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Damping of spin waves and singularity of the longitudinal modes in the dipolar critical regime
of the Heisenberg ferromagnet EuS
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Institut für Angewandte Physik und Zentrum fu¨r Mikrostrukturforschung, D-20355 Hamburg, Germany

~Received 18 October 2001; revised manuscript received 4 January 2002; published 2 April 2002!

By inelastic scattering of polarized neutrons near the~200! Bragg reflection, the susceptibilities and line-
widths of the spin waves and the longitudinal spin fluctuations,dSsw(q) anddSz(q)iM s , respectively, were
determined separately. By aligning the momentum transfersq perpendicular to bothdSsw and the spontaneous
magnetizationM s , we explored the statics and dynamics of these modes with transverse polarizations with
respect toq. In the dipolar critical regime, where the inverse correlation lengthkz(T) andq are smaller than
the dipolar wave numberqd , we observe that~i! the static susceptibility ofdSsw

t (q) displays the Goldstone
divergence while fordSz

t (q) the Ornstein-Zernicke shape fits the data with a possible indication of a thermal
~mass! renormalization at the smallestq values; i.e., we find indications for the predicted 1/q divergence of the
longitudinal susceptibility;~ii ! the spin-wave dispersion as predicted by the Holstein-Primakoff theory reveal-
ing qd50.23(1) Å21, in good agreement with previous work in the paramagnetic and ferromagnetic regime
of EuS;~iii ! within experimental error, the~Lorentzian! linewidths of both modes turn out to be identical with
respect to theq2 variation, the temperature independence, and the absolute magnitude. Due to the linear
dispersion of the spin waves, they remain underdamped forq,qd . These central results differ significantly
from the well-known exchange-dominated critical dynamics, but are quantitatively explained in terms of
dynamical scaling and existing data forT>TC . The available mode-mode coupling theory, which takes the
dipolar interactions fully into account, describes the gross features of the linewidths but not all details of theT
andq dependences.

DOI: 10.1103/PhysRevB.65.144434 PACS number~s!: 75.40.Gb, 68.35.Rh
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I. INTRODUCTION

Neutron scattering has been demonstrated as an extre
useful probe of the spin fluctuationsdS(q) near the Curie
temperature of Heisenberg ferromagnets.1–4 Under the as-
sumption that theisotropic exchange interactiondominates
the ordering process, the early results could be well in
preted in terms of the dynamical scaling hypothesis.5 In its
simplest form this hypothesis states that as for the static
correlations also the temperature andq dependences of thei
characteristic frequencies are described by homogen
scaling functions that depend only on a single varia
qj(T), wherej denotes the correlation length of the ord
parameter fluctuations andq5uqu.

Signatures of the inevitable,anisotropic dipole-dipole in-
teraction on the fluctuations of Heisenberg ferromagn
have been first detected by measurements of the relaxa
rateG(0) of the homogeneousdS(0) mode in theparamag-
neticphase of CdCr2Se4 ~Ref. 6! and subsequently also of F
by neutron spin-echo measurements at smallq.7 Based on
these signatures and also on first theoretical approac
which treated the dipolar interaction as a perturbation of
isotropic fluctuations,8,9 it has been conjectured10 that the
0163-1829/2002/65~14!/144434~9!/$20.00 65 1444
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dipolar forces should gain importance somewhere in the
called dipolar critical~DC! regime, wherej21[k andq are
small compared to the dipolar wave numberqd @see Fig.
1~a!#. For a given ferromagnet, this quantity measures
strength of the dipolar interaction relative to the exchan
interactions. It has been introduced in renormalization gro
~RG! calculations of the static correlation functions,11 recog-
nizing that the dipolar anisotropy breaks the rotational
variance of the fluctuationsdS(q) with respect toq. The
demagnetizing effect of the dipolar interaction on the lon
tudinal modesdSl iq prevents them from becoming critica
while the remaining two transverse modes@see Fig. 1~c!# are
driving the ferromagnetic transition. At first these dipol
anisotropic fluctuations have been realized by elastic sca
ing of polarized neutrons aboveTC of the Heisenberg ferro-
magnets EuO and EuS,12 where for the latter it was also
possible to measure directly the characteristic wave num
qd50.22(5) Å21.

