y),

where T = O¢/0z is the angle of rotation per unit length, and
is the torsion function whose form depends on the shape of
the sample [55]. Then, it turns out that torsional strain gives

rise to the Dzyaloshinskii vector

O 1, my

ay s Ymyimy +

T _2Zm]mz)
(40)

Dmlmz T&myms (xmlmz -

lﬁmlmg = lpml - l//mg .

For a simple spiral rotating about the z axis, the energy of
interaction with torsional strain is found to be [50]

ng

W= -21[S; xS,], zsin (kR), (41)

where Ny, is the number of magnetic atoms in the sample.
Generally speaking, this energy, because of the small 7, is very
small but — as the above experimental results suggest —
sufficient for producing a population difference ng — n;.

Clearly, local torsional strains due to lattice vibrations are
much greater than those obtainable by twisting the sample.
Expression (39) also describes the interaction of spin chirality
S, X Sy, with lattice vibrations. Representing the displace-
ments u,, in the usual manner as a sum of phonon creation
and annihilation operators bq and bflr (q denoting the wave
vector and polarization of a phonon [31]), we obtain

sz

eq X q

ZMN 1/2 [chq(q) + b$cq(—Q)] .

(42)

Here, M is the unit-cell mass, wq and eq are the phonon energy
and polarization vector, respectively, and

Cq(Q) = Z Emim, [Srm X sz]

my, my
<exp |5 QRy, + Ry sin(4R,) . (49

The quantity (43) can be considered as a spin-chirality
operator interacting with the phonon field. Note that the
operator C4(Q) depends on the momenta q and Q, unlike
most other operators involved in the theory. This double
dependence will be important in discussing dynamic chirality
further below.

The energy (42) must be small compared with the other
spin—lattice interactions. However, for q = k, chiral critical
fluctuations near the Néel temperature T are large. This has
been predicted theoretically [56—59] and recently confirmed
experimentally [54, 60—63]. Possible consequences are a
strong renormalization of the phonon energy at q = k or an
additional soft mode. A qualitative discussion of this question
can be found in Ref. [50].

Finally, a few words about the possible microscopic
nature of the interaction (39) are in order. In rare-earth
metals, the spin—orbit interaction is large, and their magnet-
ism is therefore due to the total moment J. In holmium, in
particular, Ho>* ions are in the states 5Is with J = 8. Below
Tn, a magnetic spiral results from the rotation of moments,
which is due to the RKKY interaction between them. This
interaction is a consequence of the exchange between
localized felectrons and the conduction electrons. However,
there is also the so-called skew scattering of conduction
electrons by f'electrons; the energy of this scattering is of the
form [64]

(44)

where L and 1 are the orbital moments of the felectrons and
the band electrons, respectively. In k space, Ik = ik’ x K].
Second-order perturbation theory in (44) yields a
correction to the RKKY interaction of the total moments
and also gives their pseudodipole interaction. This latter has
the form [65]
VPD VrmmZ (ermZ Jml )(lemz sz) .

nmyny = (45)
Torsional strain perturbs the band structure of the metal. Asa
result, the periodic potential of the crystal U(r) is replaced by
U(r + [rg]). A calculation to second order in (44) should lead
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to the interaction (39). The corresponding theoretical
problem has not yet been solved, though.

For metals, torsional strain seems to be the only way to
create an effective Dzyaloshinskii—Moriya interaction to
determine the rotation direction of a magnetic spiral. For
insulators, this is not so. The pioneering study of Ref. [66]
shows that, by cooling the cubic spinel ZnCr;Ses below
Tn = 20 K in crossed electric and magnetic fields, one can
create states with only a right or only a left spiral by changing
the sign of E. The single-domain spiral state was not examined
in any detail in Ref. [66]; in particular, the temperature
dependence of chirality near Ty was not investigated.

A method for creating the Dzyaloshinskii—Moriya
interaction using an external electric field alone was pro-
posed in Ref. [67]. Based on symmetry properties, the
corresponding contribution to the magnetic energy is written
as

1
VE = E Z lemz [P X Rm]mg] : [Sml X sz] 5 (46)

mip,ny

where p is the sample polarization caused by the field E. This
method has indeed revealed a small population difference
ng —np in the layered triangular-lattice antiferromagnet
CsMnBr; [68]. In addition, however, there was a large
change in the critical properties of the system: the critical
exponent f determining the average magnetization at a site
near Ty decreased by a factor of one and a half. The reason
for this is still unclear.

It should be noted that in a number of studies (see, for
example, Refs [54, 63, 69, 70]) a ‘natural’ domain population
difference of yet-unidentified nature was observed: it may be
caused by the statistical fluctuations we have discussed above,

or by some internal factors — for example, nonuniform
deformations, which necessarily produce local twistings in
the crystal.

Summarizing, we have demonstrated that polarized
neutrons are a good tool for studying spiral magnetic
structures in many situations. However, systematic studies
of static spin chirality have not yet been made — except for
CsMnBr; and holmium [54, 63], which will be discussed in
Section 8.

5. Chiral scattering in a paramagnetic phase

If the system has an axial vector of one kind or another,
inelastic scattering may occur in a disordered phase. This is
true, in particular, of the Dzyaloshinskii—Moriya interaction
and of the case when an external magnetic field is present. In
this section, we first consider those general properties of such
scattering that follow from the symmetry properties of axial-
vector interactions and then turn to the chiral scattering,
which is associated with the Dzyaloshinskii— Moriya interac-
tion.

It should be noted that for materials lacking long-range
magnetic order (low-dimensional and strongly frustrated
magnetic systems) the experimental investigation of chiral
scattering seems to be the most direct way to study the
Dzyaloshinskii — Moriya interaction. Also, for strongly inter-
acting systems (the neighborhood of critical points), chiral
scattering is determined by higher-order spin fluctuations
(three-spin fluctuations for the magnetic field and four-spin
ones for the Dzyaloshinskii—Moriya interaction), and these
are not amenable to the nonpolarized neutrons technique,
sensitive only to pair spin correlations.
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Figure 5. Polarization dependence of the cross section in MnSi above Ty.
Filled and open circles correspond to two opposite directions of Py.

In Ref. [47], it is shown that in MnSi the polarization
dependence of the cross section persists in the paramagnetic
phase (7> Tn), where no static spiral structure exists
(Fig. 5). This phenomenon has been explained qualitatively
[47] in terms of the Landau—Ginzburg expansion for the
free energy in the presence of the Dzyaloshinskii—Moriya
interaction [44, 46]. We will use perturbation theory [71] to
obtain this result and the corresponding formulas for the
cross section. The exact solution of the one-dimensional
problem yields similar results [71, 72]. It is necessary,
however, to first examine some general properties of chiral
scattering for cases in which it is not caused by static chiral
structures.

According to Eqn (24), the corresponding contribution to
the cross section is [32]

oo 2ieriofeo ()]

1

x (Py0) (0Im C(Q, ) . (47)
Here, the vector C(Q, ) is defined by Eqn (23), which relates
it to the antisymmetric part of the magnetic susceptibility.
Using definition (22) and the time-reversal symmetry of the
susceptibility (18), we obtain

Xoc/?(Qa H, (U) = Xﬁa(_Qa —H, (U) ) (48)
from which it follows immediately that in the presence of a
center of inversion in the system the antisymmetric part y,,
emerges only in a magnetic field.

As is known, the Dzyaloshinskii vector is nonzero if the
straight line connecting two ions does not have a center of
inversion [73]. In other words, the environment surrounding
magnetic ions is not centrally symmetric. Needless to say, the
crystal as a whole may still have a center of inversion (see
Ref. [44]). Unless otherwise stated, we will assume a
subsystem of magnetic ions when treating centrosymmetric
and noncentrosymmetric cases in what follows.

From Eqn (48) it follows that if there is the Dzya-
loshinskii—Moriya interaction and if H = 0, then the anti-
symmetric part of the susceptibility is an odd function of Q.
Clearly, the same is true of the function C(Q, w) in Eqn (23).
Further, using Eqn (19), we find that Im C(Q, ) is an odd
function of w and, hence,

ImC,(Q,w) = -Im C,(—Q, ) = -Im C,(Q, —w) . (49)
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Similarly, if there is a center of inversion and H # 0, we
obtain

Im C,(Q,w,H) = Im C,(—Q, w,H)

=Im C,(Q, —w,H) = —Im C,(Q, w, —H) , (50)

i.e., in this case Im C, is an even function of @ and an odd
function of H. That Im C, has different w parity in the two
cases above is a consequence of the fact that the Dzya-
loshinskii vector is t-even whereas the magnetic field is #-odd.

Note also that C,(w) is an analytic function of frequency.
Therefore, Im C,(w) and Re C,(w) differ in parity. This
follows immediately from the Kramers—Kronig dispersion
relation. The parity of the function Im C,(w) is very
important for our further discussion.

To see this, let us assume that characteristic energies
transferred upon scattering are small compared with the
temperature. Then, oy ~ (7/w) Im C,(Q, w). In the case of
the Dzyaloshinskii—Moriya interaction, o., iS an even
function of w and, hence, the static chiral cross section
integrated over the energy transfer is nonzero; in the
magnetic field case, o, is an odd function of w and vanishes
when integrated over w.

We now proceed to calculate oy, for the Dzyaloshinskii—
Moriya interaction, treating it by perturbation theory. We
will see that chiral scattering in the paramagnetic phase
occurs only if the Dzyaloshinskii vector D,,,,,, in Eqn (37)
has a uniform component that is the same for all ion pairs.
Such a situation occurs for MnSi, the weak ferromagnets
FeGe and F,0j;, the low-dimensional antiferromagnets
CsCuCl; [74] and Ba,CuGeO5 [75], etc.

Thus, taking the direction of the vector D,,,,,, as the z axis
and passing to Fourier components of Eqn (37), we obtain for
the uniform case

VDM:iZdEI—S;S{‘I’ o
q
where
dli = ZD/mez sin (qulmz) : (52)

ny

In the derivation of Eqns (51) and (52), we have noted that
szml - _Dn1]n12~

For simplicity, we will assume that in the absence of the
Dzyaloshinskii —Moriya interaction the magnetic suscept-
ibility is isotropic, i.c.,

0

14 (Q.0) = 70(Q, )35 . (53
Then, it can easily be shown that, to first order in interaction
(51), the susceptibility tensor components obey the equations

Axx = Xo — iXOdthyx7 ny = iXOquxx (54)
with similar equations for x,, and . Solving these equations
gives

-1
AL = Axx = ny =Xo [1 - dquOZ] ’ (55)

: -1
Axy = “Ayx = IXOqu [1 - dthOz] :

Thus, we see that the Dzyaloshinskii—Moriya interaction
gives rise to the antisymmetric part of the susceptibility.

Using definition (23), Eqns (55) are conveniently written
as

R VAR
Bma\T—d Ty T+ d)

1 1 1
C.=5 |- - .
2\t +d oyt —d
Let us illustrate these expressions using critical fluctuations as
an example. As is known [76, 77], in the static limit, i.e., when
all scattered neutrons are detected, irrespective of the energy

transfer w, the susceptibility y, is well described by the
Ornstein — Zernicke formula

(56)

VA

XO(Q) = qz +%2 .

