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SPIN WAVES IN
PERIODIC STRUCTURES

Because of the modification of the translational symmetry, the spin
waves in modulated magnetic structures display certain interesting as-
pects which are not shared by the simple ferromagnetic structure. How-
ever, this same feature makes their experimental study considerably
more difficult, and the results which have been obtained on such sys-
tems are still relatively sparse. This chapter is correspondingly short,
and in its two sections we distinguish between structures incommensu-
rable with the lattice periodicity, when the translational symmetry in
the direction of the wave-vector is, in principle, destroyed, and com-
mensurable structures, in which this symmetry is only modified, though
possibly quite drastically.

The stringent mathematical definition of an incommensurable struc-
ture is straightforward, but it presupposes that the coherence lengths of
the lattice and of the magnetic system are both infinite. In this idealized
case, an irrational ratio between the periodicities of the two subsystems
breaks the translational invariance, the wave-vector q is consequently no
longer a good quantum number, and neutron-diffraction peaks acquire
a non-zero width. Furthermore, the energy eigenvalues which deter-
mine the excitation spectrum also have a certain width when projected
on to g-space, which is the appropriate representation for interpreting
constant-q neutron-scattering experiments. The alternative method of
distinguishing experimentally between the two types of structure is to
follow the ratio between the two periodicities as a function of temper-
ature or external field. If this ratio changes discontinuously between
constant steps, the structure is commensurable. On the other hand,
if the variation is observed to be continuous, the structure is usually
classified as being incommensurable. As examples of transverse incom-
mensurable structures, we shall accordingly take the heliz in Tb, which
exists only over a small range of temperature below T}, and the low-
temperature cone in Er. It is generally questionable whether any partic-
ular structure can strictly be classified as incommensurable but, as we
shall see, the distinction in these cases is unimportant. The magnetic
high-temperature phase of Er is treated as an example of an incom-
mensurable longitudinal-wave structure, although it may only be truly
incommensurable at the highest temperatures in the ordered phase. In
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this case, the incommensurability has significant qualitative effects on
the excitation spectrum.

In a commensurable structure, where m|Q| = mQ. is p times the
length 47/c of the (effective) reciprocal lattice vector, the number m
of layers between magnetically-identical lattice planes will have an im-
portant influence on the character of the excitations. If m is small,
they will be well-defined, long-lived at low temperatures, and relatively
easy to study experimentally. As examples of such ideal commensurable
structures, we shall consider the low-temperature bunched heliz in Ho,
and the longitudinal ferrimagnetic structure in Tm, where the crystal
fields make a decisive contribution. These relatively simple structures
are stable at low temperatures but, in both cases, the configuration of
the moments becomes more complicated as the temperature is increased.
In Ho, for example, spin-slip structures of reduced symmetry and gener-
ally increasing m evolve, and the excitations, of which only preliminary
studies have so far been made, become correspondingly complex. Al-
though these excitations may be just as well-defined as when m is small,
the extension of the magnetic Brillouin zone, in the c-direction, is re-
duced by the factor 1/m, while the number of branches in the dispersion
relation is multiplied by m. The different branches are separated from
each other by energy gaps at the boundaries of the magnetic Brillouin
zone, and the corresponding excitations scatter neutrons with different
weight, depending on the scattering vector and described in terms of the
dynamical structure factor. If m is large, however, it may be extremely
difficult to resolve the different branches experimentally. As m increases
towards the values of the order of 50 which characterize some of the
commensurable structures presented in Section 2.3, imperfections in the
lattice, or boundaries between different magnetic domains, become more
important. We should also expect that disordering phase-slips would be-
come relatively more frequent, leading to a less well-defined structure,
and disturbing the very long-range periodicity. It is unlikely that a spe-
cific pattern involving 100 or more layers could be repeated many times
in the crystal, without significant errors, and we might rather anticipate
a somewhat chaotic arrangement, where the phase factor characterizing
the moments changes systematically from layer to layer, but with an
occasional minor phase slip, so that the structure never repeats itself
exactly. This kind of structure may frequently in practice be described
as incommensurable.

6.1 Incommensurable periodic structures

In this section, we shall first discuss the spin waves in the regular helix or
cone, including the hexagonal anisotropy only as a minor perturbation.
On account of the infinitely larger number of irrational than rational
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numbers, these structures are most naturally classified as incommen-
surable, particularly as the distinction is immaterial in this case. If
the hexagonal anisotropy and possible external fields are neglected, the
translational symmetry is broken only formally, as a rigid rotation of
the moments, or of the total system, around the spiral axis costs no
energy. We then consider the longitudinally polarized phase, in which
genuine effects due to incommensurability would be expected. On the
other hand, the stronger coupling between the two periodicities increases
the tendency of the magnetic-ordering wave-vector to lock into a value
which is commensurable with the lattice. It may perhaps be questioned
whether theoretical results derived for ideal incommensurable models
are relevant to real, three-dimensional systems. However, it appears
that the essential features of systems which are classified experimentally
as incommensurable may be described theoretically as such, provided
that the analysis includes an averaging or coarse graining of the results,
of a magnitude somewhat smaller than the experimental resolution.

6.1.1 The helix and the cone

A helical ordering of the moments in an hcp lattice, with a wave-vector
Q along the c- or (-axis, is described by the following equations:

(Jig) = (J1) cos (Q-Ri + ¢)

(Jin) = (J1)sin (Q-Ri + ) (6.1.1)

(Jic) =0.
As usual, we shall be most interested in excitations propagating in the
c-direction, and hence may use the double-zone representation, corre-
sponding to the case of a Bravais lattice. The moments of constant
length (J,) lie in the {—n plane perpendicular to Q, and rotate uni-
formly in a right-handed screw along the Q-vector. The elastic cross-
section corresponding to this structure is, according to (4.2.6),

d_a B hrye?
aQ mc?

2
) W) Ly P(k) P(TL)2(1 + £2)

,].(.3
X%Zi{a(rm—n)w(r—cpn)}.(6.1.2)

In this system the molecular field in (3.5.3) changes from site to site,
as does the MF susceptibility X, (w) in (3.5.7). This complication may
be alleviated by transforming into a rotating (zyz)-coordinate system
with the z-axis parallel to the moments, i.e.

