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The dispersion of the spin waves in EuS has been investigated by means of neutron scattering. In zero
field and at small momentum transfer q, the energy Ace~ of the spin waves is proportional to q in agree-
ment with the predictions of spin-wave theory that includes demagnetization e6ects. By application of a
magnetic field H~~q, the spin waves attain a finite mass, i.e., a gap is induced and ficoq becomes propor-
tional to q . Using polarization analysis we show that the degeneracy between spin waves at 0.87T, po-
larized along and transverse to q is lifted due to the depolarizing fields. The transverse spin-wave modes
are the Goldstone modes and diverge at T„whereas the longitudinal spin waves do not diverge. This sit-
uation resembles the lifting of the degeneracy between the longitudinal and transverse fluctuations in the
paramagnetic phase. Both the dynamics and the statics are in agreement with linear spin-wave theory.

I. INTRODUCTION itoq I (Eq+g papoH )[Eq+gpapoH

The spin-wave dispersion curves of many isotropic fer-
romagnets have been investigated over large areas of the
Brillouin zone using various neutron-scattering tech-
niques. The measured dispersion curves from insulating
materials like EuS are reasonably well understood in
terms of localized magnetic moments, ' whereas band
models have been proven to be rather successful in
describing the spin dynamics in itinerant ferromagnets
like Fe and Ni at low temperatures. Moreover, it was
demonstrated convincingly that the renormalization of
the spin waves close to T, follows the laws of dynamical
scaling. '

Interestingly the critical behavior of true isotropic fer-
romagnets cannot be investigated in the limit q~0 be-
cause the magnetic moments induce (long-range) aniso-
tropic dipolar fields that decay like 1/r and dotninate
the exchange interactions at small q. As a measure of the
strength of the dipolar interactions one can define a dipo-
lar wave number qd that can be inferred from the inverse
correlation length tr(T) and the homogeneous internal
susceptibility above T„y(q =0, T), via the relation
qd =tc g(0, T) or by equating the dipolar width of the
spin-wave band to the spin-wave energy at qD,
gpttpoM=DqD. Here g is the gyromagnetic ratio, ps is
Bohr's magneton, po is the induction constant, M(T, H)
is the magnetization, and D is the stiffness constant. If
the dipolar interactions are included in the Hamiltonian
for a Heisenberg model one arrives at the following
dispersion relation for the spin-wave excitations: '

+glJJtpoM (T,H)sin Oq ]I '~

(1)
Here E designates the exchange energy, H the magnetic
field, and 0 is the angle between M and the momentum
transfer with respect to the nearest Bragg peak, q. The
term containing H is responsible for the Zeeman splitting
E~, and the term containing M is due to the
dipolar interactions. In most ferromagnets, like Ni
[q„=0.013 A ' (Ref. 7)], the dipolar energy
Ed=gp, ttpoM(T, H) is so small that it has not been
directly observed in neutron scattering. By contrast in
EuS, qd =0.25 A ' is large and dipolar effects have been
included in the data analysis, ' although the effects were
small, because the spin-wave measurements have only
been performed at such large q that the dipolar contribu-
tion appeared as a constant energy, i.e., a "dipolar gap"
(like a Zeeman gap), added to the exchange energy E
(see Fig. 6 in Ref. 3). However, the more complicated q
dependence of the dispersion curve given by Eq. (1) has
not been determined so far.

Another important consequence of the dipolar interac-
tions is the lifting of the isotropy of the paramagnetic
fluctuations close to T, . Here the dipolar fields prevent
the longitudinal (long-wavelength) fluctuations (5S

~ ~
q)

from criticality, while the transverse fluctuations (5SJ.q)
diverge. Moreover the longitudinal fluctuations are
strongly damped.

' We have observed similar effects io,
EuS below T, namely the longitudinal spin waves and the
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transverse spin waves were not identical. "'
The goal of the present paper is to show conclusively

that the behavior of the transverse spin waves (5Slq) is in
accordance with spin-wave theory that includes dipolar
interactions. In particular we show that Ace depends
linearly on q in zero field for q~O, whereas for reason-
ably large H a gap opens at q=0. Using polarization
analysis we show that the spin waves with transverse and
longitudinal polarization have different cross sections
similar as for the paramagnetic fluctuations above T, .