(57)

Here, @ = Q — tis the distance to the nearest Bragg reflection
of the magnetic structure (ferromagnetic or antiferromag-
netic), and x is the inverse correlation length.

In most cases, we have d; = 0; hence, for small q we obtain

dg = 2doqnt (58)
where 7 is the unit vector in the direction of the bond along
which the Dzyaloshinskii—Moriya interaction is allowed.
Substituting Eqn (57) into Eqns (58) and (56) yields for the
cross section [71]

g = {7

1 1 }
X +
[m+mf+ﬁ (a— i) + 73

o 1 !

5 R . 9
+ (POQ)(QZ)[(q—l—O{ﬁ)z"‘%az (q—aﬂ)2+%3]}’ (5 )
oc:ZdTO“’ uy =n?—a’

The appearance of the factor 77! (where T is the Curie
temperature or the Néel temperature) in the formula for «
follows from dimensional considerations and can be justified
using the Kramers— Kronig relations.

An expression analogous to Eqn (59) can also be obtained
by the method of Ref. [47]. It follows from Eqn (59) that the
uniform Dzyaloshinskii — Moriya interaction leads to incom-
mensurate spin fluctuations at q = +o7i. Also, %, goes to zero
for T > T., indicating that a first-order phase transition is
possible. However, including terms of order «? in our
approximation would be going beyond the accuracy of the
calculation. The renormalization-group method has shown
[45] that the Dzyaloshinskii—Moriya interaction does indeed
lead to a first-order transition. This result has not yet been
tested experimentally.

It should be noted here that in deriving Eqn (54) we have
essentially decoupled the four-spin correlation function into a
product of two pair correlations. This can be done only far
away from critical points. Therefore the study of chiral
fluctuations allows the investigation of four-spin fluctua-
tions.
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Thus, the Dzyaloshinskii—Moriya interaction in the
paramagnetic phase leads to incommensurate spin fluctua-
tions with a period determined by this interaction and to a
cross section dependent on neutron polarization. As in the
magnetic spiral case, by appropriately choosing the geometry,
one can fully suppress one of the incommensurate scattering
peaks. These conclusions, obtained by perturbation theory,
are confirmed by the exact solution of the one-dimensional
problem [71, 72]. Note also that the appearance in the
susceptibility of an antisymmetric part due to the Dzya-
loshinskii—Moriya interaction was first shown in Ref. [78].
Unfortunately, with the exception of Ref. [47], no studies
have been carried out on the incommensurate critical
scattering due to the Dzyaloshinskii— Moriya interaction.

In some materials the Dzyaloshinskii—Moriya interac-
tion alternates sign,

Dm]+b,mz+b = _Dmlmg 3

where the vector b determines the length and direction of the
corresponding bond. As examples, we may quote copper
benzoate [79] and the spin-Peierls compound CuGeOs, in
both of which the vector b coincides with half the period along
the b axis [22]. In this case Eqn (51) becomes

Vom =1 dySyS”y 4 (60)
q

where Kk is the reciprocal-lattice vector corresponding to b.
As a result, the susceptibility y,, depends on the vectors q and
q + ko and contributes nothing to neutron scattering.

In summary, using the scattering of polarized neutrons to
study chiral fluctuations due to the Dzyaloshinskii — Moriya
interaction in the paramagnetic phase near critical points may
prove a key step in the experimental study of critical
phenomena. This is especially true of low-dimensional ferro-
magnets, where there is no long-range magnetic order down
to the lowest temperatures and where we are dealing with
quantum criticality.

6. Dynamic chirality: theory

The term dynamic chirality refers to inelastic chiral scattering
that arises in a magnetic field or in the presence of
spontaneous magnetization. Dynamic chirality was studied
experimentally near the Curie point [80— 83] for ferromagnets
and in the spin-wave region [84, 85] for triangular-lattice
antiferromagnets and holmium [54, 60—63]. Both series of
studies provided nontrivial information unlikely to be
available with other methods. In this section, following
Refs [32, 86—88], the theoretical framework is provided; in
Sections 7 and 8, the experimental results are described.

The magnetic field determines the direction of the
chirality vector C(Q, ). From symmetry considerations, we
have for uniaxial crystals

C = Cuh + Cyy(hé)e, (61)
where /1 = H/H, and ¢ is the unit vector along the preferred
axis. In cubic crystals, only the first term is present. The same
term is the only one present in the case of an isotropic
Heisenberg interaction, and in XY systems, only the second
term survives. It is also clear that dynamic chirality cannot
exist in Ising systems.

From Eqn (61) and (24), we find

O'Uh(va):%l]i_if {1_ ( >]

x [(Oh)* Im Cy(Q, @) + (hQ)(0&)(¢h) Im Cxy(Q, w)] .

(62)

In expression (62), we have set Py = Pyl because it is only in
this case that the hard-to-control rotation of polarization
about the field is absent. As follows from Eqn (50), the
dynamic chirality Im C is an odd function of H and in a
weak field is linear in H.

The interaction with the magnetic field has the form

Vi = gugH » S, = gupN'/*HSy (63)
where up is the Bohr magneton (gug > 0), and Sy is the
Fourier component, defined by the right-hand side of
Eqn (11), of the spin density Sq for Q = 0. Applying the
general principles of statistical physics [89] to Im C in the
linear approximation in field, the following somewhat
symbolic expression can be written:

Im C,(Q, ) = gugN'"?H, Im 55,
T
« iJ dedz; exp [( +i6)e] (T, % (1) Si(z1) SA(0)) .
0
(64)

where T indicates ordering with respect to the ‘times’ ¢ and
71, and where we have performed the analytic continuation
from discrete imaginary frequencies iw, = 2rinT (with n an
integer) to the real axis by replacing iw, by @ + i0.

The cumbersome expression (64) has a simple physical
interpretation, however. In the linear approximation in field,
chiral scattering is determined by three-spin fluctuations. This
is what sets it apart from ordinary magnetic scattering, which
is due to pair spin correlations [1, 2]. Thus, the dynamic
chirality C(Q,®) is a new physical phenomenon whose
experimental study should provide additional information
compared to ordinary magnetic scattering.

Based on the general principles of the diagrammatical
technique [89], Eqn (64) can be considered as representing the
scattering of a spin excitation from a uniform field (Fig. 6).

H Q]ZO,&)]IO

Qa —W, % Q5 @, ﬁ

Figure 6. Diagram representing dynamic chirality in a weak field. Wavy
lines are spin Green’s functions G,,(Q,®) = —y,,(Q,»). The hatched
region is the three-spin vertex part, which can be viewed as the amplitude
for the scattering of a spin excitation from a uniform magnetic field.




June, 2002

Polarized neutron scattering in magnets 581

The corresponding analytical expression is
C"/‘(Qv Cl)) = iei/ﬁ’%zxocl (Qv (,0) Fol(lll/j] (Q7 , 07 0)

X Xyly(070) H,uxﬁlﬁ(Q7w) ’ (65)

where ,,,, the magnetic susceptibility tensor for H = 0, differs
from the standard definition of the spin Green’s functions in
sign, and F;ﬁlﬁl (Q,®,0,0) is the three-spin vertex part
describing the mnteraction of spin excitations with (Q, ) and
(Q, =0, w; =0). Therefore the quantity I'y(0,0)H can be
viewed as the amplitude of the scattering of a spin excitation
of momentum Q and energy w from a uniform static magnetic
field. We will need Eqn (65) in the analysis of dynamic
chirality in triangular-lattice antiferromagnets in our further
discussion.

The microscopic calculation of the vector C(Q,w) is
possible only for a magnetically ordered phase and based on
spin wave theory; for ferromagnets, this calculation is trivial
(see below). The results of Ref. [32] for two-sublattice
antiferromagnets need to be revised. For triangular-lattice
antiferromagnets, no such calculations are yet available. In
the paramagnetic phase, the calculation of the vector C runs
into the same difficulties as for the spin Green’s function.

At the same time, in the critical region near the second-
order phase transition temperature, rather full information
about the function C(Q,®) can be obtained based on the
concepts of static and dynamic scaling [32, 54, 60, 61, 88].
Below, such an analysis will be given for triangular-lattice
ferromagnets and antiferromagnets. Our discussion will be
mainly limited to the formal aspects of the question. A
detailed discussion of the corresponding physical problems
is given in Sections 7 and 8, in which the relevant experimental
data are analyzed.

As is known, the modern theory of phase transitions is
founded on the concepts of a correlation length ¢ and an
anomalous dimensionality of physical quantities (see, for
example, Refs [76, 77]). Near the transition temperature T,
the correlation length is written as

E=xl=ar". (66)
Here, a is a length of the order of the interatomic separation,
1=|T—T,|/T., and v is the critical exponent for the
correlation length. In the Landau theory, v=1/2 [31].
Fluctuations change the exponent v, so we generally have
1>v>1/2.

The anomalous dimensionality 44 for every fluctuating
physical quantity 4(x) (where x is a spatial coordinate) is
defined by the equation

A(x) = 27 MA(x), (67)
from which it follows that the correlation function of two
quantities A(x) and B(y) for an x—y distance less than ¢ is

GAB(X — y) = ZIX - y‘i(AAJrAB) ,

(68)
where Z is a constant. Note that the coordinate dependence of
the correlation function of a critical variable is usually written
in the form |x —y|""*", where 5 is the so-called Fisher
exponent [76, 77]. From Eqns (67) and (68), every strongly
fluctuating quantity has its own Fisher exponent defined by
the equation 44 = (1 +1,)/2.

If the distance r = |x — y| > &, G4p decreases exponen-
tially as exp (—r/&). In momentum space, for three-dimen-
sional systems of interest here, these properties can be written
in the form

(69)

Ganle) = (ga)" " 0.5(2)
Here, x is the inverse correlation length, and ¢ is the distance
to the nearest Bragg reflection of the magnetic structure that
appears at T < T.. Clearly, formula (69) holds for ga < 1 and
xa < 1. The asymptotic properties of the function ¢, are
such that

(%a)AA+Ar3¢AB(O) )

(qa)AA+A873¢AB(OO)» q>x,

q<x,

Gap(q) = (70)

where ¢ 5(0) ~ ¢ 5(c0) ~ 1/T¢.
The function G45(g) is identical to the static limit of the
generalized susceptibility, Eqn (31),

Gap(q) = (4,B)y = 145(¢,0) .

Extension to finite frequencies is achieved by using the
dynamic scaling hypothesis [76, 77, 90]. For this, one
introduces the concept of a characteristic frequency of
critical fluctuations with momentum g¢:

Q(q) = Te(qa) (71)
Here, z is a new dynamical critical exponent. We have
w g
= Fl— % )
%48(q, @) = Gaz(q) (Q(q) ) %> ; (72)

where F(0,¢q/x) =1 and, consistent with general scaling
ideas, the dependence on x disappears for ¢ > x.