On the theoretical side, the implications of the dipo
critical fluctuations on their dynamics have been fully tak
into account only by the mode-mode coupling~MMC!,
approach.13–16Above TC, rather convincing agreement wa
obtained13,14for the critical slowing down ofGa(q) observed
for q→0 and T→TC on the transverse fluctuations of F
©2002 The American Physical Society34-1



l

ax

.
om
to

e

c-
in
.

e
b

e

ve

e
pe

s
-

ics

nd
a-
e
po-
in

-

ave

dy-
ram-

the
ave
d

ter-

s.
i.e.,
c-
st,
uS

sis,

iled
C
s
ich,
per

ing
le,
ple
ed

re-
the

-

ical
ear

ue
the

ze
s-
iza

fo

e
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~Ref. 7! and EuS~Ref. 17! as well as for the longitudina
ones (a5L) of EuS.17 Additional strong support for the
MMC results came from quantitative analyses of the rel
ation ratesG t(q,T) in the two limiting casesq50,T*TC and
T5TC ,q*0 for the archetype Heisenberg ferromagnets18

As one of the striking results we mention the crossover fr
G t(q.qd ,TC);q5/2 in the exchange-dominated regime
G t(q!qd ,TC);q2, deep in the dipolar one.7,13,14The latter
behavior corresponds to the conventional~van Hove type!
slowing down, characterized by a noncritical Onsager co
ficient of the spin dynamics,Lt(q,T)[G t(q)•x t(q),13,14,18

wherex t(q) is the static susceptibility of the transverse flu
tuations. It was shown that this central quantity depends
universal manner only onTC andqd , to be discussed in Sec
V.

Below TC, the situation becomes more complicated b
cause the symmetry of the fluctuations is further reduced
the appearance of the order parameter, i.e., the spontan
magnetizationM s . As illustrated in Fig. 1~b!, it is common
sense to distinguish there between the spin wa
dSsw(q)'Msez and the longitudinal modesdSz(q)iMsez . A
systematic classification of critical behaviors in theq-k(T)
plane, which considers the Heisenberg exchange and th
polar interaction on an equal footing, has recently been
formed by Schinz and Schwabl.19 According to their results,
we have depicted the DC regime in Fig. 1~a!, which apart
from a dipolar hydodynamic~DH! regime at rather smallq is
bound from above by the dipolar wave numberqd in the q

FIG. 1. ~a! Dipolar regime for static critical behavior belowTC

explored in the present work~shaded area!, with qd50.23 Å21 for
EuS. The dotted lines define the exchange~EH! and dipolar~DH!
hydrodynamic critical regimes above and belowTC , respectively.
~b! Spin fluctuation modes defined by the geometry of our polari
neutron experiment belowTC of EuS, where the momentum tran
fer q5Q2t200 is kept perpendicular to the spontaneous magnet
tion. Spin-wave (dSsw) and longitudinal (dSz) fluctuations are de-
tected separately by the spin-flip and non-spin-flip intensities
neutrons with incident polarizationsn and wave vectorQ. ~c! Defi-
nition of the magnetic modes with respect to the reduced mom
tum transferq.
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direction as well as in thekz(T) direction.
Since among the archetypical Heisenberg ferromagnetqd

is largest for EuS,10,18 this material is preferred for experi
mental studies of dipolar effects.12,17,20–22Here we report
results of a systematic study of the magnetization dynam
in the DC region, which covers the shaded area in Fig. 1~a!.
Our principal goal is to determine the susceptibilities a
linewidths of the spin waves and of the longitudinal fluctu
tions and to examine theirq and temperature variations. Th
experimental access by means of inelastic scattering of
larized neutrons around a finite Bragg peak is described
Sec. II. As illustrated by Fig. 1~b! we choose a configuration
where the momentum transferq occurs in directions perpen
dicular to the order parameterM s , which allows us to define
and determine the transverse polarizations of the spin w
and of the longitudinal modes with respect toq. This will
turn out to be essential for the discussion by means of
namical scaling, because the appearance of the order pa
eter does not lift the symmetry with respect toq so that both
modes retain their transverse polarization from aboveTC . In
Sec. III, we give some examples for constantQ scans and the
analysis of the inelastic cross section. We evaluate there
relevant observables, i.e., static susceptibilities, spin-w
frequencies, and linewidths. Their detailed temperature anq
variations are presented in Sec. IV. In particular, we de
mine there the dipolar wave numberqd from spin-wave en-
ergies and the correlation lengthj(T)5kz

21(T) of the lon-
gitudinal fluctuations from their static susceptibilitie
Backed by these findings, we discuss the central results,
the damping of the spin waves and of the longitudinal flu
tuations, in Sec. V. Here the objectives are twofold. Fir
basing on the existing data for the paramagnetic side of E
we want to examine whether and how the scaling hypothe
which is rather special for the dipolar interaction,5 works,
and second we will compare our results to the rather deta
predictions of recent numerical solutions of the MM
equations.16 To produce explicit values for the linewidth, thi
MMC approach had to introduce several assumptions wh
of course, need to be checked by experiment. The pa
closes with a brief summary and outlook.