II. EXPERIMENT

The neutron-scattering experiments were performed on
the triple-axis spectrometer 4F1 located at the cold
source of the Orphee reactor at the Laboratoire Leon
Brillouin in Saclay. The isotopically enriched sample

EuS was composed of roughly 100 single crystals,
aligned such that the overall mosaic was g=0. 8'. It was
mounted inside a closed-cycle cryostat mounted between
the pole pieces of an electromagnet. Most unpolarized
measurements were conducted near [000] and [200],
along the [100] direction with q~~H, „„using neutrons
with fixed incident energies 2.28~E, ~4.06 meV and
various collimations depending on the conflicting require-
ments of resolution and intensity. The polarized beam
measurements were performed near [200] along the [100]
and [010] directions in a vertical field H,„,lq of 164 mT.
The Aipping ratio was 10, i.e., the polarization of the in-
strument was 0.82.

In zero external field the sample is composed of
domains pointing along the [111]easy direction. Hence
(sin 8 ) =—', . The anisotropy field at T =0 K is

poII», ——2. 5 mT and its infiuence on the spin dynamics

can be neglected. The saturation magnetization of EuS is
poM = l.53T. '

III. THEORY

In this section we follow the development of linear
spin-wave theory by Lovesey for a Heisenberg ferromag-
net. ' The dispersion relation for an isotropic ferromag-
net is given by

e =gp~poII+2S[J(0) —J(q)] . (2)

where

(4)

and B is given for all but the extreme value q =0 (Ref.
14) by

Bq= &'gpiipoM(T H)sin 8&exp( 2igq)

The angles 8 and P define the orientation of q in Carte-
sian coordinates taking Oz along the easy axis of magneti-
zation, e.g., q = ~q~sin8~cosg~. Similarly one can define
the orientation of the scattering vector Q=r+q with
respect to the easy axis of magnetization by means of the
angles 8 and P, e.g., Q„=~Q~sin8cosg, where r is a
reciprocal-lattice vector.

The cross section for a dipolar ferromagnetic has been
derived by Lovesey' starting from the work of Keffer'
for unpolarized neutrons:

J(q) is the spatial Fourier transform of the exchange in-
teractions. If dipolar interactions are added to the Ham-
iltonian the dispersion relation becomes

(3)

2
d2 k'

, =ro —gE(Q) exp[ —2W(Q)]dQdE' k 2

S 2X — g (1+Q, ) +(1—Q, ) cos2(p —p~)2 vp %co
'

%co

X n 5(hco+Aco )5(Q+q —r)+(n~+1)5(fico —A'co~)5(Q —q —r) . (6)

Q, is the projection of Q/ Q~ on the direction of magne-
tization. For the rest of the notation see Ref. 13. Equa-
tion (6) is identical with the expression for an isotropic
ferromagnet if B is set equal to 0. The dipole forces
greatly complicate the angular dependence of the intensi-
ty of the scattered neutrons.

Starting from the expression, Eq. (6), we consider ex-
pressions for the scattered intensity for some experimen-
tal situations of interest and in the limit Ace«k&T. In
the followingiV is a constant. '

(1) We discuss first two geometries with M perpendicu-
lar to the scattering plane (1+Q,=1—Q, = 1). The in-

tensity of neutrons scattered by spin waves with trans-
verse polarization (5SJ.q) is obtained by setting q~~Q in
Eq. (6):

kbT
Iz(q) X

6'q

IT(q) is identical with the expression for a ferromagnet
without dipolar interactions and it diverges in zero field
like 1/q . These are the Cxoldstone modes. By setting
qlQ one obtains, for the longitudinal spin waves (5S~~q),
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kbT
Il (q)=I'

&q q

Ir (q) is smaller than IT(q) and does not diverge for
q~0 even in zero field as long as Bq&0. Although the
spin-wave energy Ace is independent of the polarization
(8~ =90'), the denominators are in neither case given by
fico as might be expected in analogy to an isotropic fer-
romagnet.