In the opposite limit of ¢ < «, the function F depends only
on the ratio w/Q(x). The exceptions are ferromagnets in the
approximation in which weak relativistic interactions (mag-
netic dipole, anisotropy) are neglected and only the isotropic
Heisenberg exchange is considered. In this case, by total spin
conservation, the magnetic susceptibility y(0,®) = 0 for all
o # 0, and the dependence of ¢ for ¢ < x does remain [91, 92].

Below we will give a discussion of experimental results for
critical scattering in isotropic (cubic) ferromagnets and
antiferromagnets with a triangular lattice. The subsequent
theoretical analysis will have to be performed separately for
these two systems.

Ferromagnets. We first note that any strongly correlated
spin system shows nontrivial higher-order spin correlations.
In scaling theory, their dimensionality is determined by the
anomalous dimensionality of the corresponding physical
quantities. In ferromagnets, S and the homogeneous spin
density Sy are critical variables. In coordinate space, their
dimensionality is 4 = (1 + ) /2, where the Fisher exponent 5
is a quantity whose value is less than 0.1 [76, 77]. Thus, the
total dimensionality of the three-spin correlator in coordinate
space is 34. Because of the uniformity of space, it depends
only on two differences, x;; and x»3. When passing to
momentum space, it is necessary to integrate over these two
differences. Then for the vector C defined by Eqn (64) we
obtain the following expression that takes into account
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dynamic scaling:

__gpHin ( w g)
T2(xa)® " \Q(q) "%/}

Here, ¢ is the distance from the vector Q to the nearest
reciprocal lattice site 1, (xa) * ~ (7372061 ~ ¢ 3
(neglecting n and assuming v = 2/3), and Hj, is the internal
field in the sample.

In ferromagnets near the Curie point, the magnetic
susceptibility is large, and we must distinguish between the
external field H and the internal field Hj, related to H by the
equation H;, = H(1 + 4an)71, where N is the coefficient of
demagnetization of the sample. The criterion of a weak field
in this case is gugHip < TC(%a)(57'7)/2. Note also that
C(Q,0) =0. The only exception is a ferromagnet in the
exchange approximation at Q = 1, when C(t,w) ~ 1/w and
Im C = 0. This is a consequence of the total spin conservation
law, which precludes the relaxation of uniform magnetiza-
tion, as discussed, e.g., in Ref. [92].

For ¢ > %, the dependence on «, i.e., on 7, disappears from
the pair correlation function. For dynamic chirality, this is
not the case. The reason is that one of the critical variables in
Eqn (64), namely Sy, has zero momentum (see Fig. 6).
Therefore, the v dependence cannot disappear completely
either for ¢ > » or for » # 0. To gain insight into the nature of
the 7 dependence, one can apply the so-called correlation-
merging principle [93], which has come to be known as the
Polyakov—Kadanoff—Wilson operator algebra [94, 95] (see
also Ref. [92]).

The correlation-merging principle is based on a simple
idea. Two closely spaced spins must fluctuate as a single
quantity which has the dimension of energy density &(x). This
is because, in the exchange approximation, the energy density
is proportional to the product of two close spins. This fact is
expressed mathematically as follows:

C(Q »)

(73)

S:
<Sx(X1) S, (x2) SZ(X3)> -~ <3(X2) S‘(i?
) X1 — X2 B
A
~ . 74
|Xl o X2|2A7A‘,,|X2 . X3|A+A,; ( )

Here, & < x12 < X23, and 4, = 3 — 1/v is the dimensionality
of the energy density. The dimensionality of 4, is determined
based on the well-known thermodynamic equality
((AE)*) = T?C(7) [31] and the fact that the heat capacity
varies as C(t) ~ 1%, where o = 2 — 3v.

In the static theory for the three-spin correlation, Eqn (74)
gives nothing because ¢(x,) and S;(x3) have different r-parity
and, hence, 4 = 0. In the dynamic theory, the anomalous
dimensionality of the operators remains the same as in the
static theory; so, from Eqns (73) and (74), for ¢ > », we have
(88, 92]

gugH/ [0/Q(q)]

C(Q,w) = ; : .
( ) Tcz(qa)57’771/" (%a)l/tf(]ﬂ])/Z

(75)

Assuming 7 = 0 and v = 2/3, we have C ~ ¢~ 7/>t=2/3, Thus,
for ¢ > %, a critical factorization is obtained, i.e., the function
that describes three-spin fluctuations is factorized into two
factors, one depending on (¢, ) and the other, on 7.

There are two points to make about Eqn (75).

1. Strictly speaking, Refs [93-95] considered static
fluctuations and a scalar field. Therefore, the redistribution

of dimensionalities in Eqn (75) should be treated as an
additional hypothesis requiring a theoretical justification.
Remaining within the framework of dynamic scaling theory,
one needs to show that Eqn (75) does indeed involve
A, = 3 — 1 /v rather than some other combination of critical
exponents. This has not yet been done.

2. The correlation-merging principle (the Polyakov—
Kadanoff—Wilson algebra) clearly requires experimental
verification. To our knowledge, the only study where this
was done is that of Ref. [82]. The experimental temperature
dependence of chiral scattering obtained in that work was
found to be in good agreement with Eqn (75) (see Section 7).

Triangular-lattice antiferromagnets. In Refs [56—159], it is
argued that the phase transition in triangular-lattice anti-
ferromagnets is a second-order transition and that spin
chirality is a critical variable along with the lattice magnetiza-
tions. These studies used the Heisenberg and XY models
combined with the Monte Carlo method to calculate critical
exponents, including those for chiral fluctuations. A more
detailed discussion and a criticism of the results of Refs [56—
59]are given in Section 8. For the moment, following Ref. [32],
we limit ourselves to considering the impact of scaling theory
on dynamic chirality and show that the scattering of polarized
neutrons is the only technique currently available for
determining chiral critical exponents. The reason is that the
chiral susceptibility is a four-spin correlation function, and
there are currently no methods with which it can be studied
experimentally. Therefore, until now, chirality has only been
treated as an object of theory in the literature. However, the
experimental study of chiral fluctuations, in particular, the
measurement of the chiral exponent 4, is necessary for the
adequacy of the theory to be completely examined.

In coordinate space, the spin chirality operator has the
form

lemz = Sml X SW!: . (76)

The operator (76) depends on the center-of-mass coordinate
R = (R,;, + R,,,)/2 and the relative distance p = R,,;, — R,,,,.
In Refs [56—59], the chiral susceptibility is defined as

(@) = Y- (CR) C(0)) exp Q) = 2L )e ., (77

R C

where C(R) =3 C(R,p) is the chiral field operator,
%. = a~'1"% is the inverse correlation length, and v, and y,
are the critical exponents for the correlation length and chiral
susceptibility, respectively; the exponent 7, is related to v, and
the anomalous dimensionality in the standard manner by the
equation 7y, = v.(3 — 24.). According to Refs [56—159], the
correlation-length exponents are the same for chiral and
antiferromagnetic fluctuations.

It follows from Eqn (77) that chiral fluctuations relate to
the R dependence of C(R, p) and, by analogy with Eqn (67),
we have

CUR,p) = i *C(R,p). (78)
The dynamic chirality vector C(q,®) is the generalized
susceptibility,

(€(0,Q), Sop), Hy,  €(0,Q) = exp(iQR) C(R,p).

R,p

In triangular-lattice antiferromagnets, uniform magnetiza-
tion is not a critical variable and its anomalous dimension-
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ality is zero. Using Eqns (61), (68), and (72), we obtain

gugH  p A
= ﬁ [hCH (¢, w) + ¢é(hé) Cyy(q, w)} .
T35 (%ca)

C(Q,»)
(79)

In Eqn (79) the critical behavior of chirality is determined
by the factor (%ca)37"° , which is due to the zero moment of the
magnetic field, and the factor 7i(? is separated out from
dimensionality consideration. The form of the functions Cy
and Cyy can be determined based on the above picture of how
antiferromagnetic fluctuations are scattered by a magnetic
field (see Fig. 6). The magnetic susceptibilities y, that enter
into Eqn (65) are diagonal. In the Heisenberg case, the
antiferromagnetic fluctuations are isotropic (Xoc/? ~ d4p), and
for the XY model, they are polarized along the xy plane.

For definiteness, we assume that H || ¢. Then in both cases
the vertex I' in Eqn (65) accounts for the transformation of
the y(x)-polarized fluctuation into the x(y)-polarized one,
but it should be noted that y,, = y,,. As a result, expression
(79) is proportional to x2[q/x,»/Q(q)] 772(0,0), where x
and Q(q) are the inverse correlation length and characteristic
energy of antiferromagnetic fluctuations, respectively, and
the factor 7 2(0,0) ensures zero scaling dimensionality for
the functions Cy and Cyy. Note, however, that this factor
cannot describe the @ dependence of the vector C because
Re 2 and Imy2 do not possess the required w-parity [see
Eqn (50)].

On the other hand, we have not yet included the
contribution from the noncritical variable Sy. The simplest
assumption ensuring the required w-parity of the vector C is
to introduce an additional factor w/Tn. For the field along
the ¢ axis, we obtain

_ suHz0Cy?[q/%,0/Q(q))]

C(q,w
(@) T3 (xea)’ % 22(0,0)

(80)

with C a constant of order unity. As we shall see, formula (80)
fits the experimental results quite well; it has a more detailed
structure compared with Eqn (12) of Ref. [32]. On the other
hand, Eqn (14) of Ref. [32] is incorrect because it is
inconsistent with the zero scaling dimensionality of the
functions C. A more general case of a canted field in the XY
model requires an additional analysis.

Up to this point, we have discussed dynamic chirality for
critical scattering, when @ < T. There is currently a great deal
of interest in dynamic chirality in the quantum limit (o > T'),
when o, (@) can no longer be considered an odd function of
w, and frequency-integrated dynamic chirality is nonzero. An
experimental study of this regime near quantum critical
points would be of particular importance. The study of
dynamic chirality in the spin-Peierls compound CuGeO; is
also of interest. Needless to say, in all these cases the
interpretation of experimental results requires a theoretical
analysis similar to that given above.

7. Dynamic chirality in ferromagnets:
experiment

The canted-field method. Dynamic chirality in ferromagnets
has been studied experimentally by small-angle neutron
scattering both at 7'~ T, and in the spin-wave region. In all
cases, the characteristic energy transfer @ was small com-
pared with the temperature. Therefore, the cross section

H

-

8]

k¢

Figure 7. Kinematics of small-angle scattering in a magnetic field (Hy is the
projection of the field on the scattering plane). Scattering to the right and
to the left of the direct beam is shown.

acn(w) should be an odd function of w. However, for small-
angle scattering this is true only if the magnetic field is either
parallel or perpendicular to the incident neutron beam, the
reason being the factor (Oh)® in Eqn (62) [88]. (In the
following treatment, we will consider only cubic and
amorphous ferromagnets, where Cyy = 0.)