Jig = Jiz cos ¢; + Jiy sin ¢;
Jin = Jm sin ¢z - le COS (;51‘ (613)
Jic = Jiz,
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where ¢; = Q-R; + ¢. Carrying out this transformation, we find that
J;-J; becomes

(Jizdjz + JiyJjy) cos (di — ¢5) + (JiyJjz — JizJjy) sin (¢i — &5) + JiwJja,

so that the Hamiltonian (3.5.1) may be written, in the (xyz)-coordinate
system,

H=> H(J3) - %sziaja,@(ij)cjjg, (6.1.4)
i i#j ap

where o and [ signify the Cartesian coordinates x, y, and z. Here we
have assumed that the dependence of the single-ion anisotropy on J;¢
and Jj;, can be neglected, and that only even powers of J;c = J;, occur,
since otherwise the helical structure becomes distorted and (6.1.1) is no
longer the equilibrium configuration. The ordering wave-vector Q is de-
termined by the minimum-energy condition that 7 (q) has its maximum
value at q = Q. After this transformation, the MF Hamiltonian is the
same for all sites:

Hue (i) = Hy(J5) = (Ji = 5(J1)) Y _(J0)T (i) cos (¢: — ¢5)
J
=H,y(J3) = (Jiz = 5(TO)TT(Q) 5 (J1) = (J2),
(6.1.5)
as is the corresponding MF susceptibility X (w). The price we have paid
is that the two-ion coupling J(i5) is now anisotropic, and its non-zero
Fourier components are

Tal@) =T(@ ¢ Tula)=Teala) = H{T(@+ Q) + T(a—Q)}
Ty-la) = ~Toy(@) = H{T(@+Q) - T(a - Q)}. (6.1.6)

However, it is straightforward to take account of this complication in
the RPA, and the result is the same as (3.5.8) or (3.5.21), with J(q)

replaced by J(q),

Slaw)={1-F@T@} ¥, (6.1.7)

where the index ¢ indicates that this is the (zyz)-susceptibility, and not
the (£n¢)-susceptibility X(q,w) which determines the scattering cross-
section. From the transformation (6.1.3), it is straightforward, but
somewhat cumbersome, to find the relation between the two suscep-
tibility tensors.
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In the general case, the MF susceptibility ?O(w) is determined
by three distinct diagonal components, plus the two off-diagonal terms
Xay (W) = _Xym( w), with the same analytical properties, (3.5.24b) and
(5.2.42), as in the Heisenberg ferromagnet. It may be seen that X:cy '(w),
for instance, is imaginary by recalling that the MF Hamiltonian is in-
dependent of .J,,, in which case the eigenvectors in the J.-representation
can all be chosen to be real, so that the products of the matrix ele-
ments of J, and of J, are imaginary. The vanishing of the other four
off-diagonal terms follows from the two-fold symmetry about the z-axis
of the MF Hamiltonian. In spite of this reduction, the analytical ex-
pression for X(q,w) is still quite formidable. However, in most cases of
interest, the single-ion anisotropy is relatively weak, and the inelastic
modifications due to x 2, (w) can be neglected, so that, for w # 0,

xm(qw B x° — X wIJ q /D
{ m : vy } (6.1.80,)
and the same relations hold with x and y interchanged. Here
=1 —Zxag W) Tsa(@) + X W) T (@), (6.1.8b)

where o or § are x or y, and | X °(w)| or | 7(q)| are the determinants
of the 2 x 2 matrices. In the weak-anisotropy limit, we may to a good
approximation use the result (5.2.42) derived in Section 5.2, and to first
order in 1/J, we have

] A= B+ he
Xaz(W) = <Jz>m
A+ B+ hex

Xyy(W) = <Jz>m (6.1.9a)

1 hw

X2() = X0() = () s

and x 2, (w) ~ B(6J.)? §40. The only modification is that the exchange
field, given in eqn (6.1.5), is now

hex = (J.)J(Q)  and  EZ = (A+ hex)® — B (6.1.9b)

There are inelastic contributions to x2,(w), but they are of the order
A/2J Eey, relative to the other inelastic terms, and can be neglected.
The parameters A and B are the same as those derived in Section
5.2, when H; in (6.1.4) is replaced by the usual crystal-field Hamilto-
nian, except that we here neglect explicitly the hexagonal anisotropy
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BS. The result above may be generalized to include most of the renor-
malization effects appearing in the second order of 1/J, by replacing
A+ B by Ao(T) £ Bo(T), in accordance with the discussion at the end
of Section 5.2. After the transformation to the rotating coordinates, the
system becomes equivalent to the basal-plane ferromagnet, except that
the hexagonal anisotropy is neglected and the ~-strains vanish, due to
the lattice-clamping effect discussed in Section 2.2.2. Hence we may take
A+ B to be Ag(T) & Bo(T), given by eqn (5.3.22), with B = 0 and
H=0.

In the present situation, where H; in (6.1.4) only depends on J2,
A = B and (6.1.9) implies, for instance, that x,, (v = 0) = 1/7(Q).
This result is quite general and may be derived directly from (6.1.5); the
addition of a small rotating field h, in the y-direction, perpendicular
to the exchange field, only has the consequence that the direction of
the angular momentum is rotated through the angle ¢, where tan¢ =
hy/hex, and hence §(J,) = (J.)tan¢ = {1/T(Q)} hy. Substituting
(6.1.9) with A = B into (6.1.8), we obtain

- Aq — Bq . - Aq + Bg
Xxx(q,W) = <Jz>Ea — (hw)z ) ny(q,W) - <JZ>E(§ _ (hw)2?
(6.1.10a)
By = [A2 - B2 / (6.1.10b)
and

Aq+ Bq =2A+(1.){7(Q) — J(a)}

Aq_Bq: <Jz> {j(Q)_ %j(q—i—Q)_ %J(q—Q)}, (6.1.106)

neglecting x2,(0). The absorptive components of X,(q,w) are

Kala) = 5002 (53550 ) 160 — ) = 8(Eq + )

Xyy(Qw) = g<<]z> (%) 5{6(Eq — hw) — §(Bq + hw)},
v (6.1.11)

demonstrating that the scattered intensities due to the two components
are different, if By is non-zero. The neutron cross-section d*c/dEdS?,
(4.2.2), is proportional to

E :(504[3 - "%a’%ﬁ)xgﬂ(ﬂvw) = (1 - '%?)Xlglg("”vvw) + (1 + '%%)X;;n(ﬂvw)v
ap
(6.1.12a)
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since the &£- and nn-components are equal. The components in this
equation are derived from the equality ¥, (k,w) = X,(k + T,w), and

Xee (K@) = X (5, 0) = 7 Xy (5 — Qo)+ x,, (5 + Q )}
Xee (R W) = X (R, w)- (6.1.12D)

From this we deduce that, if the scattering vector is along the (-axis,
we expect to observe both the spin waves propagating parallel to Q,
emerging from the magnetic Bragg peak at 7 + Q, and the spin waves
propagating antiparallel to —Q, but with their g-vector determined rel-
ative to the Bragg peak at 7 — Q.