(2) Next we discuss the situation for a sample in zero
field ((sin 8 ) =—', ) with q~~Q. Here P=P:

k~ T 4A +2B
I„(q)=N (9)

iso q 3ficoq

In an applied vertical field Eq. (9) evolves into Eq. (7),
i.e., from the multidomain structure to complete field
alignment. Note that I;(q) Ik& T, i = T,L, is proportional
to the wavelength-dependent susceptibility y,' (q).

IV. RESULTS
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A. Unpolarized neutron scattering

Figure 1 shows the temperature dependence of the spin
waves at (0.12 00) at T=12.5 K (q =0.125 A '). The
elastic background, mostly due to incoherent scattering
from the sample, and the sample holder have been deter-
mined at 75, 125, 181, and 240 K and have already been
subtracted. With increasing field the spin-wave peaks
move initially to smaller energy and then to higher ener-
gy. This behavior cannot be simply explained in terms of
a Zeeman shift that would always increase the energy of
the spin waves with increasing field.

In order to shed more light on the physics behind we
have extended the measurements to smaller and to larger
q. Because of the complicated form of the scattering
cross section, Eq. (6) the measured spectra have been
fitted with a scattering function S(q, co) appropriate for
an isotropic ferromagnet, convoluted with the four-
dimensional resolution function of the spectrometer:

4 kaT 1 r,
S(q, (o) =—X;„

3 '
fi(oq 2m (g(0 fgr0 )2+ 1 2—
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was minimized by varying the constant N;„, %co, and
I . Any departure of the data from the behavior of an
isotropic ferrornagnet is revealed in a q dependence of
N;„as well as in changes of the dispersion curve. It be-
carne apparent that the spin waves are not damped within
the resolution limits of the spectrometer, hence, linear
spin-wave theory is applicable.

The resulting spin-wave dispersions are shown in Fig.
2. In zero-field, fico has definitely not a parabolic shape
as expected for the exchange part of an isotropic fer-
rornagnet at small q. With increasing field, a gap opens
up near q=0 and the dispersion curves become more
parabolic. Figure 3 shows that our zero-field data are
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FIG. 1. Field dependence of transverse spin waves at /=0. 12
and T =0.72T, . With increasing field, the peaks move initially
to smaller energies, then to higher energies. 10 mon corre-
sponds to a counting time of 4.1 min.
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FIG. 2. Field dependence of the dispersion for transverse
spin waves at different temperatures. Note the almost linear
dependence of the dispersion at small q in zero field (thick solid
lines).

consistent with the data of Bohn et al., that were ob-
tained at T=12 K from a sample that was assembled
from the same crystals. ' The solid line in Fig. 3
represents a fit to the data using as parameters the ex-
change constants J

&
and Jz and the dipolar energy. The

latter value is Edsin 0 =0.087+0.009 meV, which is in
excellent agreement with the calculated value EM =0.088
meV (from the bulk magnetization at 12 K, and
sin 8» =—', ).

The interpretation of the data in the light of Eq. (1) is
straightforward. With increasing field the magnetic
domains align progressively along the momentum
transfer q =Q. Therefore the dipolar term, containing
sin 8 decreases. Because of depolarization effects, how-
ever, the internal field H remains initially zero and no
Zeeman gap is induced. As soon as M~~q, the demagneti-
zation effects vanish and H increases.

To put this scenario on a more quantitative basis we
have fitted the dispersion curves directly to the expres-
sion fico»=[(Dq2+EH) (Dq +EH+Edsin 8 )] ~ treat-
ing the stiffness D, Zeeman gap EH, and the dipolar
"gap" Edsin 8 as fitting parameters. The fits (Table I)
indicate that EH is zero within error bars for H'"'&72
mT whereas Ed =0 for 420 mT. In particular, at small q
and in zero field the spin-wave energy extrapolates to 0

FICi. 3. Dispersion of EuS for 0.72T, for q along the [100]
direction and H =0. The solid circles are taken from Bohn et
al. (Ref. 1) and the open circles are from this work. The solid
line is a fit to the data, including nearest and next-nearest ex-
change interactions and the dipolar term.

for q —+0. From the fits we deduce a stiffness
D =2.31+0.10 meV A . D does not depend on field be-
cause H is rather small. For large H, however, D can be-
come field dependent. '

Additional measurements were performed at 0.96T,
and 0.965T, in zero field. The spin waves renormalize, as
expected, and the dipolar gap decreases. The values
sin 8 (W —', ) have been obtained from the measured dipo-
lar contribution to co .