The kinematics of small-angle scattering is illustrated in
Fig. 7, from which it follows that if the scattering angle ¥ < 1
and o < E (E is the initial neutron energy), then

0=k [ﬂu (ﬁ)}/
o 2FE ’

0, = 2E0 [2E9)* + o?] /7, (81)
0. = o [2EY)? + o] .
This gives
. 2 2 2 .2 .
(Qh)2 _ (2E9)” cos” ¢ + o sin” ¢ + 2EJw sin 2¢ )

o? + (2E¥)?

The third term in Eqn (82) is an odd function of w; so, for
@ # 0°,90°, an w-even contribution appears in g¢p(w). The
dependence on the angle ¢ of the spectrum of neutrons
scattered in iron at T =~ T, was studied in Ref. [81]. The
results obtained support the predictions of the theory (Fig. 8).
Therefore, for the static chirality we have

2EY
w? + (2EY)?

Thus, the function g, (1)) changes sign as ) changes sign. This
implies that the dynamic chirality can be separated from other
forms of scattering not only by changing the sign of Py but
also by studying the right—left asymmetry of the scattering.
Experimental verification of the Polyakov—Kadanoff—
Wilson algebra. If kv > », then in a weak magnetic field
Eqn (75) can be used for calculating Im C. The temperature
dependence of oc, () is then determined by the factor
(%a)” V" TUHM/2 ~ 0=2/3 This theoretical prediction was
verified experimentally in Ref. [82]. The results obtained
there (Fig. 9) are described by the dependence of the form
7~(0672007) "in accord with theoretical predictions. To our
knowledge, this is the only study where the conclusions of
the Polyakov—Kadanoff—Wilson algebra have been veri-
fied experimentally. Moreover, it is totally impossible to
conceive of doing this without invoking dynamic chirality

oen(V) = r2TPysin 2(pjdw ImC(Q,w). (83)
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Figure 8. Spectra of the small-angle chiral scattering of polarized neutrons
iniron at 7'~ T, depending on the angle ¢ between the magnetic field and
a perpendicular to the incident neutron beam [81].
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Figure 9. Temperature dependence of dynamic chirality in iron for k¥ > x
and gupH < gugH, = Te(xa)>? for various values of ¢.

because in all other cases it is the pair correlation function
that is studied.

Crossover to dipole dynamics in a chiral channel.
Equation (75) also offers the possibility of studying the
characteristic energy of critical fluctuations in the momenta
and temperatures where the magnetic dipole interaction is
significant [88]. The problem, in essence, is the following. If
only the isotropic Heisenberg interaction is included, the

characteristic energy of critical fluctuations has the form
Q2:(0) = Te(Qa)™,

where z, = (5 —1)/2 is the critical exponent of exchange
dynamics [76, 77, 90, 92]. Although small in magnitude, the
magnetic dipole interaction has two important consequences:
(1) the total-spin conservation law underlying the derivation
of Eqn (84) is violated, and (2) the long-range interaction
gives rise to demagnetization effects, which are important
when 41y,(Q) > 1, with y, the dimensionless static suscept-
ibility [91, 92]. Equation (84) for the critical fluctuation
energy no longer holds in this temperature — momentum
region.

The static susceptibility 7(Q) = (S_q, Sq),/3 defined by
Eqn (22) is related to y, by the equation y, = (wo/4w)y, where
wy = 4n(guB)2v(;1, and vg is the unit-cell volume. It then
follows from Eqn (70) that the demagnetization is large
provided that

(84)

1/2
1:7“/%>1, x<Q<qd:a71<w—> , (85)

T:

where y = (2 — n)v is the critical susceptibility exponent and
where we have neglected # in the expression for the dipole
momentum ¢q. The values of wg, g4, and a for a number of
ferromagnets may be found in Ref. [92].

In the dipole region of momenta and temperatures, all the
critical exponents v, 77, 7, and z change their values. It has been
shown, however [96], that changes in v and # are very small
and can be neglected; z changes markedly, however, in the
dipole region due to the large energy of the nonuniform
magnetic field that appears near the critical fluctuation.

Therefore, Eqn (84) becomes

Q4(Q) = Te(qaa)™ ™ (Qa)™, (86)
where zg4 is a new critical exponent of dipole dynamics [91, 92,
97, 98], and the factor (gga)* ™ ensures matching to the
exchange region. Thus, it turns out that Q4(Q) > Q.(Q). At
present, two values z4 are being discussed in the literature:
zg =2 —1n, corresponding to van Hove’s assumption
Q~y7' (76, 77, 97, 98]; and zg=(5—n)/2—1/v=~1,
corresponding to the so-called hard dipole dynamics [91, 92].

An attempt to observe a transition to dipole dynamics for
the scattering of nonpolarized neutrons in iron proved
unsuccessful [99]. The reason is that the @ dependence is
very difficult to measure for Q < ¢q4. Furthermore, a
theoretical analysis [100] revealed an additional numerical
smallness in the problem, with the result that the transition to
dipole dynamics at Q > x actually occurs at momentum
transfers much below ¢4. Let us show that, using Eqn (75),
this transition can be studied relatively simply in a chiral
channel — where there is no reason to expect the above
numerical smallness to appear.

Suppose, for simplicity, that » =0 and v=2/3 and
substitute Eqn (75) into Eqn (83). Then, neglecting the
energy w as compared to 2EY in Eqn (81) for Q (.e.,
assuming scattering to be quasi-elastic), we obtain [88]

gupHin fo Q(k'ﬂ)
2E(ka)92t2/3 Q. (k)
Here, Q(kv) is the characteristic energy of critical fluctua-

tions, the energy Q. is defined by Eqn (84), and
Jo=[dxf(x)~1. It can be shown that this integral

(87)

oen(9) = r2Pysin 2¢ sgn .
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converges. Thus, we see that in the quasi-elastic approxima-
tion, the dynamic chirality is proportional to the ratio Q/Q.
and that the cross section of nonpolarized neutrons has the
form

o(0) = 2¢() (88)
3(kav)

The quasi-elastic approximation is valid if the time of
interaction of a neutron with a magnetic fluctuation of size
Q! is less than the fluctuation lifetime Q~'(Q) (in units
where /i = 1). In this case, the inhomogeneity is quasi-static
for a neutron. Clearly, the time of interaction is (Qv) ™~ ! where
v is the neutron velocity. Using the exchange expression (84)
for Q, we arrive at the quasi-elasticity condition

2E \ 23
k in = - )
¥ < g a <Tcka>

(89)

where ¢, is the inelasticity momentum. Clearly, this restric-
tion is relevant only if g, > ¢q.

For kv > qiy, it is necessary to take into account the
? term in Eqn (81) for Q. It has been shown [88] that for
k¥ > ¢in, the cross sections ge, and ¢ have small factors
(¢in /k19)9/ 2 and (¢in /kﬁ)y 2, respectively, and hence drop off
sharply with increasing . In Refs [83, 84], the dynamic
chirality for critical scattering in iron was investigated. The
quantity studied was

- !ﬂoch(kﬁﬂ (90)
a(kv)

The results presented by the authors show that in the

exchange approximation the quantity Ps has a maximum at

kY =~ ¢in and decreases as ¥ up to kv ~ x. In Ref. [88], it is

shown that for lower 9 the quantity Py is at first constant and

then proportional to 2.

Thus, in the exchange approximation the quantity Pg has
only one maximum located at k¥ = ¢;,. The corresponding
experimental results are shown in Fig. 10. One can see two
distinct maxima, one at k¥ ~ g;,, and the other between » and
¢q. The latter maximum can be explained by assuming that
zg < 3/2. Thus, the result obtained is in qualitative agreement
with the hard (zq & 1) version of dipole dynamics.

—10
Ps, 103

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
kY, nm~!

Figure 10. Dependence of Pg = |doen|/0 on ki for critical scattering in
ironat T— T, =1K, x~1x 1073 nm~', H =16 Oe [83]. Solid curve:
hard dynamics; dashed curve: exchange dynamics.

Unfortunately, in the experiment of Ref. [§3] the values of
¢4 and gj, differ by a factor between 1.5 and 2, making it
impossible to draw any quantitative conclusions — but that a
transition to dipole dynamics occurs at zg < 3/2 is beyond
question. It would be important to repeat the experiments
using harder neutrons and lower-7. ferromagnets, thus
increasing the ratio gj,/qq. Mention should also be made of
the statement in Ref. [92] that the crossover to dipole
dynamics should depend strongly on the spin S of the ions.
It is therefore of interest to study the dynamic chirality
experimentally in the ferromagnets EuS and EuO with
S = 7/2 and low Curie temperature.

Spin waves in amorphous ferromagnets. In amorphous
ferromagnets the absence of Bragg reflections complicates
the study of spin waves by standard neutron spectroscopy.
One has therefore to study inelastic scattering in the small-Q
range, where strong elastic nuclear and magnetic scatterings
due to the sample’s spatial inhomogeneity occur. This
requires separating the weak inelastic magnetic scattering
from this elastic background. The canted-field method allows
easy separation of the ¥-odd contribution of dynamic
chirality to inelastic scattering — the contribution that
contains all the information we need about the spin wave
spectrum. This has been done for the amorphous ferro-
magnets Fe50Ni22Cr10P18 and Fe43Ni34P13 [84, 85] We begin
by providing the theoretical framework on which this
investigation is based and then present the experimental
results.

As is well known, the spin-wave dispersion law in ferro-
magnets is quadratic,

&q =Dq*, (91)

where D is the spin-wave stiffness, which can be conveniently
written D = 1/2myg,, where my, is the spin-wave effective
mass. In the linear theory of spin waves (see, e.g., Ref. [101]),
the antisymmetric part of the susceptibility is written in the
form
i
Ty = e =5 (S)[(@ g + 10) " + (0 +eq+i0)7'],

(92)

where the z axis is in the direction of the magnetization of the
sample, and (S) is the average of the atomic spin. Using
Eqn (83), we obtain

2FEY
w? + (2E9)?
x [6(w — DQ?) + &(w + DQ?)] .

oen(9) = r2T(S)Pysin2¢ de

(93)

Using Eqn (81) for Q, the integral in Eqn (93) can easily be
evaluated to give
B r2(SYPyTsin2¢
2E90y (93 — 92)' /2

oen (V) (94)

Here, ¥ = (2MD)71 = msw/M < 1, and M is the neutron
mass. From Eqn (4), it follows that the angle of scattering of a
neutron with excitation or with absorption of a spin wave
cannot exceed the value of the cutoff angle 1 [102—105]. This
is an obvious result physically: the excitation of a spin wave is
kinematically equivalent to the scattering of a heavy ball by a
light one at rest. Clearly, the heavy ball in this case is deflected
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Figure 11. (a) Neutron scattering from spin waves in the amorphous alloy
FesoNiynCrgPys: solid circles, total scattering intensity; open circles, the
chiral part of scattering; dashed line, the contour of the direct beam.
(b) Temperature dependence of the spin-wave stiffness as a function of
© = |T, — T|/T. obtained from measurements of the cutoff angle ¥y near
the Curie temperature: 7/, FesoNiypCrioPis; 2, FesgNigPig; x is the
exponent in the expression D = Dyt* [84].

by an angle not exceeding the mass ratio of the two balls.
Experimentally, the existence of the cutoff angle 1y has been
confirmed for neutron scattering in iron [105]. For small 4,
Eqn (91) does not apply because of the neglect of the dipole
interaction. It can be shown, however, that the formula holds
for 9 — 9.