If (J,) is zero, the system described by the Hamiltonian (6.1.4) is
invariant with respect to a uniform rotation of all the angular momenta
around the z- or (-axis, corresponding to the condition [}, J;» , H] = 0.
In the helical phase, this commutation relation is unchanged, but nev-
ertheless the system is no longer invariant with respect to such a rota-
tion, since it will alter the phase constant ¢ in (6.1.1). This system is
thus an example of a situation where a continuous symmetry is spon-
taneously broken. In this case, a theorem of Goldstone (1961) predicts
the existence of collective modes with energies approaching zero as their
lifetimes go to infinity. A detailed discussion of this phenomenon is
given by Forster (1975). The Goldstone mode, or the broken-symmetry
mode, in the helix is the spin-wave excitation occurring in X,(q,w) in
the limit of ¢ — 0. Since this mode is related to a uniform change of
the phase ¢, it is also called the phason. In the long-wavelength limit,
Aq — Bq =~ 3(J.)(q- V)2J(0) goes to zero, and the spin wave energies
Eq =~ {3(Ao + Bo){J.)(q - V)27(0)}!/? vanish linearly with ¢. The
result (6.1.8) is valid in general at long wavelengths, independently of
x2,(w), because the J,-response is only mixed with the spin-wave re-
sponse proportionally to |J,.(q)|* o ¢® in the limit of small g. In the
static limit, x,, (w — 0) vanishes by symmetry, and (6.1.8) then predicts
that, in general,

Xuy(@:0) = 1/{T(Q) - 3T (a+ Q) — 5T (a—Q)} g

when q — 0, which is also in accordance with (6.1.10). The divergence
of xyy(a — 0,0) is easily understood, as this susceptibility component
determines the response (J,) to the application of a constant rotating
field h, at every site, which causes the same rotation of all the moments,
corresponding to a change of the phase constant ¢ in (6.1.1). A rigid ro-
tation of the helix costs no energy, and the lack of restoring forces implies
that the susceptibility diverges. A divergence in the static susceptibility
is not sufficient to guarantee the presence of a soft mode in the system, as
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there might be a diffusive mode in the excitation spectrum of the diverg-
ing susceptibility component, with an intensity (x x”(w)/w) which goes
to infinity as the critical q is approached. Outside the critical region, the
inelastic excitation-energies must approach zero, in the absence of a dif-
fusive mode, as a consequence of the Kramers—Kronig relation, but the
excitations may be overdamped, i.e. still become diffusive, sufficiently
close to the critical q. In this case, the generator 1 —idp ), J; of an
infinitesimal rotation d¢ of the helix commutes with the Hamiltonian,
and the Goldstone theorem applies, predicting that the spin waves are
perfectly well-defined excitations in the limit of q — O.

If H; can be neglected, the system contains one more Goldstone
mode, since ), Ji¢ or ). Ji now also commute with H. The transfor-
mation exp(—if ), Ji¢) generates a tilting of the plane spanned by the
moments, relative to the £&—n plane perpendicular to Q, giving rise to the
tilted helix structure. In this configuration, the J;c = Jj,-component is
non-zero and oscillates with the phase Q-R,;. The magnitude of the mod-
ulation is determined by the susceptibility component y..(q = Q,0),
which diverges in the limit where H; or 24 vanishes. The situation is
very similar to the rotation of the helix considered above. The Gold-
stone mode is the spin-wave excitation at q = Q, and the spin-wave
energy vanishes linearly with |q — Q|. The Heisenberg ferromagnet may
be considered to be a helix with Q = 0, and in this case the two Gold-
stone modes collapse into one at q = 0, where the spin-wave dispersion
now becomes quadratic in g.

The first study of the spin waves in a periodic magnetic structure
was performed by Bjerrum Mgller et al. (1967) on a Tb crystal, to which
10% Ho had been added to stabilize the helix over a wider temperature
range. The results of these measurements are shown in Fig. 6.1. The
hexagonal anisotropy in Tb is small, and (O¢) has renormalized to neg-
ligible values in the helical phase, so the theory for the incommensurable
structure would be expected to apply. The dispersion relations do in-
deed have the form of eqn (6.1.10), rising linearly from zero at small q,
and with a non-zero value of Eq, due to the axial anisotropy BY. An
analysis of the experimental results in terms of this expression gives the
exchange functions illustrated in Fig. 6.1. The decrease in the size of
the peak in J(q) with decreasing temperature contributes towards the
destabilization of the helix, as discussed in Section 2.3. The effects of the
change in this function with temperature can be seen fairly directly in
the dispersion relations since, from (6.1.10), the initial slope is propor-
tional to the square root of the curvature 7" (Q), and Eq is proportional
to {7(Q)—37(0)—17(2Q)}'/2. Similar results have been obtained for
Dy by Nicklow et al. (1971b) and analysed in the same way, even though
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Fig. 6.1. Spin-wave dispersion relations and exchange in the c-

direction, in the helical and ferromagnetic phases of TbgoHo1o. In the
helical phase, the energy of the phason excitations goes linearly to zero
at long wavelengths, owing to the broken rotational symmetry around
the c-axis, but that of the mode at Q remains non-zero, because of the
axial anisotropy. The peak in the exchange function, which stabilizes the
periodic structure, is reduced and shifted as the magnetic order increases.
In the ferromagnetic phase at 185 K, the energy rises quadratically from
a non-zero value, and the peak in the exchange is absent.

the relatively large hexagonal anisotropy makes the use of this theory
somewhat marginal in this case. As we shall see in the next section, the
very large value of BS has a decisive influence on the excitations in Ho.

The dispersion relation for the cone may be derived by the same
procedure. In the conical structure the moments along the c-axis are
non-zero, so that

(Jic) = (Jy) = (Jo)cosby 5 (L)>=(J))* +(Ju)®.  (6.1.13)

Introducing the transformation (2.2.8), which corresponds to (6.1.3) in
the case where cosf, # 0, we may derive the effective coupling param-
eters within the rotating coordinate system. For the (xy)-part of the
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interaction matrix, the result is

T2z () = %{J(q + Q)+ J(q—Q)}cos? b, + J(q)sin? 6,

Ty(@) = H{T(@+Q) + T(a - Q) (6.1.14)
Teyl@) = = Tpo(a) = 5{T @+ Q) ~ T(a ~ Q)} cos b,

where J;,(q) is now non-zero. Neglecting the longitudinal response, as
we may in a weakly anisotropic system, we may calculate the response
functions by introducing these coupling parameters in (6.1.8). In order
to estimate the (zy)-components of the MF susceptibility, or A+ B+h,,
in eqn (6.1.9), we may utilize their relation to the derivatives of the
free energy, as expressed in eqn (2.2.18). The free energy for the ith
ion, including the Zeeman contribution from the exchange field of the
surrounding ions, is

F(i) = fo+ f(u=cos) — hy(J.) cos — h, (J.)sinb cos (¢ — o),
(6.1.15a)
with ¢ = Q-R; + ¢, and

hy = (J:)J(0) cos b, i hy = {(].)TJ(Q)sinb,. (6.1.150)

'H; is again, as in (6.1.4), the usual crystal-field Hamiltonian, except that
Bg is neglected. The function f(u) is given by (2.2.17) in terms of k7 (T),
with x§ = 0. From (6.1.15), the equilibrium angles are determined by

—f'(ug) sin 6, + hy(Jz)sinby — h (J:)cosy =0,

and ¢ = ¢y. f'(u) is the derivative of f(u) with respect to u, and
ug = cosf,. With sinf, # 0, this equation leads to

f(ug) cos By = (J.)2{T(0) — T(Q)} cos b,. (6.1.16)
The spin-wave parameters may then be derived as
(J2)(A+ B+ hey) = Fyoli)
= " (ug) sin® By — f’(ug) cos b, + hy(Jz) cos b + D (J:) sin b,

Introducing the values of the exchange fields and applying the equilib-
rium condition (6.1.16), we then find that
At B+ he = {f"(ug)/(J2)} sin’ 6y + (J.) T (Q)

(6.1.17)
A= Bt hy = (1)T(Q).
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These parameters determine the (xy)-components of X *(w) in (6.1.9),
and are valid, at least, to first order in 1/J. From (6.1.8), we finally

obtain
Aq — Bq

Xacac(qvw) = <JZ>
A2 — B2 — (hw — Cq)?
Aq+ B
Xyy (A w) = (J2) e 6.1.18
wy AZ B2 — (hw — Cq)? (6.1.18)
i(hw — Cq)

Xay (@ w) = (J2) ;
Y AZ — B2 — (hw — Cq)?
where the parameters are now

Aq = Bq=(L){J(Q) - 37(a+Q) — 37(a - Q)}
Aq + Bq = (Aq — Bq) cos® 0y + [L + (J){T(0) = T (a)}] sin? 4,

Cq = %(JQ{J(q - Q) —J(q+Q)}cosby,
(6.1.19)
and the axial anisotropy constant is

L=(LN{T(Q) - T ()} + f"(ug)/(J:),  with
£ (ug) = 363(T) + L25(T)(7 cos® 6, — 1) (6.1.20)
+ %mg(T)(SS cos* 0 — 18 cos® O, + 1).