II. EXPERIMENT

The neutron scattering experiments were performed us
the triple-axis spectrometer IN14 at the ILL in Grenob
with polarization analysis. The isotopically enriched sam
153EuS was composed of roughly 100 single crystals, align
such that the overall mosaic wash.0.75° ~see Fig. 2!. A
small mosaic is of the utmost importance to allow measu
ments as close to the Bragg peak as possible. In EuS
magnetic Eu21 ions (S57/2, gL52) are arranged on a face
centered cubic lattice,a055.973 Å. The sample was
mounted inside a superconducting magnet providing vert
fieldsBv up to 4.5 T. All measurements were conducted n
the ~200! Bragg peak withq along the@h00# direction @see
Fig. 1~b!# using neutrons with fixed incident energiesEi
53.0 and 3.8 meV and collimations 378-378-408 along the
beam direction from the monochromator to the detector. D
to the mosaic structure of the sample shown in Fig. 2,
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measurements in the otherq direction suffered from a high
background from the elastic Bragg intensity.

The neutron cross section for neutrons scattered from
isotropic magnetic material is given by23

d2s

dVdE8
5

kf

ki
S gr 0

2 D 2

NF~Q!2exp@22W~Q!#

3(
ab

~12Q̂ab
2 !Sab~q,v!. ~1!

Q5k i2k f and \v5Ei2Ef are the total momentum an
energy transfers from the neutron to the sample, respectiv
where Ei , f5(\ki , f

2 /(2mn) is the neutron energy.a and b
designate the Cartesian componentsx,y,z, (gr 0/2)2572.65
31023 b/mB

2 , F is the magnetic form factor for the Eu21

ion, the exponential term is the Debye-Waller factor,Q̂
5Q/uQu, and N is the number of magnetic ions in th
sample. The reduced momentum transfer is defined bq
5Q2t200, wheret200 is the position of the nearest Brag
peak,t2005(200)2p/a0 in our case@Fig. 1~b!#.

Theab component of the scattering functionSab(q,v) is
related to the imaginary part of the susceptibility by t
fluctuation-dissipation theorem:

Sab~q,v!5^n11&
1

p
Im xab~q,v!,

where the thermal population factor is given by^n&
5@exp(\v/kBT)21#21. Our experiments have been co
ducted close to the Curie temperatureTC516.25 K and at
energy transfers\v!kBT, so thatSab becomes directly pro-
portional toTIm xab :

Sab~q,v!5
kBT

\v

1

p
Im xab~q,v!. ~2!

Thus, the neutron scattering cross section reflects directly
q andv dependences of the susceptibility components of
sample.

FIG. 2. Rocking curve of thet200 Bragg peak of the isotopically
enriched sample153EuS that is composed of more than 100 ind
vidual single crystals. The mosaic of the sample ish50.75°
60.02°.
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According to Eq.~1!, the neutrons couple only to spi
fluctuationsdS that are perpendicular to the scattering vec
Q5t2001q. Therefore, the cross section contains contrib
tions from the longitudinal fluctuationsdSz

t and from the
spin-wave scattering that corresponds to excitations w
dSsw

t perpendicular toM . Both modes have a transverse p
larization with respect toq, and in the following we omit the
superscriptt. The fluctuations parallel toM can be separated
from the spin-wave modes by analyzing the polarizationsf
56si of the scattered neutrons with respect to the incid
polarization,si iBv . As can be inferred from Fig. 1~b!, the
parallel fluctuations give rise to non-spin-flip scattering a
the spin-wave modes give rise to spin-flip scattering. The
fore, the susceptibilitiesxz(q,v) andxsw(q,v) of both mag-
netic modes can be determined unambiguously in a vert
field Bv .