The reduced magnetization m =M/Mo of EuS was al-
ready measured many years ago, using neutron
diffraction. ' We deduce m =0.746, 0.401, and 0.353 for
T =0.72, 0.95, and 0.965T„respectively. ' Using
MD=1. 53 T from Ref. 1 we obtain for the dipolar ener-
gies (in zero field), Edsin 8», the values 0.088, 0.047, and
0.042, me V, respectively. The values for 0.72 and
0.965T, are reasonably close to the experimental results
(Table I) whereas at 0.95T, there is a disagreement,
maybe due to the combined effects of errors in tempera-
ture and in determining the rather small energies.

Finally we discuss the Zeeman splitting of the spin
waves. The effective field H' deduced from EH is sys-
tematically lower than H'"', as expected due to the
demagnetizing field effects. The difference

TABLE I. Stiffness D, Zeeman gap E~, and dipolar contribution Edsin Oq vs the external field
H'"' (1J=6.241 X 10 ' meV). y designates the quality of the fit.

0.72
0.72
0.72
0.72
0.72
0.95
0.965

+~ext
(mT)

0
72

144
420
560

0
0

D
(meVA )

2.35+0.15
2.33+0.11
2.26+0.08
2.30+0.05

fixed at 2.31
1.19+0.14
0.83+0.16

EB
(meV)

fixed at 0
0.005+0.006
0.011+0.002
0.041+0.002
0.062+0.002

fixed at 0
fixed at 0

Edsin 0~
(meV)

0.077 W 0.010
0.018+0.017
0.012+0.002
0.000+0.000

fixed at 0
0.032+0.009
0.040+0.013

sin gq

2
3

0.16
0.10

0
0
2
3
2
3

1.03
0.87
0.76
1.08

2.09
0.36
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with an amphtude of 4 counts/7. 5 M has already been
subtracted from the data.

The deconvolution of the data (solid lines) on the basis
of Eqs. (6) and (7) yields spin-wave energies An) that are
compatible with the unpolarized beam data presented
above, when the renormalization of the spin waves is
properly taken into account. Note that we have included
during the fitting procedure the Zeeman splitting
EH=0. 014 meV, caused by the internal field poK=120
mT. Moreover we have used a unique normalization con-
stant N for the three measurements.

In contrast, the data sets for the longitudinal spin
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FIG. 4. Field and q dependence of the constant X;„ that is
related to the energy integrated spin-wave intensity at 0.72T, .
The solid lines are calculations as explained in the text.

B. Polarized neutron scattering

po(K'"' K') = 57 m—T can be obtained with

poM(0. 72T„K)=poM(0. 72T„O)=1.14 T,

and a demagnetizing factor D&=0.05. This latter value
is reasonable for our platelike single crystals.

Figure 4 shows the q dependence of the fitted constant
N,„[Eq.(10)]. In zero field (solid circles) N;„decreases
slowly with decreasing q. With increasing Aeld the fluc-
tuations are suppressed at small q and N;„decreases. In
contrast, with increasing H, N;„ is enhanced at large q
with respect to H=O, because the magnetic domains
align progressively along H, hence 1+Q, increases from
1 to 2 [see Eq. (6)].