From the experimental results of Ref. [84] shown in
Fig. 11, it is seen that, in spite of its small magnitude, the
dynamic chirality is separated quite confidently from other
forms of scattering. The study of the cutoff angle ¥ near the
Curie temperature yielded the temperature dependence of the
spin-wave stiffness D for the amorphous ferromagnets
FesoNiyCrioPg and FeygNizgPyg. It was found that D ~ 1%,
where x = 0.36 £ 0.025 and x = 0.31 £ 0.02 for the first and
the second ferromagnets, respectively. These values of x are in
good agreement with dynamic-scaling predictions. Indeed,
from Eqn (84) for T < T., the spin wave stiffness is
D~ (%a)(17'7>/2 ~ 1937, assuming n = 0 and v = 2/3. Thus,
the prediction of dynamic scaling theory proved to be valid
for the amorphous ferromagnets FesoNi»CrjoPig and
F€48Ni34p1g as well.

As already noted, for ¥ < ¢y, dipole forces become a
factor. This phenomenon was studied in Ref. [85] using a
square neutron detector. The observed strong dependence of

the dynamic chirality on the angle between the scattering
plane and the magnetic field is in good agreement with spin
wave theory.

8. Triangular-lattice ferromagnets: experiment

We now turn to discussing work on dynamic chirality in the
layered triangular lattice antiferromagnets CsMnBr; and
CsNiCls, and in holmium. Let us first explain the importance
of this work, though. Triangular-lattice antiferromagnets are
frustrated magnetic materials. Unlike ordinary layered
antiferromagnets (for example, cuprates, with the square as
the basic element of the magnetic structure), in triangular-
lattice antiferromagnets the basic element is an equilateral
triangle with spins at each of the vertices. In such a triangle,
the antiferromagnetic interaction usually leads to the frustra-
tion effect (Fig. 12a): if spins 1 and 2 are antiparallel, then spin
3 finds itself in a zero molecular field, i.e., its direction is
indefinite (this is known as frustration).

As a result, the classical (S — oo) ground state of the
system is a 120° structure (Figs 12b, 12c). This state turns out
to be degenerate, however: the exchange energy for the spin
configurations in Figs 12b and 12c is the same, but these are
different configurations. When going counterclockwise, two
neighboring spins form angles of 120° (b) and 240° (c). This
difference is described by the chirality vector

Cizs=S1 xS +S, xS;5+S3xS;. (95)
Just in a manner of speaking, the configurations in Figs 12b
and 12c have a positive and a negative chirality. Clearly, in the
general case, the vectors Sy, S,, and S3 do not necessarily lie in
the plane of the paper. Therefore, the chirality vector Cj»3 for
the 120° structure may have any direction — but the
degeneracy does remain.

Thus, triangular-lattice antiferromagnets differ funda-
mentally from ordinary ferro- or antiferromagnets, where
specifying the spin on one site fully determines the structure.
With triangular-lattice antiferromagnets, specifying the spin
direction on one site implies two possible structures. One is
the so-called dual lattice, with sites at the centers of the
triangles (Fig. 12d). The chirality in this case will behave
exactly as the Ising spin, i.e., will assume two different values,
‘+’ and ‘—’. It is these considerations that led Kawamura
[56—59] to the idea of a new universality class in second-order
phase transitions.

o s

e e

Figure 12. Elementary spin triangle in a triangular lattice antiferromagnet:
(a) frustration for two oppositely directed spins, (b, ¢) 120° structure with
positive and negative chirality, respectively, (d) two possible spin arrange-
ments for the same spin direction at a given site.
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As is well known, in the modern theory of second-order
phase transitions the critical exponents of fluctuating quan-
tities are determined only by the order-parameter dimension-
ality n [the so-called O(n) universality class] [76, 77]. For
Heisenberg magnets, n = 3; for XY systems, n = 2. In the
former case, the order parameter symmetry is that of a sphere
of unit radius [SO(3)]; in the latter, that of a circle (S;). In
triangular lattice antiferromagnets, the two-fold degeneracy
due to chirality changes the order parameter symmetry to
Z, x SO(3) and Z,S; in the former and latter cases, respec-
tively, where Z;, is a two-element group corresponding to the
Ising spin. A similar situation exists in spiral magnets, where
the group Z; is responsible for two possible directions of the
spiral’s rotation (see Section 4).

Thus, according to Refs [56—59], triangular-lattice anti-
ferromagnets and spiral magnets should belong to the chiral
universality classes O(3) and O(2). The former is realized for
an isotropic Heisenberg interaction; the latter, in the presence
of a strong easy-plane anisotropy (XY model). Accordingly,
the critical exponents of heat capacity, magnetization,
susceptibility, and correlation length (, 5,7, v) should differ
from those in Heisenberg magnets, XY ferro-, and XY anti-
ferromagnets.

Monte Carlo calculations and those using the extension of
spatial dimensionality (4 — ¢ expansion) and the 1/n expan-
sion have confirmed this conclusion [56—59]. An especially
large difference is found for the heat capacity exponents:
o =0.2440.08 (n=3)anda = 0.34 £+ 0.06 (n = 2) for chiral
universality, to be compared with o ~ —0.12 and « =~ —0.02,
respectively, for common magnetic materials. This prediction
agrees well with numerous experiments (see Ref. [59] for a
review).

However, Kawamura’s results have been repeatedly
questioned based on renormalization-group and numerical
calculations [106 —109], although in the latter case the critical
exponents differed only a little from those of Refs [56—59].
The main conclusion of these calculations is essentially that
what actually occurs is a first-order phase transition, but very
close to a second-order transition. Also, rather exotic
statements have been made that temperatures for transitions
to chiral and antiferromagnetic states do not coincide and
that the correlation-length exponents for chiral and anti-
ferromagnetic fluctuations are different. To verify all this
would require an accuracy that is beyond the reach of current
experiments.

The most intriguing qualitative result of Refs [56—159] is
that, along with the antiferromagnetism vector, spin chirality
is a critical quantity, its fluctuations being determined by the
new critical exponents f., 7., and v.. The exponent f,
characterizing the temperature dependence of chirality
below Ty is not necessarily equal to 2 as the naive picture
of Section 4 suggests.

As already noted, the exponent f3, can be determined from
the temperature dependence of that part of scattering
intensity below Ty that is proportional to Py. The exponents
ve and y., however, are much more difficult to determine
because this requires a knowledge of the Tand Q dependences
of the four-spin correlator (77). At the same time, by studying
the temperature dependence of dynamic chirality, the sum
Ye + P = ¢, can be determined. To see this, note that,
according to Eqn (80), this dependence goes as 7%, with
¢ =ve(3 —4.). Recalling that 7y, =v(2-7n,) and
B =vede =ve(l1 +1,)/2 in accord with scaling theory, we
immediately obtain that ¢, = 5. + y.. Thus, using polarized

neutrons, two out of the three chiral critical indices can be
determined.

On the other hand, if the scaling picture holds for
triangular-lattice antiferromagnets, then [56 —59]

o4 2B+ . =2 (96)
(where o = 2 — 3v is the heat capacity exponent), from which
it follows that v, = v. Thus, we see that, based on the scaling
approach and using the polarized neutron technique, all
critical exponents can be found. Note that the exponent ¢,
determines the dimensionality of the field conjugate to the
chirality operator (76). For an XY system, it has been shown
[110] that a magnetic field in the XY plane suppresses chiral
fluctuations and a triangular-lattice antiferromagnet
becomes an ordinary antiferromagnet with a two-dimen-
sional order parameter, provided

gugH > TNt %% (97)

The first object to be chosen for the experimental study of
chirality in triangular-lattice antiferromagnets was the XY
antiferromagnet CsMnBr3. This compound has a hexagonal
structure of symmetry P63 /mmc. Antiferromagnetism in the
ab plane occurs at Ty ~ 8.3 K. This phase transition has been
studied in detail experimentally [111—116]. The table below
lists the experimental values of the critical exponents for the
heat capacity, correlation length, susceptibility, and magne-
tization of the sublattices («, v, y, and f, respectively). The last
three exponents were determined from the data on the
scattering of nonpolarized neutrons. The Monte Carlo
results (obtained in Refs [57, 108]) agree well with experi-
ment. Nonelastic neutron scattering also yields the dynamical
critical exponent z = 1.47(6) [116].

Table. Calculated (Monte Carlo) critical exponents of XY triangular-
lattice antiferromagnets and experimental critical exponents for CsMnBr;
at Ty ~ 8.3 K.

Calculation [57, 108] Experiment
o 0.34(6), 0.46(10) 0.39(9) [111], 0.40(5) [112]
v 0.54(2), 0.50(1) 0.54(3) [113], 0.57(3) [114]
b 1.13(5), 1.03(4) 1.01(8) [113], 1.10(5) [114]
p 0.253(10), 0.24(2) 0.21(2) [113], 0.25(1) [115]
Ve 0.55(2), 0.55(1)
Ye 0.77(5), 0.90(2) 0.84(7) [63]
P 0.45(2), 0.38(2) 0.44(2) [63]

0. 1.22(6), 1.28(9) 1.29(7) [61, 63]

The phase diagram of CsMnBr; in a magnetic field was
obtained experimentally in Refs [117, 118]. It is shown that if
the field is perpendicular to the hexagonal axis ¢, then the
point (H =0, T = T) is tetracritical. If H || ¢, the symmetry
of the system does not change and the field does not affect the
critical behavior. Heat capacity measurements have con-
firmed this conclusion [114].

In CsMnBrj, the 120° structure corresponded to the wave
vector k =(1/3,1/3,0). In Refs [54, 60—63], static and
dynamic chirality was measured for the Bragg position
Q= (1/3,1/3,1).

Static chirality measurements were made on two samples
having dimensions 10x3 x5 mm (crystal 1) and
10 x 2 x 2 mm (crystal 2). In both cases, the population
difference ng — ny of chiral domains was nonzero, reaching
10% for the smaller crystal (2). As discussed in Section 4, if
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Figure 13. Dependence of Al = I; — I} on t for T < Tx in CsMnBr;: I
and /| are the intensities of scattering with polarization Py parallel and
antiparallel to the scattering vector Q = (1/3,1/3, 1); inset: the profile of
the difference 7} (&) — 1) (&) for the longitudinal scanning of reflection [54].

the population difference occurs by chance, it is of order
N-1/2_ where N is the total number of domains. The volume
of an individual domain in this case should be about 0.4 mm?3.
The results of static chirality measurements are shown in
Fig. 13. On this basis, the value S, = 0.44(2) has been
proposed [63]. Since the strong quasi-elastic scattering is
independent of Py, it has been impossible to determine the
magnetization exponent f§ and to verify whether the relation
B. = 2f holds. Other studies show, however, that it does,
within the errors (see table).