Because of the depolarization of the neutron beam by
orientational averaging of the magnetic domains we c
ducted most measurements in a vertical field 30 mT,Bv
,45 mT. This value was large enough to ensure a reas
able polarization of the beam, but yet sufficiently small
minimize the influence of the internal magnetic fieldB5Bv
2NzM (T) ~with Nz50.05; see Ref. 21! on the spin fluctua-
tions as much as possible.

In a first step, all the measured dataI obs
mn was corrected for

the finite flipping ratioR according to

I z5
R

R21
I obs

112
1

R21
I obs

12 ,

I sw5
R

R21
I obs

122
1

R21
I obs

11 ,

whereI mn designates the scattered intensity from the po
ization m to the polarizationn of the incident and scattere
neutrons, respectively. In a second step, a background b
determined in the paramagnetic phase atT580 K@TC and
in the ordered phase atT51.78 K was subtracted from th
data. The energy-independent contribution was 1 count
min for all the measurements in the range 0.06,z,0.18,24,25

where the reduced momentum transfer is measured in re
rocal lattice unitsz5q/(2p/a0). The peak intensity of the
elastic background was 4 counts/8.3 min and 8 counts/
for the spin-flip and non-spin-flip scattering at the positi
t1q, respectively.

III. CONSTANT-Q SPECTRA

The inelastic magnetic scattering has been determine
several temperatures and momentum transfers by perform
constant-Q scans. Figure 3 shows the cross sections az
50.18 as measured along the@100# direction at the~2 0 0!
Bragg reflection atT515 K in a field Bv5100 mT. The
spin-flip data clearly reveal spin waves, while the non-sp
flip data are quasielastic and have a width~half width at half
maximum! that is roughly a factor of 2 smaller than th
energy of the spin waves. Similar data were collected
many different temperatures 1.78<T<80 K and in appro-
priate fields 30 mT<Bv<500 mT, as described in Sec. I
4-3
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Scattering of polarized neutrons is a very efficient way
properly separate the longitudinal from the transverse e
tations in a Heisenberg ferromagnet. This is demonstrate
Fig. 3~c! where we show for comparison the spectrum cal
lated from the~flip efficiency! corrected intensities of Figs
3~a! and 3~b!:

I unpol~v!5
2

3
I sw~v!1

1

3
I z~v!,

as would be measured by means of unpolarized neutr
The comparison shows clearly that the longitudinal scat
ing cannot be reliably extracted by means of unpolariz
neutrons because the spectral widths ofI sw andI z are similar.
Moreover, reliable positions and widths of the spin wav
can only be obtained if polarized beam data are used.

In order to analyze the data we have employed the s
tering function, Eq.~1!, which via Eq.~2! is directly related
to the dynamical susceptibilitiesxz andxsw . To allow for a
comparison between our results and the existing theory,13 we
assume Lorentzian spectral weight functions for the dyna
susceptibilities of the modesm5z,sw and obtain

Im@xm~q,v!#5xm~q!
1

2pS \vGm

@v2vm~q!#21~Gm!2

1
\vGm

@v1vm~q!#21~Gm!2D , ~3!

FIG. 3. Constant-Q scans for~a! spin-flip and~b! non-spin-flip
neutrons scattered from spin-wave and longitudinal fluctuations
spectively, atT50.92TC515.0 K. ~c! Spectrum for unpolarized
neutrons, calculated from~a! and~b!, showing the depression of th
longitudinal contribution.
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where\vsw[Esw(q) is the spin-wave energy andGm(q) are
the linewidths. As the scattering from the longitudinal flu
tuations proves to be quasielastic, we setvz(q)50. The data
were fitted by convoluting the scattering functionsSm(q,v)
with the four-dimensional resolution function of the spe
trometer to giveI m(q,v). The three parametersEsw , Gm ,
andxm(q) and a common normalization parameter were v
ied for each constant-Q scan such thatx2 was minimized.
The solid lines in Figs. 3~a! and 3~b! are fits to the data using
Eq. ~3!. They describe the data well. Figures 4 and 5 sh
that the width of the longitudinal fluctuationsGz increases
with increasingq in qualitative agreement with existin
theories.5,8,14A more detailed comparison will be performe
in the discussion.

IV. ANALYSIS OF THE SPECTRA

From the fits of the spectra using the double Lorentz
scattering function, Eq.~3!, as described in the previou
paragraph, we extracted the static susceptibilitiesxm(q,v
50,T)[xm(q,T), the energiesEsw(q), and linewidths
\Gsw(q) of the spin waves and the linewidth\Gz(q) of the
quasielastic scattering. These quantities will be discusse
the following.