We explained above that because of the complex angu-
lar dependence of the cross section it is impossible to fit
the measurements directly to Eq. (6). However, in order
to demonstrate the internal consistency of our data we
have calculated the expected constant N;„using Eq. (9)
on the basis of the numerical values quoted in Table I and
compared them in Fig. 4 with the experimentally deter-
mined values. Note that there is only one free parameter
involved in this calculation, namely an overall scaling
factor. It is gratifying that the agreement between calcu-
lation and experiment is so excellent.
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As already mentioned in the Introduction the dipolar
anisotropy lifts the degeneracy of the longitudinal and
transverse spin fluctuations above T, . In order to detect
such e6'ects below T, we have performed polarized neu-
tron scattering in the ferromagnetic phase at 0.79, 0.87,
and 0.98T, . Note, that all spin-wave scattering is spin
flip because the external field was chosen to be perpendic-
ular to the scattering plane. Figure 5 shows some mea-
surements performed at (2 —$00) and T=0.87T, in an
external field of 164 mT. The polarization of the spin
waves is transverse to q because Q~~q. An elastic peak
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FIG. 5. Transverse spin waves measured at (2—$00) in a
vertical field of 164 mT and T =0.87T, . The solid lines are fits
to the data, including the four-dimensional instrumental resolu-
tion function. 7.5 mon corresponds to a counting time of 7 min.
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TABLE II. q dependence of the different magnetic modes in a dipolar ferromagnet. a, and ~ are the
inverse correlation lengths below and above T„respectively. The term followed by a question mark is
speculative.
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waves measured at (2/0) have a rather different shape
(Fig. 6). The same background as in Fig. 5 has been sub-
tracted from the data. The most significant difference to
the transverse data is the enhanced intensity at E =0 that
increases even slightly with decreasing T (not shown). It
is most likely caused by spurious nuclear and magnetic
scattering from the [200] Bragg peak due to the still rath-
er large mosaic of the sample. In fact the nonspin-Aip
scattering at (20. 120) and E =0 has an amplitude of the
order of 510 counts, or more. Therefore due to the not
perfect polarization of the neutron beam, P=0.82, at
least 50 counts contribute to the spin-wave spectrum. At
larger q the contributions are smaller.

In order to show that the intensity of the scattered neu-
trons depends on the polarization of the spin waves, we
have used the At parameters A~ and X from the trans-
verse spectra (Fig. 5) and calculated the expected intensi-
ties for the longitudinal spin waves for three different
models. Note, that Ace does not depend on the polar-
ization of the spin waves within the framework of linear
spin-wave theory, since 0 =90'.

(1) If we assume that EuS is isotropic, i.e., 8 =0, then
the calculated intensity for the longitudinal spin waves is
too large (dashed line in Fig. 6). Therefore EuS is indeed
anisotropic, in contrast to a weak dipolar [qd =0.01 A
(Ref. 21)] ferromagnet such as PdzMnSn. "

(2) If we use the dipolar wave number q~ =0.18 A
from Lovesey that is based on Refs. 8 and 15 then the
calculated and the fitted spectra agree reasonably well
(solid line in Fig. 6).

(3) If we use the dipolar wave number qd =0.245 A
from measurements of the paramagnetic fluctuations, '

then the predicted intensity is too small (thin dashed
line).

The simulations indicate that the longitudinal spectra
can be well described by spin-wave theory, when a dipo-
lar wave number qD =0.18 A ' is used. This number is
smaller than qd as determined in the paramagnetic phase,
however, it is roughly compatible with the number

qD =(Ed!D)' =0.22+0.02 A ' as determined from
the unpolarized beam experiments (Table I).

FICy. 6. Longitudinal spin waves measured at (2/0) in a
vertical 6eld of 164 mT and T=0.87T, . The solid lines have
been calculated using linear spin-wave theory, including the di-

polar interactions. The other lines are explained in the text.
22.5 mon corresponds to a counting time of 21 min.

V. eISCVSSIOX

We have shown in the previous section that the dipolar
interactions have important effects on the spin-wave
dispersion and the magnetic scattering intensities of an
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isotropic ferromag net. In particular, the zero-field
dispersion relation becomes linear for q —+0, in agreement
with theory ' [Eq. (1)] and the intensities of the spin
waves with transverse and longitudinal polarization are
different. Under application of a field a gap opens up at
q =0 and the intensity decreases at small q as expected.
The magnitude of the Zeeman gap and of the dipolar
term agree with the bulk values. Therefore, the present
experiments are in agreement with the existing spin-wave
theories. We remark that it is possible to characterize
the orientation of the domains in a field by determining
the spin-wave dispersion in the dipolar regime and then
extracting the term (sin e~ ). Therefore M and D can be
measured at the same time on the same sample and qD
can be determined.