This constant, to order 1/J, is that determined by the c-axis bulk sus-
ceptibility: x.(0,0) = (J;)/L. The dispersion relation, derived from
the pole at positive energies, is

Ey=Cq+ [AZ - BZ] (6.1.21)

which is no longer even with respect to q, because the parameter Cq
changes sign, whereas Aq and Bq are unaffected, if q is replaced by —q.
The other pole, with a minus before the square root, lies at negative
energies. If the two energies for q were both positive, the two poles at
—q would both lie at negative energies, indicating an instability of the
magnetic system. Hence in a stable cone Cc21 < Ag — Bé (Cooper et al.
1962).

The scattering cross-section of the spin waves is still determined by
(6.1.12a), but (6.1.12b) is replaced by

1/2
b

X{C(Kv w) = me (K’v w) Sin2 90
ng(K’v LU) = Xnn(KWw) = E{Xmm(kz’ - Q,W) + Xmm(K’ + Q7 w)} COSQ 90
+ 100 (5 — Q)+, (5 + Quw)}

- %{wa('i - Q?“’) - wa(li + Q,w)} CcoS 90.
(6.1.22)
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When k is along the c-axis, the scattering is determined by the basal-
plane component alone, and introducing (6.1.18) in this expression, we
find for positive energies

w{J,
Xee(k,w) =) érq> {(rqcosby +1)%0g g7
q

+ (rq cos by — 1)25q7,€+Q_T}5(Eq — hw), (6.1.23)

where the ratio ry = [(Aq — Bq)/(Aq + Bq)]*/2. This equation is consis-
tent with the original result of Bar’yakhtar and Maleev (1963), who also
considered the spin-polarized neutron cross-section. As in the helical
case, there are two branches, emerging from either of the Bragg peaks
at 7 + Q, but the intensities of the two branches are no longer equal.
Furthermore, the crystal will normally split up into four distinct types
of domain, as the energy of the cone structure depends on the sign of
neither cosf, nor @ = Q- ¢. The spin-wave parameter Cq changes sign
with either of these two quantities, and this leads to two different values
E(J{ and Eg of the spin-wave energies in the four domains, corresponding
to regions where the signs of cosf, and () are respectively the same or
different. All the vectors in (6.1.23) are along the (-axis, and we may
therefore write the total response function at positive energies in terms
of their magnitudes, in the presence of the four domains, as

w{J,
ng(ﬂvw) = Z 8<Tq> [{(rq| C0890| + 1)25q,nf\Q\f‘r
q

+ (rglcosty| — 1)26q,,{+‘Q‘7T}5(E3' — hw) +

{(rgl cos 8] — 1)%8,,_ s + (rql cos | + 1)5, 1 01—, }6(Ey — hw)}
(6.1.24)

showing that there will normally be four spin-wave resonances in a
constant-k scan, at positive energies. We shall denote the spin-waves
with energies determined by Eé“ , when ¢ is positive or negative respec-
tively, as the 4+¢q branch or —¢q branch. The energy difference Eg —Ey =
E; —Efq = 2C¢ is normally positive, when ¢ = q-C > 0, so that the +¢
branch lies above the —g branch. Equation (6.1.24) then predicts that
neutron scans at a series of values of k, starting from the Bragg peak at
74 |Q|, will show both the 4+¢ and the —¢q branches, that the +¢ branch
will have the largest intensity when x > 7 + |Q|, and that the response
function is symmetrical around the lattice Bragg point x = 7. Although
two of the four types of domain may be removed by the application of an
external field along the c-axis, this does not remove the degeneracy with
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respect to the helicity of the cone, and eqn (6.1.24) remains unchanged.
Different sign conventions, stemming from whether 6, is determined by
the ¢-component of the magnetic moments or of the angular momenta,
may lead to a different labelling of the branches by +¢, but this does not
of course reflect any arbitrariness in, for instance, the relation between
the spin-wave energies and their scattering intensities.

In Fig. 6.2 is shown the dispersion relations E(jf obtained in the
c-direction in the conical phase of Er at 4.5K by Nicklow et al. (1971a).
The length of the ordering wave-vector is about 2 (2m/c) and the cone
angle 6, ~ 28°. The relatively small cone angle leads to a large splitting
between the +¢ and —¢q branches. According to the dispersion relation
(6.1.21), this splitting is given by 2Cq, from which J(q) may readily be
derived. This leaves only the axial anisotropy L as a fitting parameter
in the calculation of the mean values of the spin-wave energies. This
parameter may be estimated from the magnetization measurements,
L = (J.)/Xx¢¢(0,0), which indicate (Jensen 1976b) that it lies between
15-25meV. Nicklow et al. (1971a) were not able to derive a satisfac-
tory account of their experimental results from the dispersion relation
given by (6.1.21) in terms of J(q) and L. In order to do so, they intro-
duced a large anisotropic coupling between the dipoles Jec(q) — J(q),
corresponding to a g-dependent contribution to L = L(q) in (6.1.19).
Although this model can account for the spin-wave energies, the value of
L(0) is much too large in comparison with that estimated above. This
large value of L(q) also has the consequence that 7, becomes small, so
that the scattering intensities of the +¢ and —q branches are predicted
to be nearly equal, since (rq costy — 1)? ~ (rq cosy + 1), in disagree-
ment with the experimental observations. A more satisfactory model
was later suggested by Jensen (1974), in which an alternative anisotropic
two-ion coupling was considered; K™ (z’j)élm(.]i)él,m, (J;) +hec, as
in (5.5.14), with m = —m’ = 2. This coupling modifies the close rela-
tionship between Cq and Aq — Bq found above in the isotropic case, and
it was thereby possible to account for the spin-wave energies, as shown
in Fig. 6.2, and for the intensity ratio between the two branches at most
wave-vectors, since 7, is much closer to 1, when 7/c < ¢ < 27/c, than
in the model of Nicklow et al. (1971a). Finally, the value of L used in
the fit (L = 20meV) agrees with that estimated from the magnetization
curves. The anisotropic component of the two-ion coupling derived in
this way was found to be of the same order of magnitude as the isotropic
component, but the contributions of this anisotropic interaction (with
I = 1" = 2) to the spin-wave energies and to the free energy are effectively
multiplied by respectively the factor sin? 0, and sin? 0y, where sin? 0y =
0.2 in the cone phase. It is in fact almost possible to reproduce the
dispersion relations, within the experimental uncertainty, by including
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Fig. 6.2. Spin-wave dispersion relations in the c-direction, in the cone

phase of Er at 4.5 K, after Nicklow et al. (1971a). The closed and open

symbols represent the +q and —q branches respectively. The solid lines

are the results of the spin-wave calculation described in the text, and

the dashed lines are the dispersion relations for the transverse phonons
originating from 27 /c & 2Q.

only the isotropic part of the coupling, but this requires a value of L ~ 35
meV, and the intensity ratio, in the interval w/c < ¢ < 27/¢, is found
to be wrong by a factor of three or more.