Analysis of experimental results on dynamic chirality
essentially relies on the data of Ref. [116], in which it is
shown that the energy dependence of inelastic scattering at
T=Tn (¢g>x) is fit by the Lorentzian F/(w2+F(12).
Assuming the same dependence for all ¢, for the suscept-
ibility in Eqn (80) we obtain

zZ il
14:0) = o 98)

where, as usual, we have written the static factor in the

Ornstein — Zernicke form.
Then, for dynamic chirality we find

Clg.o) = ®* \*( ir, \’CgugHo
?0)= q>+%?) \w+il, Tt '

from which we have for the polarization-dependent contribu-
tion to the scattering intensity

(99)

AINA( (100)

%2 )2 /T
) [ /)T
where A ~ 77%. The corresponding experimental results are
shown in Fig. 14. It turned out that for 7 > 0.1 the exponent
¢, = 1.28(7). Using this value of ¢, and the earlier obtained
value of ., we find that y, = ¢, — . = 0.84(7). Taking the
value o = 0.40(5) from the table, we obtain « + 2, + 7, =
2.12(9), which agrees within the error of the measurement
with the scaling relation (96).

The kink at 7 ~ 0.1 in the A(t) dependence in Fig. 14 is
presumably due to the finite momentum resolution of the

A
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Figure 14. Amplitude A4 of the polarization-dependent part of scattering in
CsMnBr; for Q = (1/3,1/3,1) as a function of © = (7 — Tn)/Tn; inset:
an example of the energy dependence of Al and the corresponding
theoretical curve [63].

experiment, which has the consequence that what one
measures is in fact the intensity Al integrated over ¢dg
between zero and ¢max- If gmax < %, the integration gives
nothing. For ¢m.x > #, however, the inte§ral is dominated
by ¢ ~x, and the factor [x?/(¢*+ %*)]” in Eqn (100) is
replaced by a quantity of order »2. Therefore, the 1
dependence of Al should necessarily change with decreasing
temperature. Noting that %2 ~ 17, for small T we have
AI ~ t=*, where for two experimental values of y from the
table the quantity x = ¢, — y takes the values 0.28(11) and
0.24(9), which agree well with x = 0.3 from Ref. [63].

Reference [54] reports a similar study on the quasi-one-
dimensional triangular-lattice antiferromagnet CsNiCl; with
S = 1. This compound has a very complex phase diagram
[110]. However, for a field B > By, = 2.25 T along the ¢ axis,
the phase transition to the ordered phase belongs to the same
chiral XY universality class as that in CsMnBr;. The
measured value of the critical exponent, ¢, = 1.24(7), is also
close to the theoretical values given in the table, and the
dependence A(t) has a kink at 7~ 0.1, presumably of the
same nature as in CsMnBr;. In a field B=1T < By, the o
dependence of dynamic chirality is different; in particular, it
shows extrema at o # 0, which correspond to Holdane
excitations characteristic of one-dimensional chains of S =1
spins.

Reference [54] also presents preliminary results on
dynamic chirality in holmium. It is found that the exponent
value is ¢, = 1.58(4), which disagrees strongly with the
theoretical prediction for an XY system. The reason for this
is still unclear.

Thus, we see that even the early polarized neutron
experiments on spin chirality produced nontrivial results.
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There is no doubt the method will be in wide use in the near
future.

9. Nuclear —magnetic interference
in elastic scattering

We discuss here some of the results from magnetic studies
using the interference of nuclear and magnetic scattering (see
also Section 10). Since the magnetic scattering amplitude is
proportional to the neutron spin, the cross section of
polarized neutrons has an interference contribution, which
can lead to a scattering-induced polarization and its rotation.

Clearly, such interference only occurs if the state of the
scattering sample is characterized by some kind of axial
vector, for example, magnetization. For elastic scattering,
the axial vector must be #-odd in order that the cross section
remain unchanged and the polarization of the scattered
neutrons change sign on reversal of time. The Dzya-
loshinskii—Moriya interaction cannot lead to elastic inter-
ference. For inelastic scattering, the situation is different,
because the difference in the -parity of axial vectors is
compensated by the w-parity of the corresponding correla-
tion functions — similar to what occurs in chiral scattering
[see Eqns (49) and (50)].

Nuclear —magnetic interference takes place only if both
types of scattering occur in the same region of Q space. For
elastic scattering, this can occur in two cases: (1) small-angle
scattering in disordered systems, and (2) scattering in crystals
with zero-wave-vector magnetic structure (ferromagnets,
paramagnetic materials in an external field, antiferromag-
nets with kap = 0). Using Eqns (20), (21), and (30), we obtain

oq = N_oNg + M Mg + Po(N_oMg + M*,Nq)
+1(PoQ) (M-q x Mq]Q) ,
Pog = N_qNoPo + M (MgPy) + (PM*,)Mg
— (M2Mg)Ps —i0([M_q x Mq]Q) + N-qMg
+MIGNg +i[(N-qMg — MoNo) x Pyl ,  (102)

(101)

where the angle brackets denoting thermodynamic averaging
have been omitted for brevity.

Equations (101) and (102) should also be averaged over
the domain structure of the sample. In the case of small angle
scattering in disordered media, an average over the spatial
disorder must also be done. As a result, the interference terms
are nonzero in a region of Q space determined by either a
nuclear or magnetic subsystem, whichever is larger-scale.
Small-angle interference will not be considered here, though;
this subject has been widely discussed elsewhere (see, e.g.,
Refs [119, 120] and references cited therein).

In the case of crystals, No and Mg are the nuclear and
magnetic structure factors of the chemical unit cell, so that the
standard factor [(2m)’/vg] 3(Q — 1) insuring the Bragg
condition is omitted in Eqns (101) and (102).

Elastic nuclear —magnetic interference in ferromagnets.
The polarization effect due to Bragg scattering in ferro-
magnets is the first classical example of nuclear —magnetic
interference [121]. This interference is currently used for
producing monochromatic beams of polarized neutrons. In
a ferromagnet with one atom per unit cell, the scattering
amplitude of neutrons with spins parallel (+) and antiparallel
(—) to the sample magnetization 7 is

fi=—{bxrF(Q)S[1—(0m)]}, (103)

where S'is the average atomic spin. If Q and S are chosen such
that the amplitude f_ is zero, then only the neutrons polarized
along the field undergo Bragg scattering. A case in point is the
alloy CogyFeg. On the contrary, for the Heusler alloy, the
reflection (111) leads to scattering with polarization antipar-
allel to the field [47].

Magnetic-density maps. If a paramagnetic crystal is placed
in a magnetic field, the electron shells of its atoms are slightly
magnetized. As a result, the scattering has a contribution that
depends on the relative orientation of the neutron spin and
the magnetic field [122]. Usually, the quantity studied is the
ratio of the scattering intensity of the neutrons polarized
along the field to that of the neutrons polarized opposite to
the field, the so-called flipper ratio?,

R 6Q+) _ |Nol* + 2 Re No Mg sin® « + |Mq|* sin” o
o—(()‘) |NQ|2 —2ReNgMq sin” o + |MQ\2 sin® o
NoMg sin®
~144Re O Q; * (104)
|Nol

Here, Mq is the magnetic structure factor of the unit cell
directed along the field, and « is the angle between the field
and the vector Q.

The approximate equality sign in Eqn (104) holds because
|Mg| < |Ng| in the paramagnetic phase. Experimentally, one
studies the ratio R for a large number of Bragg reflections «.
Knowing the structure of the crystal, we can generally
calculate the values of N,. Therefore, experiment makes it
possible to find a set of values of M, related to the magnetic
(spin) density M(r) by the Fourier transform

M, = Jdr exp (itr) M(r), (105)

where the integration is performed over the unit cell.

The inverse Fourier transform yields, in principle, the
distribution of the spin density M (r). This transform is known
to be unstable, however: small experimental errors and the
final set of reflections t to be measured lead to uncontrolled
errors in M(r). Therefore, a technique for the regularization
of the inverse transform was suggested [123, 124], which came
to be known as the maximum entropy method. In this way,
spin-density maps of a large number of chemical compounds
have been found (see, e.g., Refs [125, 126] and papers from the
PNCMI-98 conference [Physica B 267—-268 (1999)].

In the present review, the corresponding results are not
discussed in detail, the more so that the author is not a
specialist in this field. As an example, let us discuss the spin-
density data on CuGeO; [126]. This compound has received
much attention in recent years because of the two phenomena
it exhibits, namely, a spin-Peierls transition that doubles the a
and b periods, and a spin excitation gap at 7' < 14 K [127,
128].

Above Tsp, the structure of CuGeOj3 belongs to the space
group Pbmm and has a unit cell (Fig. 15) with two formula
units [129]. A characteristic feature of the structure are the
rings of ions Cu>" with S=1/2 along the ¢ axis, each
surrounded by four oxygen ions O?~ (O2 in the figure). The
spin-Peierls transition consists of the dimerization of the
chains, which is accompanied by the appearance of a gap

2 The intensities in question are measured with the flipper turned either on
or off.
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Figure 15. Unit cell of CuGeO; above Tsp ~ 14.3 K. The arrows indicate
the direction of ion displacements leading to period doubling along the a
and ¢ axes.

Asp = 2.0 £ 0.05 meV in the spin excitation spectrum at
T < Tsp and by the doubling of the period along the ¢ and ¢
axes [127—-131].

Figure 16 taken from Ref. [126] shows spin-density
maps obtained by the maximum-entropy method for
CUGC()'997Si0‘0()303 for B=46 T, T=15 K, and
Tsp = 12 K. The magnetic moments of the ions were found
to be (in Bohr magnetons)

Uy = 0.0078(5),
tor = 0.049(7) ,

fiGe = 0.0027(4)
lioy = —0.0001(5) .

As we should expect, the magnetization is mostly localized on
copper ions. The Ge** and O1 ions are also magnetized fairly
strongly, so that ug, + po; > ey The O2 ions responsible
for in-chain superexchange were found to remain nonmagne-
tized.

This result appears unexpected at first sight because one
would expect the spin density to be maximum on oxygen ions
02 responsible for the superexchange along the chains (where
it is the strongest). Note, however, that what is actually of
relevance in the study of the local magnetization of ions in a
magnetic field is not the value of the noncompensated spin
density on a site but rather to what extent it is magnetized by
the external field, i.e., the magnetic softness. Only in the limit
ofisolated spins is the local magnetization proportional to the
free-ion magnetization S(S + 1)gugH/3T. At high tempera-

tures and in the tight-binding approximation, it should be
proportional to (7 — Tcw)f1 rather than to 7!, where Tew
is the Curie— Weiss temperature. In the intermediate cases,
detailed system-specific calculations are needed. To our
knowledge, there have been no studies on this subject. Nor
have the temperature and field dependence of local magneti-
zations been investigated.

At the same time, the large magnetization of O1 and Ge**
ions observed in experiment raise an interesting physical
problem. Superexchange via these ions should lead to the
Dzyaloshinskii— Moriya interaction with the vector D having
components along the @ and ¢ axes. This can easily be shown
by using Moskvin’s rule [132], according to which the
direction of the Dzyaloshinskii vector is determined by the
product of the radius vectors directed from the intermediate
ions, where superexchange takes place, to magnetic ions.