On the basis of renormalization group theory and
previous experiments it is known that the paramagnetic
susceptibility is given by (a is the inverse correlation
length for T) T, )

i.e., that the longitudinal fluctuations (i =1.) do not
diverge. In contrast, the transverse fluctuations (i =T)
diverge and are responsible for the phase transition at T, .
The present experiments in the ferromagnetic phase show
now, that a similar behavior is observed in the ferromag-
netic phase. The corresponding spin-wave susceptibility
can be obtained by dividing Eqs. (7) and (8) by D, yielding

1
2 2 2+qH +5; I qD

(12)

Note that we designate the dipolar wave number above
T, with qd, and below T, with qD. The magnetic wave
vector is given by q~ =(EH /D)'~ and it is zero when no
field is applied. Obviously, the q dependences of y' and

are equivalent. In the paramagnetic phase, the dipo-
lar effects become weaker with increasing T, because the
size of the correlated areas decreases. Hence the dipolar
fields decrease too. Below T„however, there is long-
range order and the dipolar effects are important at all
temperatures.

In addition to the spin-wave scattering we have also in-
vestigated the parallel fluctuations g„ i.e., 5S~~M, with
transverse polarization 5Slq. The spectral shape of
g, (q, co) is quasielastic, similar as in Ni (Ref. 23) and
some features have already been discussed elsewhere.
In analogy to Ni, y, (q) is expected to diverge like
1/(q +~, ) for q ))~, . Such a behavior has also been ob-
served in EuO by Als-Nielsen et al. ' In the limit q «a.,
the susceptibility is expected to diverge like 1/(q~, ).
This behavior has not yet been observed by neutron

scattering and is the subject of further studies.
In Table II we collect the q dependences of different

polarization modes of susceptibilities above and below T,
for an isotropic ferromagnet with dipolar interactions for
q &&~,. They have the effect that the longitudinal spin
waves attain a mass, therefore reducing the number of
Goldstone modes from 2 to 1 as predicted by Prokov-
sky. In order to have a smooth transition of the suscep-
tibilities at T„we speculate that the intensity of the lon-
gitudinal susceptibility y, of the parallel fluctuations is
also reduced with respect to the transverse fluctuations
g, . Our preliminary experiments for measuring y, failed
indeed, possibly because of the too low intensity.

The reduction of the number of Goldstone modes by 1

has very recently also been inferred from NMR and low-
frequency ac-susceptibility measurements in EuS by
Kotzler et al. In addition they verified the singularity
g, ~H ' that has been predicted theoretically many
times. From the amplitude of the singularity they de-
duced qD =0.27 A '. This value is clearly incompatible
with our measurements that are well described by
qD =0.18 A ', that is also smaller than the value report-
ed in Ref. 10 for T )T, . This discrepancies must be
resolved in further theoretical work and with more accu-
rate experiments. In passing, we note, that a mild T
dependence of qD is expected because the critical ex-
ponents for D and for M are not identical, i e.,
qD =gasp, DM/D ~ (T, —T)/(T, )""(vri=0. 024).

The experimental situation for dipolar ferromagnets is
now as follows. Above T, the dynamics and statics of the
magnetic fluctuations are rather well understood on the
basis of mode-mode coupling theory. However, below
T„a good understanding is still missing. Whereas our
experiments indicate that the essential features of the
wavelength-dependent susceptibility are understood, the
dynamical aspects are not clear, at least not close to T, .
Linear spin-wave theory predicts energies for the magnet-
ic excitations that are independent of the polarization.
However, close to T, this can no longer be true, because,
when approaching T, from above, the energy scale (i.e.,
the linewidth) of the longitudinal fluctuations is larger
than that of the transverse fluctuations. Something simi-
lar is expected to happen below T, for the spin waves and
for the fluctuations along the magnetization direction.
Experiments to investigate these questions are being per-
formed and we are awaiting further theoretical progress
in this direction.
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