It has been suggested (Lindgard 1978) that the necessity of intro-
ducing anisotropic two-ion coupling in the description of the spin-waves
in Er may be an artifact due to a breakdown of the linear spin-wave
theory. As discussed in Section 5.3.2, the linear theory is not valid in
strongly anisotropic systems, i.e. when the numerical value of the b-
parameter is large and the length of the moments is significantly smaller
than their saturation value, in the low-temperature limit. However,
the model for Er presented in Section 2.3, which describes the mag-
netic structure as a function of temperature and magnetic field reason-
ably well, predicts that o(7 = 0) is only reduced by 1-2%, and that
|b] ~ 0.08. The excitation spectrum in the cone phase may be derived,
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in the presence of arbitrarily large anisotropy, by a numerical calcula-
tion of the MF susceptibility X °(w), as determined by the crystal-field
Hamiltonian and the exchange field, given by (6.1.15b). In the general

case, it is necessary to include the total interaction-matrix J(q), and
not only the (zy)-part as in (6.1.14), when deriving the final suscepti-
bility matrix (6.1.7). A numerical calculation of the excitation energies,
for a model which also accounts fairly accurately for the anisotropy of
Er, leads to energies which are very well described by the linear spin-
wave theory (Jensen 1976¢), the discrepancies being only of the order
of a few per cent. The spin waves are not purely transverse, as the
individual moments are calculated to precess in a plane whose normal
makes an angle of about 33° with the c-axis. The relation between the
difference and the sum of E; and Eg is still found to be obeyed, when
the two-ion anisotropy is neglected. The experimental results therefore
attest to the importance of such anisotropy effects. Except for the tilt-
ing of the plane in which the moments precess, which is not easy to
detect experimentally, the linear spin-wave theory is found to give an
accurate account of the excitations at low temperatures in Er. In spite
of this, it is not a good approximation to consider only the ground state
and the first excited state of the MF Hamiltonian, when calculating the
excitation spectrum, because 10-15% of the dispersive effects are due
to the coupling between the spin waves and the higher-lying MF levels.
These effects are included implicitly, to a first approximation, in the
linear spin-wave theory, which gives an indication of the efficacy of the
Holstein—Primakoff transformation (when .J is large).

We have so far neglected the hexagonal anisotropy. In Section 2.1.3,
we found that B§ causes a bunching of the moments about the easy
axes in the plane, leading to (equal) 5th and 7th harmonics in the
static modulation of the moments. The cone is distorted in an anal-
ogous way, but the hexagonal anisotropy is effectively multiplied by the
factor sin®@, ~ 0.01 in Er. The effects of BS on the spin waves are
therefore small, and may be treated by second-order perturbation the-
ory, which predicts energy gaps in the spectrum whenever Eq = Eq+6q
(for a further discussion, see Arai and Felcher, 1975). In the experi-
mental spin-wave spectrum of Er, shown in Fig. 6.2, energy gaps are
visible, but not at the positions expected from the coupling due to the
hexagonal anisotropy. It seems very likely that the two gaps observed
close to ¢ = 0.4(27/c) are due to an interaction with the transverse
phonons. Although the normal magnetoelastic e-coupling, which leads
to energy gaps when E; = hw,, q, might be significant for the lower
branch, the positions of both gaps agree very well with those expected
from an acoustic-optical coupling, occurring when E, = hwqioq1bs (in
the double-zone representation), as indicated in Fig. 6.2. Although the
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two gaps are close to each other on the figure, they appear in practice
on different sides of q = 0, and do not interfere. This interaction is
equivalent to the strong optical-magnon — acoustic-phonon coupling ob-
served in Tb, shown in Fig. 5.6. However, in Er, it is not possible to say
whether or not a non-collinear component of the spin-density wave of
the polarized conduction electrons is involved, as this coupling is allowed
independently of whether such a component is present or not.

6.1.2 The longitudinally polarized structure

In the helix or the cone, the magnitude of the moments is constant, and
a transformation to the rotating coordinate system yields a Hamiltonian
which is equivalent to that of a ferromagnet, independently of whether
or not the ordering is commensurable. In the longitudinally polarized
phase, the length of the moments is modulated and the magnitude of the
exchange field changes from site to site. This results in a modulation of
the energies of the MF levels, whereas in the helix or the cone, it is only
the matriz elements of the dipole moments which change. In the com-
mensurable case, which we shall discuss in more detail in the following
section, the RPA always predicts well-defined excitations. If the mag-
netic ordering is incommensurable, the single-site energy levels change
in a pattern which never repeats itself, introducing effectively random
energy-barriers along the paths of the excitations. Hence it is not obvi-
ous whether well-defined excitations can exist in this phase (Cooper et
al. 1962). We shall focus on the effects of incommensurable ordering by
considering the simplest possible model. The single-ion anisotropy terms
are neglected, but in order to confine the moments along the c-axis, the
two-ion dipole coupling is assumed to be anisotropic, Jj(q) # J1(q)-
Furthermore, we assume that the temperature is so close to T} that
the tendency towards squaring-up, i.e. the higher harmonics discussed
in Section 2.1.4, can be neglected, in which case

<Ji<> =A; = Acos (QRZ + QD). (6.1.25)

The exchange field acting on the ith site is then

?? = Zﬂ(ij)ACOS(Q'RJ +¢) = A:J)(Q),
J

and the transverse component of the MF Green function is

2A;
Cw) = X (w) = —— 6.1.26
00 = ) = S (6.1.26)
as in Section 3.5.2. Because x{, (w) and x°_(w) both vanish, the site-
dependent equation determining the final RPA Green function G(ij,w),
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corresponding to ¢°(w), may be written

{hw — AT (Q)}G(ij,w) = 2A4,6,; — ZAiJL(z'j’)G(j’j,w), (6.1.27)

obtained from the RPA equation (3.5.7) by multiplying with the energy
denominator in g2(w). We introduce the Fourier transforms

Gr(a,w) = 1 D Glijw)e T R-R)e=maRs, (6.1.28)
ij

where n is an integer, and the coupling parameter

(@) = 2 A{7,(Q) - T, (a +nQ)}, (6.1.29)

which is always negative (A > 0), as the stability of the structure re-
quires JH(Q) —J,(Q) > 0. From (6.1.27), we then obtain the infinite
set of equations

hWGn (qv w)+7n+1(q)Gn+1 (q7 w)+7n—1(q)Gn—1(q7 w) = A((sn,l +6n,—1)

(6.1.30)
whenever Q is incommensurable. In a commensurable structure, for
which mQ = p7, we determine G, (q,w) = G, ,,,(q,w) by the corre-
sponding finite set of m equations. Of the infinite number of Green
functions, we wish to calculate the one with n = 0, as the transverse
scattering function is proportional to Im [GO (q,w)].