In our case, the intermediate ions are O1 and Ge**. In the
former case, the vector D is along the ¢ axis; in the latter, it has
components along the ¢ and ¢ axes. For the ion pairs (Cul,
Cull) and (Cull, Cul’) shown in Fig. 15, the Dzyaloshinskii
vectors have different directions, and, hence, no chiral
scattering occurs (see Section 5). Because of the high
magnetic susceptibility of O1 and Ge** ions (see above), one
should expect an anomalously large Dzyaloshinskii — Moriya
interaction and, hence, considerable nuclear — magnetic inter-
ference in the inelastic scattering of polarized neutrons. The
search for such interference is currently fully underway at the
Laue—Langevin Institute (L-P Regnault, F Tasset et al.).

Antiferromagnets with kyr = 0. In the simplest case of
collinear antiferromagnets with one magnetic atom per unit
cell, there is no need to perform polarization analysis to
determine the magnetic structure. It suffices to investigate
several additional Bragg reflections that arise below the Néel
temperature 7. In more complicated cases, this may prove
insufficient: for every magnetic reflection, the vector Mé has
two components in the plane perpendicular to the vector Q,
and these may be complex-valued. The cross section of
nonpolarized neutrons is determined by the quantity |M$|2.
Therefore, it does not contain all the necessary information
on the magnetic structure.

Spherical neutron polarization (3D polarization analysis
for large-angle scattering) open new possibilities for research
into the magnetic structure of complex antiferromagnets [4,
10, 11, 133—136]. This method has already yielded the
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structure of CuO, UGePt, U;4Aus; and other antiferro-
magnets (see, Refs [133—136] and references cited therein).
In the case of antiferromagnets with kag = 0, with the
magnetic and nuclear reflections coinciding, the interference
of the nuclear and magnetic scattering enables the decoding of
magnetic structures. At the same time, the domain structure
and the effect of external influences on it can be studied.
Spherical neutron polarimetry generally uses the right-
hand coordinate system with axes x || Q and y lying in the
plane of scattering and the z axis perpendicular to this plane.
In this system, the vector Mé lies in the yz plane, and we will
henceforth omit the superscript ‘1’ since Mé has no
x component. Noting also that N_qo,M_q = N3, Mg and
dropping the subscript Q, Eqns (101) and (102) become [136]

o =N+ |M] + Py(Zen +Zm),
Po = (S+A)P0+P],
Pi=-Xp+Xn.

(106)

Here, the symmetric and antisymmetric second-rank tensors
acting on the initial polarization Py have the form

NP — M, — M) 0 0
S= 0 INP = M+ M MIM.+ MM, |
0 MIM.+M:M, NP — M, + M|
0 2ImN*M. —2Im N*M,
A=|-2ImN*M. 0 0
2ImN* M, 0 0

(107)

The vector X, = M™* x M is along the axis x, and X, =
2 Re N*M. Clearly, the tensor S can be reduced to a diagonal
form by rotating the coordinate system in the yz plane.

As already noted, Eqns (106) should be averaged over the
domain structure of the sample. For the case of chiral
domains, this averaging was discussed in Section 4, where it
was shown, in particular, that torsional strain in holmium
changes the relative population of the right and left domains.
Let us here discuss the results on the domain structure in
Cr;03, a classical antiferromagnet with kag = 0 [44, 69, 135]
with an R3¢ structure. The unit cell here has four Cr2* ions,
with spins along the trigonal axis as shown in Fig. 17. Thus we
have two possible types of antiferromagnetic domains, which
transform into one another on time reversal R (180°
domains).

On the other hand, the spin structure remains unchanged
by the transformation /R, where /s inversion. Therefore, the
Cr,0s3 crystal is magnetoelectric, i.e., its free energy has the
term [44]

(pmc = _foEch - O‘L(ExH\‘ + EyH)') ) (108)

with ¢ parallel to the trigonal axis. The magnetoelectric tensor
components o | change sign on time reversal and, hence,
should be proportional to the antiferromagnetism vector.
Therefore, cooling the system below T in parallel magnetic
and electric field leads to one of the two domain structures
shown in Fig. 17.

Spherical neutron polarimetry has experimentally con-
firmed this theoretical prediction [69, 135]. A Cr,O3 crystal
was oriented so that its trigonal axis ¢ lied in the scattering
plane. In this case, M. = 0, and from Eqns (106) and (107) we
find

M, = 4irF (Q)Se[1 + exp (inl)] sin (2n/z) = ieM, . (109)
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Figure 17. Two possible spin orientations for chromium ions in the unit cell
of Cr,03 and the relative E and H field orientations leading to them on
cooling below T [69, 136]. The center of inversion is denoted by a cross.

Here, /is the Miller index along the axis ¢, z is the position of
the chromium ion on this axis, S'is its spin, and ¢ is the domain
type (¢ = £1).

Thus, we see that the magnetic structure factor of the unit
cell is an imaginary quantity. The nuclear structural factor Nq
is real because the chemical unit cell has a center of inversion.
As a result, the cross section is independent of the initial
polarization Py, and the components of the S and A tensors

-y iny
S\’x:Szz:1+y2 ) S}’,V*la sz:_Az,\':_Tyzv
(110)

wherey = M,/Ngq, and y = n, — n_is the relative population
of the domains with ¢ =1 and ¢ = —1 (see Fig. 17). From
Eqns (110) it follows that scattering rotates the polarization
vector only if  # 0, i.e., if the domain populations differ.

In a Cr,03 crystal at T'=290 K, the value of y for the
reflection (1,0,2) is 1. In this case, a single-domain sample
should rotate the polarization of scattered neutrons 90° in
the xz plane. In Refs [69, 135], it is shown that cooling a
crystal of CraO3; below Ty =310 K in the fields E =
750 V. mm~! and B = 0.68 T parallel to the trigonal axis
does indeed lead to such polarization rotation, i.e., produces
a single-domain sample, the type of domain depending on
the relative orientation of the E and H fields as shown in
Fig. 17.

Perhaps the most complex example of the use of spherical
neutron polarimetry is the decoding of noncollinear magnetic
structure in UjsAus;. This is a heavy-fermion antiferro-
magnet with Ty ~ 22 K. The coefficient y in the heat
capacity expression C = 9T is 300 mJ K2 mol~!. U4Aus,
has a hexagonal structure P6/m, in which uranium atoms
occupy three different positions: Ul, U2, and U3. It turned
out that U3 atoms do not possess a magnetic moment, and
that the moments of the atoms Ul and U2 are oriented as
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Figure 18. Projection onto the (0,0, 1) plane of the magnetic structure of
UbisAus), showing the relative orientation of the magnetic moments of
atoms Ul and U2 [137].
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shown in Fig. 18. The determination of this structure was
discussed in detail elsewhere [136].

10. Nuclear —magnetic interference
in inelastic scattering

The application of polarized neutrons in magnetic studies is
limited by factors related to the intensity of neutron beams.
Inelastic scattering requires much higher intensities than
elastic scattering. This essentially explains why, despite
intensive efforts, such interference has not yet been observed.

On the other hand, the discovery of inelastic interference
is obviously just around the corner, and it is necessary to
understand exactly how it comes about. We explain this
below following mainly Refs [22, 23] and omitting technical
details (which can be found in Ref. [22]). It turns out that
inelastic interference is a consequence of the spin-—Ilattice
interaction, in which a phonon or other lattice excitation
transforms to an excitation of the spin subsystem and,
depending on the symmetry of the problem, various inter-
ference terms in Eqns (20) and (21) survive.

In the case of elastic interference, things are very simple:
the vector (Mé) should be different from zero, and the
nuclear and magnetic scattering should occur in one and the
same region of space. It may happen, though, that long-range
magnetic order does not exist at all but inelastic interference is
possible. This situation is close to that of chiral scattering in
the paramagnetic phase treated in Section 5. Because of the
Dzyaloshinskii—Moriya interaction, there is an axial vector
D in the system, whose ‘wrong’ t-parity is compensated by the
corresponding w-parity of the functions (N_q,Mg), and
(M_q, No)" [see Eqns (20), (21), and (49)]. Such a situation
occurs in the spin-Peierls compound CuGeOs; mentioned
above. Needless to say, inelastic interference should also
exist in ordered magnetic materials. Let us determine the
conditions for occurrence of this inelastic interference and
find out what kind of information its study can provide.

According to Eqns (20) and (21), the interference
contribution to the inelastic scattering cross section and the
polarization of scattering neutrons can be written in the form

@) =@ i —ew (<2)] @0,

Pio(Q,w) = rF(Q) % {1 P (7 ;ﬂ 71

x {Z4(Q,w) +i[E_(Q,w) x Py},
Zi(Q7w) = <N—Q7sé>:1/) + <S—lQNQ>Z) .

(111)
(112)

Thus, inelastic interference occurs if the generalized
susceptibility (N_q,Sq),, is nonzero. This requires the
presence of spin—lattice interaction, which causes the spin
subsystem and the lattice vibrations to exchange excitations.
Below, the exchange and Dzyaloshinskii—Moriya interac-
tions are considered. For either of them, the coupling of the
spin degrees of freedom with lattice vibrations is due to the
latter modulating the exchange integral J or the Dzya-
loshinskii vector D.

The exchange and Dzyaloshinskii—Moriya interactions
can be written as

1
— NN
VSL—2 E VoSS (113)

mymy P my Pmy
mip,ny

where V3 is either JJ  d,p or D}, &,p. Using the
standard procedure of perturbation theory [89], it is found

that to first order in Vg [22, 23]

(N-qSq)y, = N7'* 3" bu(exp(=iQR,), V¥, )

n,mp, ny

X (S5, Sk Sa)s (114)
Here, the expression of the first angle bracket is nonzero
only because of the lattice vibrations, which modulate both
R, and V.

Although somewhat unwieldy, expression (114) has a
simple physical meaning: it describes the transformation of a
spin excitation to a phonon due to the spin—Ilattice interac-
tion. The vectors X 1 can then be represented schematically as
the graphical equation

Ei:m.———i———.r\r\f\/’ (115)

in which the wavy and dashed lines describe the propagation
of a phonon and a spin excitation, respectively, and the solid
circles indicate the spin —lattice interaction.

From Eqn (114), it is seen that inelastic interference, like
dynamic chirality, is also related to three-spin susceptibilities.
Physically, these susceptibilities are different, however: from
Eqn (114) it follows that the spins S,,, and S,,, correspond to a
single time, whereas in the case of dynamic chirality all the
three times are different [see Eqn (64)]. We will assume that
the magnetic field is H = 0 in the discussion below.

The three-spin susceptibility in Eqn (114) is clearly a third-
rank pseudotensor. In the paramagnetic phase, which has no
preferred direction, it can only be proportional to the
antisymmetric unit pseudotensor &,g,. Therefore, in the case
of the exchange interaction, inelastic interference is absent,
and for the Dzyaloshinskii — Moriya interaction (114) we can
write

1
(N-@Sq), = B Z (N-Q:Dunims) oy Tommy (Q @) .

my, ny

(116)

Here, T,,m, (Q, ®) is the coordinate part of the susceptibility.