A. Static critical behavior

In order to compare the experimentally determined sta
susceptibilities with the theory we refer to the expressio
from the theoretical work by Schinz and Schwabl19 who
have presentedxm(q,T) for all q values and temperature
below TC . Especially, one finds for the susceptibilitiesxsw
andxz , deep in the dipolar regime as covered by our expe
ment @Fig. 1~a!#,

e-

FIG. 4. Spectra of the longitudinal fluctuations recorded aT
50.96Tc and different momentum transfersq.
4-4
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DAMPING OF SPIN WAVES AND SINGULARITY OF . . . PHYSICAL REVIEW B 65 144434
xsw~q,T!5
qd

2

q2
, ~4!

xz~q,T!5
qd

2

q21k2
2 ~q,T!

. ~5!

The q22 divergence is characteristic of gapless sp
waves with transverse polarizationdSsw'q, also referred to
as Goldstone modes, while the fluctuations parallel toM
acquire a~thermal! massk2

2 (T). At small momentum trans
fersq!k2 , this term is renormalized by the spin-wave flu
tuations and becomesq dependent:

k2
2 ~q,T!5

29

18

kz
2~T!

11akz~T!/q
, ~5a!

wherekz5j21 denotes the inverse correlation length belo
TC anda.2/9.19,26 One consequence of this effect has be
emphasized for the homogeneous susceptibility alread
the original spin-wave work by Holstein and Primakoff.27

They predicted a singularity for vanishing magnetic fie
xz(q50,T,B→0);B21/2, which in fact has been confirme
in experiments on EuS and EuO.28 More recently, the cross
over from the Ornstein-Zernicke-type behavior of the ze
field susceptibility to axz(q!kz);q21 singularity has been
obtained by the RG theory,26 but clear experimental evidenc
is yet lacking.

A summary of our static results are depicted in Fig. 6~a!,
where the inverse (v-integrated! intensities of the spin-flip
and non-spin-flip channels measured at five different te
peratures are plotted againstq2. The former turn out to be
independent of temperature and display a clearcutq2 depen-
dence as predicted by Eq.~4! for the spin-wave susceptibility

FIG. 5. Spectra of the longitudinal fluctuations recorded aT
50.98Tc and different momentum transfersq.
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xsw . Note that by using a representation ofqd
2 , which in-

volves the spin-wave stiffnessDsw(T)qd
25gLmBMs(T) @see

Ref. 10 and Eq.~7! below# one finds an equivalent form
xsw(q→0)5gLmBMs(T)/Dsw(T)q2. In Fig. 6~a!, at the
lowest q2 a slight offset is seen,xsw(q50)5qd

2/kg
2 with

kg50.04 Å21. We ascribe it to the presence of a small g
in the spin-wave spectrum, which may be associated with
small cubic anisotropy of EuS and the finite internal fie
required to remove the domains.

In contrast toxsw , the susceptibility of the parallel fluc
tuations exhibits a strong temperature dependence. Figur
displays the fits of the inverse intensities to Eq.~5!. At large
q2, the Ornstein-Zernicke behavior is obeyed which by E
~5a! defines the inverse ferromagnetic correlation len
kz(T)5A18/29k2(q@kz ,T), depicted in Fig. 6~b!. Obvi-
ously, the temperature dependence can be well describe
the critical law

kz~T!5kz~0!~12T/TC!n8, ~6!

with TC516.25(5) K. The critical exponentn850.68(2)
agrees with the value obtained aboveTC of EuS, n

FIG. 6. ~a! Inverse of the integrated intensities of the spin-wa
and longitudinal spin fluctuations vsq2, fitted to the inverse static
susceptibilities,xsw

21;(q21kg
2) and xz

21(q→0);@q21k2
2 (T,q)#,

Eq. ~5!. ~b! Temperature dependence of the inverse correla
length of the longitudinal magnetization fluctuations,kz(T)
5j21(T), defined by Eq.~5a!.
4-5
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50.70(2),29 as predicted by the static scaling hypothesis. F
the critical amplitude we obtainkz(0)50.91(5) Å21. Com-
paring this value to the amplitude of the paramagnetic co
lation length of EuS,kp(0)50.53 Å21,29 we find kz
51.7kp , which is bracketed by the mean-field valu
A2k(0) and 2.02k(0) obtained by considering
fluctuations.19