It is possible to rewrite eqn (6.1.30) so that G,(q,w) is expressed
in terms of infinite continued fractions. In order to derive such an ex-
pression, we shall introduce the semi-infinite determinant D,,, with n
positive,

hw  Ypaa 0 0 0 0
Tn hw Tn+2 0 0 0

D,=| Y My MW Ypys 00 (6.1.31)
0

0 0 7n+2 hw ’Yn+4

leaving out the variables q and w. Expanding the determinant in terms
of the first column, we have

Dn = hWDn+1 - ’Yn’Yn—i-an—i-Q' (6132)
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When n = 1, eqn (6.1.30) may be written hwG;| + 7,Gy = A — v, G,
and the semi-infinite series of equations with n > 1 may be solved in
terms of G, and D,,:

D, 1
—= =(A—",G ,
D, ( o O)hw - 7172D3/D2

Gy = (A=7Gy) (6.1.33)

utilizing (6.1.32) in the last step. In terms of the two infinite continued
fractions (n > 1)

- Vu(Q)

Zn(Qyw) = hw = 7,,(Q) 2,41 (9, w) (6.1.34)
- (@) -

Z—n Q»W)

T hw—v_,(@)z_, (qw)’

eqn (6.1.33) may be written v, Gy = (A—,Gy)z;, and in the same way,
we have v_1G_; = (A — v,Gy)z_;. Introducing these expressions into
(6.1.30), with n = 0, we finally obtain

21 (qv W) + Z_1 (qv W)

Colaw) = AZ g w) Tz r(aw)] —Fw’

(6.1.35)

A similar result was derived by Liu (1980). In this formal solution, there
is no small parameter, except in the high-frequency limit, which allows
a perturbative expansion of G,(q,w). The infinite continued fraction
determining z,, never repeats itself, but it is always possible to find an
n = s such that z, is arbitrary close to, for instance, z;. This property
may be used for determining the final response function when Aw — 0.
In this limit, we have from (6.1.34): 23 = —1/20 = 23 = —1/24 = - -~
and, using z; ~ z, for s even, we get z; = —1/z or z; = +i. At q =0,
we have by symmetry z; = z_; = &4, which also has to be valid at
any other q. The correct sign in front of the i is determined from a
replacement of w by w + i€, where € is an infinitesimal positive quantity
or, more easily, from the property that Im [Go(q,w)] should have the
opposite sign to w, i.e.

A A

G(q,w — 0) = ’Y_O — zﬁhw. (6.1.36a)

Since 1

Xeg (qvw) = er(qvw) = _Z{G(qvw) +G* (q7 —W)},
we get
1 hw

,w—0) = ' . (6.1.36b
Xeldw 0= 77 @ MA@ - @



6.1 INCOMMENSURABLE PERIODIC STRUCTURES 303

The imaginary term linear in w implies that the correlation function
(4.2.3), which is proportional to Xg@ (q,w)/Bhw for w — 0, is non-zero
in this limit. Hence the inelastic-scattering spectrum of the incommen-
surable system contains a tail down to zero frequency, with a magnitude
at w = 0 proportional to T. At non-zero frequencies, eqn (6.1.35) can
only be solved in special cases, such as if v,, is independent of n, corre-
sponding to J, (q) = 0 (Liu 1980). In general, numerical methods must
be applied. We may, for example, replace w by w + ie and, instead of
considering the limit ¢ — 0T, allow € to stay small but non-zero (e.g.
e = 0.01|w]). Then Gp(q,w) becomes insensitive to the value of z,,,
if n is sufficiently large (n > 50). € acts as a coarse-graining param-
eter, of the type mentioned at the beginning of this section, and any
energy gaps in the spectrum, smaller than e, are smeared out. A more
careful treatment of this problem has been given by Lantwin (1990).
Solutions of eqn (6.1.35) have been presented by Ziman and Lindgard
(1986), Lovesey (1988), and Lantwin (1990), for various values of Q
and the axial anisotropy parameter J (Q) — J,(Q). The most impor-
tant result is that the imaginary part of Gy(q,w)/w contains a number

Fig. 6.3. The imaginary part of the response function x.¢(q,w)/w

for an incommensurable longitudinal structure, as a function of w and q,

from Ziman and Lindgard (1986). The sharp peaks indicate the presence
of well-defined excitations in this structure.
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of sharp peaks, as a function of w at a constant value of q; one such
example is shown in Fig. 6.3. These peaks indicate the presence of well-
defined excitations. The variation of the energy with the component of
q parallel to Q is very small, but the spectral weights of the different
peaks change. This pattern indicates that the excitations propagating
parallel to the ordering wave-vector are quasi-localized modes of com-
posite angular momenta. This behaviour may be explained by a closer
examination of the single-site response function (6.1.26). g°(w) becomes
nearly zero, at non-zero frequencies, whenever A; = (J;¢) is small, which
generally occurs twice in every period. This explains the low-frequency
diffusive response, and implies that the excitations become essentially
trapped between the sites with small moments.

This theory may, with some modifications, be applicable to a de-
scription of Er in its high-temperature, longitudinally polarized phase
(Ty <T < Ty). The excitations in this temperature interval have been
studied by Nicklow and Wakabayashi (1982). They found no sharp peaks
in the transverse spectrum, but saw indications of relatively strong dis-
persive effects at small values of q £ Q. The absence of sharp peaks in
the spectrum may be explained by intrinsic linewidth effects, neglected
in the RPA theory utilized above, which may be quite substantial at the
relatively high temperatures of the experiments. However, the strong
dispersive effects detected close to the magnetic Bragg peaks are not
consistent with the results discussed above. One modification of the sim-
ple model which may be important is the squaring-up of the moments,
which has been considered by Lantwin (1990). The higher harmonics
lead to additional coupling terms in (6.1.30), and the analysis becomes
correspondingly more complex. However, a simple argument shows that
the higher harmonics result in less localized modes, and thus lead to a
stronger dispersion, as also concluded by Lantwin. It is because the in-
tervals along the c-axis in which the moments are small become narrower
when the moments square up, so that the excitations may tunnel more
easily through these regions. Another limitation of the theory, which
may be important for Er, is that the single-site crystal-field anisotropy,
neglected in the model, is probably more important than the two-ion ax-
ial anisotropy. The single-ion anisotropy splits the levels, even when the
exchange field vanishes, and excited dipolar states may occur at energies
suitable for allowing the excitations to propagate across sites with small
moments, more freely than in the simple model. In the limit where the
exchange field is small compared to the crystal-field splittings, which we
shall discuss in the next chapter, the corresponding continued fractions
in Gy(q,w) converge rapidly (Jensen et al. 1987), and the results become
largely independent of whether the ordering is commensurable or not.
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6.2 Commensurable periodic structures