The ordered phase has an axial vector 7 (2% = 1), which
determines the direction of magnetization and that of the
antiferromagnetism vector. Therefore, the three-spin suscept-
ibility is proportional to the pseudotensor 71,0,5, and
Eqn (116) becomes

1
<N*Qﬂ SQ>UJ = E Z <N*Q7 Jml’"z)w <(Sml Sm:)7 SQ>”, ’ (1 17)

my, ny

with the spin susceptibility vector along 7.
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In both cases, the interference is related to the modula-
tion of R, and V by lattice vibrations. Expanding these for
small displacements u from the equilibrium position, we
obtain

(N_gSq) = =N "2 " b,exp (—iQR,) (iQ,) (uf,u’),,

B, B
X Vo (S Sk SQ). - (118)
Now, the R, are the equilibrium positions of the sites, V,f‘fl},‘qg ;

are the coefficients of the expansion of V,ﬁ;’fmz in the
displacements u; of the ions involved in superexchange, and,
finally, the <u,{’1,uj"’>m describe the propagation of phonons
from site m to site j.

For future convenience, we rewrite Eqn (118) in momen-
tum space. We define the Fourier transform for u, and S,, as
follows:

U = N2 " exp (ikR,) gy
k (119)
Sy = N~172 Z exp (ikR,,) Sg, -
k

Here, R, and R,, determine the positions of unit cells, and v
and u label nuclei and spins within a cell.
We obtain [22, 23]

(N-q.Sq), =iN"> )~
LTI RN SN <]
X DEY(Q, ) V12, (K1, K2) Ok, ke (ST, SE. 2 S—Qu)ey -
(120)

by exp (—iQr,) Q*

In Eqn (120), t is the reciprocal-lattice vector, v; labels ions
along the path of superexchange,

V,fﬁ;;jvf (k1, k2) Ok, 1Ky, @1t

=N > exp(—iQR; +ikiR,, +ikoR,,) Viir
Jymy,ma

(121)

and the phonon Green’s function is defined in a standard
manner as

DI(Q,0) = ¢},,(Q) 1 (Q) {M[0? — 3(Q)]} ",
A
(122)

where the ¢,,,(Q) are the phonons’ polarization vectors, M is
the unit-cell mass, and 4 labels the branches of the spectrum.

Paramagnetic phase. From time-reversal symmetry for
H = 0, we obtain (N_gq,Sq),, = —(Sq, N-q),,, and we have
for Eqn (114)

Zj:(va) ::in(—Q7CO). (123)

It follows that for a crystal with a center of inversion we have
Y. =0 and that £ _(Q,®) is an even function of Q. The
interference cross section is therefore zero, so that scattering
can produce no polarization. Also, from Eqn (19), £ _(Q, w)
is an even function of w. In the absence of a center of
symmetry, the vectors X, and X _ are both nonzero, and
¥ . is an odd function of w.

We next apply our general results to CuGeO;. In this
material, there is no long-range magnetic order, and spin
fluctuations at all temperatures have the paramagnetic
symmetry which we have discussed above. Due to the
presence of a center of symmetry, we have X, =0, and X _
is an even function of Q. As already mentioned, the
Dzyaloshinskii vector in CuGeOjs is due to the interaction of
the neighboring copper chains along the axis b, and, besides,
there are reasons to expect that the vector is anomalously
large. This makes the CuGeO; crystal a good candidate for
nuclear — magnetic interference .

Systems with long-range magnetic order. The calculation
of the three-spin susceptibility for CuGeOs is the most
complicated problem. In the case of ordered magnetic
materials, it is easier to solve, because one can employ the
theory of spin waves — although even here one is faced with
theoretical difficulties, yet to be solved, related to the infrared
divergence of longitudinal (along the axial vector) spin
fluctuations.

Now, following Refs [23, 33], we describe briefly the main
theoretical results for ferromagnets and antiferromagnets
with kar = 0. Only centrosymmetric crystals will be consid-
ered.

Ferromagnets . Here, the only nonzero vector in Eqn (111)
is X, so the cross section depends on Py. If Q L 2, the
polarization dependence of the cross section is determined by
the interference, and there is no chiral contribution in this case
[see Eqn (24)]. Using the standard theory of spin waves [101],
it is easily shown that the three-spin correlator in Eqn (117)
describes a process in which a phonon transforms into two
spin waves.

In the exchange approximation, when the number of spin
waves is conserved, interference disappears at 7 = 0. If the
magnetic dipole interaction, which violates the conservation
of total spin, is introduced, then the inelastic interference does
not disappear even at 7 = 0. In this case, for v — 0, an
infrared divergence appears, similar to that occurring for
longitudinal magnetization fluctuations studied theoretically
in Ref. [137] and experimentally in CdCr,Ses in Ref. [138].

It should also be observed that since spin excitations for a
given ¢ are much softer than acoustic phonons, the terms >
in the phonon Green’s functions D(Q, @) in Eqn (120) can be
dropped, thus giving rise to the factor ¢ 2, which acts to
increase interference at small ¢. The reader is referred to
Ref. [33] for formulas for inelastic interference in ferro-
magnets with the dipole interaction.

Antiferromagnets with kxg = 0. In this subsection, we
limit ourselves to magnetoelectric crystals. As already noted,
magnetoelectric materials are invariant under the transfor-
mation RI, where [ is inversion and R is time reversal.
Equation (18) becomes

(4-q, Bq),, = +(B-A4Q)., - (124)
It immediately follows from this that X, = 0in Eqn(111) and
that the antisymmetric part of the susceptibility is zero, i.e.,
chirality contributes nothing to scattering. Thus, the cross
section does not depend on Py, and scattering cannot lead to
polarization.

3 Below Tsp, a second-order axis appears, passing through the middle of
the straight line between Cu?* ions on the a axis. As a result, a vector D
along the b axis may appear. The interaction of copper ions along the axis a
is weak, however, so this possibility is not considered here.
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Note that if we take the axis z to be along the
magnetization of the crystal’s sublattices, then the suscept-
ibility acquires a nondiagonal part such that Im y¥(Q, w) =
—Im ¥ (—Q, —w). This follows from Eqns (19) and (124).
Calculations for BaNiy(POy), based on spin-wave theory
show that Im y¥(Q,w) = —Im ¥ (—Q, —w), i.e., the neu-
tron-scattering cross section has a Q-odd contribution.
Inelastic interference splits into two parts, in one of which
the spins m; and m; belong to a single sublattice, and in the
second, to different sublattices. It can be shown that the
former contribution is Q-odd, while the second is Q-even. The
reason is the different relative orientation of spins in these two
cases.

As noted in Section 9, the reversal of time relates two
possible types of antiferromagnetic domains with ¢ = +1 (see
Fig. 17). Using Eqn (18), we obtain

Qo) =27(-Qu), (125)
which implies that at equal domain populations the inelastic
interference should be an even function of the momentum
transfer Q.

Further analysis of the problem requires allowance for
special features of the particular material or class of materials,
which is beyond the scope of this review. Preliminary results
for a quasi-two-dimensional antiferromagnet BaNiy(PO,),
can be found in Ref. [23]. Note only that, as in the case of
ferromagnets, at small ¢ the phonon Green’s function yields a

gain factor proportional to ¢ 2.

11. Conclusions

We conclude the review with the following remarks.

1. We have deliberately excluded from consideration
studies based on the separation of the nuclear and magnetic
contributions by measuring the spin-flip and non-spin-flip
neutron scattering. The separation method has produced a
plethora of results which cover a wide variety of magnetic
systems and simply cannot be analyzed within a single
framework.

2. Hopefully we have clearly enough expressed our view
that the scattering of polarized neutrons leads to new and
interesting phenomena if an axial vector of some kind exists in
the system. We illustrate this point using the magnetic field,
Dzyaloshinskii—Moriya interactions, and torsional strain as
examples.

3. The scattering of polarized neutrons in a magnetic field
allows the study of a new physical phenomenon of three-spin
chiral fluctuations (dynamical chirality). Such fluctuations
occur in any strongly correlated spin system except Ising
systems. So far, the three-spin chiral fluctuations have been
studied only for ferromagnets and chiral antiferromagnets
(CsMnBrs, etc.). In both types of materials, nontrivial
information was obtained. In the coming years, new and
important results will undoubtedly be obtained by this
method. Of great interest is dynamic chirality in the quantum
limit, in which the energy transfer is large in comparison with
the temperature. In this connection, the spin-Peierls com-
pound CuGeOs, with a complex phase diagram in a magnetic
field, is a suitable candidate.

4. The Dzyaloshinskii—Moriya interaction is currently
receiving attention in connection with the study of low-
dimensional systems without long-range order. Polarized
neutrons allow incommensurate spin fluctuations to be

effectively studied. Unfortunately, such experiments are still
lacking.

5. Nuclear —magnetic interference in the elastic scattering
of polarized neutrons enables the study of the magnetic
structure of a material. Of special note are magnetization
maps, which are obtained from scattering studies in a
magnetic field. In our opinion, the theoretical interpretation
of these maps has not been currently given adequate attention
in spite of the fact that they give important information on the
properties of strongly correlated electronic systems. In this
connection, the investigation of the temperature evolution of
these maps is important.

6. A number of examples presented in this review show
that polarized-neutron scattering can give insight into how
the domain structure of an antiferromagnet is affected by
external conditions such as strain and a combination of
electric and magnetic fields. The domains studied are usually
nonthermodynamic domains, whose formation does not
involve energy gain as is the case in ferromagnets. Essen-
tially, we are dealing with metastable macroscopic inhomo-
geneities, whose origin is unclear. A systematic study along
these lines would be of interest.

7. In the case of inelastic scattering, nuclear —magnetic
interference has not yet been observed. The study of spin-
lattice interactions is a new and promising area requiring
combined efforts of experimenters and theorists.

8. The limited space of the review prevented us from
addressing questions related to the small-angle scattering of
polarized neutrons and to their depolarization in scattering.

9. Throughout the review, we have used the Born
approximation in writing scattering amplitudes. For nuclear
scattering, this approximation is exact provided experimental
scattering lengths b, are used. For magnetic scattering, this is
not the case. As first shown in Ref. [140], corrections to the
Born amplitude are on the order of kry ~ 10~ —107>, where
ro=2.8 x 10713 cm is the classical radius of the electron.
These corrections, however, lead to a term in the cross section
that is proportional to Py [kr x ko] [86, 87] and increases as the
softness of the system increases. This is confirmed experimen-
tally for critical scattering in iron [141]. One should expect
that in soft enough magnetic materials this contribution to the
cross section may be as large as a few percent, and its
experimental study is of great interest.
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Note added in proof. In the study of the chiral transition in
holmium in Ref. [142], the critical exponents were found to
differ considerably from those for CsMnBrs; and CsNiCls.
It was found that the static-chirality exponent [, was
markedly different from the doubled lattice-magnetization
exponent.
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