At rather smallq, we observe a downward bending
I z

21(q), which we try to associate with the crossov
xz

21(q!kz);q following from Eq. ~5a!. Though the errors
are fairly large, we fitted the inverse intensities to this p
diction and founda50.20(5), which agrees surprisingly
well with a52/9 predicted by various approaches.19,26 Re-
garding the fact that the temperature variation of thisI 21(q)
bending is well reproduced, we believe that this constitu
the first signature of theq21 singularity ofxz(q) induced by
the Goldstone modes. Interestingly, this variation should a
hold for the dipolar critical regime.19

B. Spin-wave dispersion

The spin-wave energies, normalized to the reduced sp
taneous magnetization ms(T)5Ms(T)/Ms(0)51.18(1
2T/TC)0.36,29,30 are shown in Fig. 7. For the present orie
tation of q being perpendicular toM s , spin-wave27 and lin-
ear response15 theories predict for theq dependence

E~q!5D0ms~T!q̃2F11S qd

q̃
D 2G 1/2

. ~7!

As for the static susceptibility we admitted the presence o
small gapq̃25q21ksw

2 . Due to the well-known depolariza
tion of one of the precessing componentsdSsw , the dipolar
wave number enters Eq.~7! via qd

2[gLmBMs(0)/D0 to
cause a crossover from the quadratic dispersion atq@qd to
the linear law forqd@q.ksw . The solid line in Fig. 7 rep-
resents the fit of the data to Eq.~7! with D0
53.02 meV Å2, qd50.23(1) Å21, and ksw50.01 Å21.
Comparing this fitted dipolar wave number toqd
50.22(5) Å21 as determined from paramagnetic neutr

FIG. 7. Dispersion of the spin waves with transverse polari
tion dSsw

t (q) @see Fig. 1~b!#. The energies have been normalized
the reduced spontaneous magnetizationms5Ms(T)/Ms(0)
51.18(12T/Tc)

0.36 ~Ref. 29! and fitted to the predictions of th
Holstein-Primakoff~Ref. 27!, Eq. ~7!.
14443
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scattering12 suggests that this quantity is not renormalized
critical fluctuations when passingTC . Such an effect has
been conjectured by Fisher and Aharony.11 However, some
indication for the absence of such renormalizations throu
critical fluctuations in the dipolar regime has already be
realized during a previous determination ofqd .32 There, us-
ing themean-fieldexpression for the critical amplitude of th
static paramagnetic susceptibility of EuS,C05@qd /kp(0)#2

50.19,30 qd50.24(2) Å21 was obtained.
We also note thatksw is smaller by a factor of 4 thankg

following from the longitudinal susceptibility and the me
sured value ofC0. We relate this difference to the dipola
interaction, which invalidates the proportionalityk(q)
;Esw

21(q), as can be inferred from the results of Refs. 16 a
19.

C. Linewidths

The linewidths evaluated here are defined by the Lore
zian shape which we assumed when analyzing the spectr
Eq. ~3!. Note that already previous studies on powdered E
~Ref. 3! favored this shape over the Gaussian and the tr
cated Lorentzian forms. Moreover, also the MMC approac16

determined the damping of the magnetization modes inv
tigated here by assuming an exponential relaxation at l
times, which corresponds to the Lorentzian shape at not
high frequencies.

The results for the widths of the spin-wave peaks and
the central peak of the longitudinal fluctuations are display
by Fig. 8. Within the experimental errors, there is no te
perature variation down to the lowest temperatures in reg
DC @see shaded area in Fig. 1~a!#. Note that the errors forGz
are larger than those forGsw because of the smaller spectr
weight of the longitudinal fluctuations, as is seen in Fig. 6~a!.
As the most striking result we infer from the presentatio
againstq2(,qd

2) in Fig. 8 that~i! the relaxation rates of both
modes obey the simple relations

Gsw~q,T!5LswS q

qd
D 2

1Gsw~0,T!, ~8a!

Gz~q,T!5LzS q

qd
D 2

1Gz~0,T!, ~8b!

being indicated as solid lines in Fig. 8, and~ii ! that the re-
sulting kinetic coefficients Lsw535(2) meV and Lz
540(3) meV agree within their uncertainties. Moreover, th
damping of both modes remains finite with small values
this background damping,Gsw(0,T)50.6(4) meV and
Gz(q50)52.8(4) meV, which will also be discussed in th
next section.