In the preceding section, we discussed the spin-wave spectra in helical
or conical systems, which are characterized by the important feature
that the magnitude of the ordered moments, and hence of the exchange
field, are constant. This simplification allowed an analytic derivation
of the spin-wave energies, in weakly anisotropic systems. If BS only
leads to a slight distortion of the structure, its effects on the spin waves
may be included as a perturbation. If Bf is large, however, as it is for
instance in Ho, this procedure may not be sufficiently accurate. Instead
it is necessary to diagonalize the MF Hamiltonian for the different sites,
determine the corresponding MF susceptibilities, and thereafter solve
the site-dependent RPA equation

X(ij,w) =X () + sz )T (i3 )X (5§ w). (6.2.1)

In uniform para- or ferromagnetic systems, X, (w) is independent of the
site considered, and the equation may be diagonalized, with respect to
the site dependence, by a Fourier transformation. In an undistorted helix
or cone, the transformation to the rotating coordinate system eliminates
the variation of X; (w) with respect to the site index, and (6.2.1) may be
solved as in the uniform case. If BY is large, the transformation to a (uni-
formly) rotating coordinate system leaves a residual variation in X, (w),
and in the direction of the moments relative to the z-axis of the rotating
coordinates. This complex situation can usually only be analysed by
numerical methods. A strong hexagonal anisotropy will normally cause
the magnetic structure to be commensurable with the lattice, as dis-
cussed in Section 2.3. We shall assume this condition, and denote the
number of ferromagnetic hexagonal layers in one commensurable period
by m, with Q along the c-axis. The spatial Fourier transformation of
(6.2.1) then leaves m coupled equations. In order to write down these
equations explicitly, we define the Fourier transforms

X' (n;w) =% Z e MR (6.2.2a)

and, corresponding to (6.1.28),

=/ . 1 = .. —iq-(R;—R;) _—inQR;
X(’I’L, q,w) - N ZX(Z]7‘*}) e et ) (622b)
where 7 is an integer. Equation (6.2.1) then leads to

s o) = X mw) + 3 K70 — 5:0)T (@ + Q55 6,0), (623)
s=0
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where X *(n+m;w) =X (n;w). The m matrix equations may be solved
by replacing w by w +ie. Instead of taking the limit € — 0T, as required
by the definition of the response function, € is considered as non-zero
but small, corresponding to a Lorentzian broadening of the excitations.
Equation (6.2.3) may then be solved by a simple iterative procedure,
after the diagonal term Y(n;q,w) has been isolated on the left-hand
side of the equation. If m is not too large, and if € is not chosen to
be too small, this procedure is found to converge rapidly, requiring only
10-20 iterations at each (q,w). The energies of the magnetic excitations
at the wave-vector q are then derived from the position of the peaks, of
width 2he, in the calculated response function Im [?(O; q,w)].

The use of numerical methods, which is unavoidable in systems with
complex moment-configurations, leads to less transparent results than
those obtained analytically. However, compared with the linear spin-
wave theory, they have the advantage that anisotropy effects may be
included, even when they are large, without difficulty. The introduc-
tion of a non-zero value for ¢ means that the response function is only
determined with a finite resolution, but this is not a serious drawback.
The experimental results are themselves subject to a finite resolution,
because of instrumental effects. Moreover, intrinsic linewidth phenom-
ena, neglected within the RPA, provide a justification for adopting a
Nnon-zero €.

The numerical method summarized above has been used for calcu-
lating the spin-wave energies in the various structures of Ho discussed
in Section 2.3. In Fig. 5.9, we presented the dispersion relations in the
c-direction of Ho containing 10% of Th, in its ferromagnetic and helical
phases (Larsen et al. 1987). The Tb content has the desirable effects
of confining the moments to the basal plane, and inducing the simple
bunched helix or zero-spin-slip structure (1.5.3) in the range 20-30K,
and ferromagnetism below 20 K. The commensurability of the 12-layer
structure implies that the energy of the helix is no longer invariant un-
der a uniform rotation, and an energy gap appears at long wavelengths,
reflecting the force necessary to change the angle ¢ which the bunched
moments make with the nearest easy axis. The excitations in this rel-
atively straightforward structure can be treated by spin-wave theory,
and the energies in the c-direction may be written in the form of eqn
(6.1.100):

1/2
B, = (43— 52",

where now

Aq+ Bq=A+ B+ J{J,(0) - J(a)}, (6.2.4a)
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and

Aq—Bq=A-B+v’J{J.(Q) - 37 (a+ Q) - 37 (a- Q)}
+?J{T,(5Q) — 3T, (4 +5Q) — 37, (q —5Q)}. (6.2.4b)

In this case, the axial- and hexagonal-anisotropy terms are

A+ B = 2{6B3J® — 60BLIW + 210581 + 655 cos 66}
+J{u*T,(Q) +v°T,(5Q) — J,(0)}, (6.2.5a)

and
A — B =36BSJ© cos6¢, (6.2.5b)

while u and v are determined from the bunching angle, by (1.5.30), as
respectively cos (/12 — ¢) and sin (7/12 — ¢). As may be seen from the
above expressions, the energy gap E in the periodic structure should be
smaller than that in the ferromagnet by a factor of approximately cos 6¢,
or about 0.8. The observed difference in Fig. 5.9 is considerably greater
than this, and corresponds to an effective reduction of BY by about
50% in the helical phase. Such an effect can be accounted for by an
anisotropic two-ion coupling of the type observed in Tb and considered
in Section 5.5.2. Specifically, the term C(q) in eqn (5.5.19a) gives a
contribution C(0) to A+ B in the ferromagnetic phase, and C(3Q) cos 6¢
in the bunched helical structure.

As in the ferromagnetic phase, treated in Section 5.5.1, the dis-
continuity in the dispersion relations at ¢ = 0 is due to the classical
magnetic dipole—dipole interaction. As illustrated in Fig. 5.7, the basal-
plane coupling 7, (q) has its maximum at q ~ Q, but the jump in the
long-wavelength limit in the dipolar contribution to J) (q)—J) (0), which
has a magnitude 4mguz M or 0.28 meV, is sufficiently large that the ab-
solute maximum in J (q) is shifted from q = Q to g = 0. Consequently,
the soft mode, whose energy goes to zero with the vanishing of the axial
anisotropy at a temperature of 20K in pure Ho, is the long-wavelength
spin wave propagating perpendicular to the c-axis, rather than the mode
of wave-vector Q along the c-axis. As discussed in Section 2.3.1, the cone
structure, rather than the tilted helix, is thereby stabilized. Near the
second-order phase transition, the divergence of XCC(O’ 0) is accompanied
by a vanishing of the energy gap as (T' — TC)l/Q.

The calculated small energy gap at the centre of the zone in the
commensurable helix, shown in Fig. 5.9, is due to the bunching of the
moments; ¢ = 7/2 + pn/3 + ¢, where the sign before ¢ alternates from
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Fig. 6.4. Magnetic excitations propagating in the c-direction in
the one-spin-slip structure of Ho at 20K, after Patterson et al. (1990;
and to be published). The full curve is the calculated dispersion rela-
tion and the points are the experimental results. The energy gap at
q= 15—1(27r/ ¢), due to the eleven-layer period, is resolved in these mea-
surements. The linewidth of the scattering peaks behaves anomalously
around ¢ = 2 (2m/c) suggesting a gap of the order of 0.3meV at this
wave-vector. The calculated energy of the long-wavelength modes in the
basal plane is indicated by the line on the left. The discontinuity at q = 0
is due to the dipolar coupling, and the transition to the cone structure is
accompanied by a softening of this lowest-energy mode.

one layer to the next. This alternation doubles the periodicity in the
rotating coordinate system, and thereby halves the Brillouin zone in the
c-direction. The predicted gap is somewhat smaller than the experi-
mental energy-resolution, and is therefore not observed in these mea-
surements. The equivalent gap has however been measured in the one-
spin-slip structure of Fig. 2.5 by Patterson et al. (1990), whose results
are shown in Fig. 6.4. In this case, the 11-layer structure causes an
eleven-fold reduction in the Brillouin zone, but only the first-order gap
at 5/11 times 27 /c is calculated to be readily observable. This gap, on
the other hand, is amplified by about a factor two, as compared to that
in the structure without spin slips. As the number of spin slips increases,
the calculated excitation spectra (Jensen 1988a) become more complex,
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Fig. 6.5. The energies of the magnetic excitations propagating in
the c-direction in the 19-layer and 9-layer spin-slip structures of Fig. 2.5.
The solid lines indicate the positions of the main peaks in the calculated
spectrum, whereas the dashed extensions designate peaks of relatively
lower intensities. The energy gaps due to the reduced symmetry are not
resolved in the experimental measurements of Nicklow (1971).

as illustrated in Fig. 6.5. The dispersion relations are broken into short
segments by a succession of energy gaps, which may however be difficult
to identify because of intrinsic broadening effects, neglecting in the RPA,
which become more and more pronounced at increasing temperatures.

At temperatures above about 50 K, when (O$) in Ho is small and
the distortion of the helix correspondingly weak, the large BS still plays
an important role in mixing |.J, > molecular-field (MF) states. Indeed,
as the temperature is increased and the exchange field decreases, this
effect becomes relatively more important, so that, for example, the en-
ergy difference between the two lowest MF levels varies by an order of
magnitude as the moment on the site moves from an easy to a hard
direction at elevated temperatures, while this variation is much smaller
in the low-temperature limit. The large changes in the MF states from
site to site tend to disrupt the coherent propagation of the collective
modes, providing a mechanism for the creation of energy gaps in the
excitation spectrum. The spectrum thus becomes similar to that of the
incommensurable longitudinal phase, illustrated in Fig. 6.3.

Whenever the moments are not along a direction of high symmetry,
B¢ mixes the transverse and longitudinal components of the single-site
susceptibility, so that the normal modes are no longer either pure trans-
verse spin waves or longitudinal excitations. At low temperatures, where
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(J.) is close to its maximum value, this mixing is unimportant, but it
has significant effects on the excitations at higher temperatures. In the
RPA, the pure longitudinal response contains an elastic component, and
the (mixed) excitation spectrum in the long-wavelength limit therefore
comprises an elastic and an inelastic branch. The inelastic mode is cal-
culated to lie around 1 meV in the temperature interval 50-80 K. In the
RPA, this feature is independent of whether the magnetic periodicity
is commensurable with the lattice. In the incommensurable structure,
the free energy is invariant to a rotation of the helix around the c-axis,
implying that X,(q,w) diverges in the limit (q,w) — (0,0). However,
the corresponding generator of rotations no longer commutes with the
Hamiltonian, as in the regular helix, because B§ is now non-zero. The
divergence of X,(q,w) is therefore not reflected in a conventional Gold-
stone mode, but is rather manifested in the elastic, zero-energy pha-
son mode, which coexists with the inelastic mode. Beyond the RPA,
the elastic response is smeared out into a diffusive mode of non-zero
width. This broadening may essentially eliminate the inelastic phason
mode, leaving only a diffusive peak centred at zero energy in the long-
wavelength limit. The intensity of this peak diverges, and its nominal
width goes to zero, when the magnetic Bragg reflection is approached.
However, a diffusive-like inelastic response is still present at q = 0, and
a true inelastic mode only appears some distance away. In the calcula-
tions, the elastic single-site response was assumed to be broadened by
about 6 meV, corresponding to the spin-wave bandwidth. This assump-
tion gives a reasonable account of the excitations in the long-wavelength
limit, suggesting that they become overdamped if the wave-vector is
less than about 0.1 times 27/c. Although the inelastic phason mode is
largely eliminated, the calculations suggest that a residue may be ob-
servable. The most favourable conditions for detecting it would occur
in a neutron-scattering scan with a large component of the scattering
vector in the basal plane at about 50 K.

Another example to which the above theory has been applied is
Tm (McEwen et al. 1991), where the c-axis moments order below 57.5
K in a longitudinally polarized structure, which becomes commensu-
rable around 32 K. Below this temperature, as described in Section 2.3.1,
the structure is ferrimagnetic, comprising four layers with the moments
parallel to the c-axis, followed by three layers with the moments in
the opposite direction. Although Tm belongs to the heavy end of the
rare earth series, the scaling factor for the RKKY-exchange interaction,
(g —1)2 = 1/36, is small, and the Néel temperature is low compared to
the crystal-field energy-splittings. The crystal-field effects are therefore
more important in this element than in the other heavy rare earths. The
energy difference between the MF ground state and the dipolar excited
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state is calculated to vary between 8.0 and 10.2meV, while the exchange
field lies between 0 and 1.8 meV. Hence the exchange field acts as a minor
perturbation, and incommensurable effects above 32 K in the excitation
spectrum should be unimportant. In the low-temperature limit, the
magnetic excitations are spin waves; the MF ground state and the first
dipolar excited state are almost pure | £6> and | £5> levels (+ or —
depending on the site considered). The excitations propagating in the
c-direction are found to lie between 8.5 and 10meV (Fernandez-Baca
et al. 1990; McEwen et al. 1991). The magnetic period is seven times
that of the lattice, and the exchange coupling splits the spin waves into
seven closely lying bands, which cannot be separated experimentally.
With a finite resolution, the exchange coupling leads to a single or, at
some wave-vectors, a double peak, whose shape and width change with
q. At low temperatures, a relatively strong coupling between the spin
waves and the transverse phonons is observed, and when this coupling
is included in the determination of the RPA response functions, by the
method presented in Section 7.3.1 in the next chapter, good agreement
is obtained between the calculated neutron spectra and those observed
experimentally. At elevated temperatures, both below and just above
Ty, other excitations between the excited crystal-field (MF) levels are
observed to be important, both in the transverse and the longitudinal
components of the response function, and good agreement is again found
between theory and experiment. With respect to its magnetic proper-
ties, Tm is thus an exceptional member of the heavy rare earths, as it
is the only one in which well-defined crystal-field excitations have been
detected. Hence it provides an appropriate termination of our discussion
of spin-waves, as well as a natural transition to the crystal-field systems
which are the topic of the next chapter.