V. DISCUSSION

We start from a rather general aspect of the critical p
nomena, i.e., the scaling hypothesis extended to dynam
quantities, like the relaxation rate of the order paramet5

Then the dipolar interaction in Heisenberg ferromagnets
fully be taken into account by introducingq/qd as a second

-
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scaling variable14,16 in the homogeneous scaling functiongm
for the linewidths of the transverse modes investigated h
@see Fig. 1~b!#:

Gm
t ~q,T!5qzgmS q

km
,

q

qd
D . ~9!

Let us first approach the problem from theparamagnetic
side to which we designate the indexm5p. There according
to both experiment7 and MMC theory13 the crossover from
exchange-dominated dynamics, being characterized by
exponentz5(D12)/255/2, to the dipolar critical dynamics
with z52 occurs deep in the DC region, i.e., forq,k(T)
!qd . This is the reason why dipolar effects were not re
ized in the early investigations.1–4 Once the dipolar dynam
ics, i.e., z52, has taken over very close toTC , where
kp(T)!qd , the paramagnetic scaling function assume
constant value@see Eq.~7! of Ref. 18#:

gp~`,0!5Ldqd
22 . ~10!

For EuS, the~dipolar! kinetic coefficientLd has been deter
mined from analysis of the relaxation rates of the transve
fluctuations in the limitq50 above20 and belowTC ~Ref.
31!:

Gp
t ~q→0,T!5

Ld

xp
t ~q→0!

. ~11!

FIG. 8. q dependence of the Lorentzian linewidths of the~a!
spin waves and~b! longitudinal fluctuations at selected temper
tures measured in the dipolar critical regime; see Fig. 1~a!. For
comparison are indicated data taken on powdered EuS atT5TC .
14443
re

he

-

a

e

The value \Ld538(4) meV was found to agree fairly
well with the MMC estimate13,14,18 \Ld

55.1gLmBAkBTC /m0 qd
3/2/4p2.30 meV.

Below TC, as a matter of fact, we recover here the sa
q2 dependence of both relaxation ratesGz andGsw , Eq. ~8!,
and in particular, within the experimental errors, their co
ficients agree withLd , Lsw'Lz'Ld . These are the centra
results of our work. In terms of the dynamical scaling h
pothesis they imply that by passing the Curie temperat
from above, the dipolar dynamic universality class for t
transverse~critical! fluctuationsdSt characterized byz52 is
not changed. This basic feature is nicely confirmed by~rather
old! Gp

t (q) data measured slightly aboveTC of powdered
EuS, which we have added to Fig. 8~a!. Within the given
error bars, they agree with respect to the magnitude andq2

variation with the presentGsw
t data taken belowTC . We also

observe a slight systematic enhancement ofGz
t (q,T,TC)

over Gp
t (q,TC), which seems to be associated with t

~small! backgroundGz,bg to be discussed below.
To date, the fundamental phenomenon of dynamical s

ing in Heisenberg ferromagnets has been established fo
exchange~‘‘true’’ !critical regime@EC in Fig. 1~a!#, i.e., for
q.k(T).qd , whereG t becomes independent of temper
ture; i.e., G t;(q/qd)5/2 is maintained on both sides o
TC .1–4,18 Our experiment provides evidence for the ‘‘true
~temperature-independent! dipolar critical behavior extend
ing to even smallerq values,q,kz(T); see shaded region in
Fig. 1~a!. A temperature variation might set in when the D
is reached. This extendeddynamiccritical behavior withz
52 belowTC is also very much different from the situatio
above TC , where z52 is attained for extremely smallq
!qd ,7,13 and only a small part of the static DC region
occupied bydynamic dipolar criticality. Both features are
consistent with the general fact that the dynamic critical
havior reflects more details of the system, in particular c
servation laws,5 than static properties, like the susceptibili
tensorxJ(q), which define the critical regimes displayed
Fig. 1~a!.

Having established the dynamic classz52 in a large part
of the DC regime belowTC , we are now able to discuss th
further consequences of theq variation of the damping, Eq
~8!. The kinetic coefficientsLz and Lsw turned out to be
identical for both the spin-wave and the longitudinal mod
By looking at Fig. 1~b!, this result emerges from the cont
nuity of the critical behavior of the transverse modesdSt1(q)
and dSt2(q). Note that aboveTC , the designations ‘‘trans-
verse’’ and ‘‘longitudinal’’ define orientations ofdS with re-
spect toq, being indicated by a superscript indSa. Below
TC , due to the symmetry breaking throughMsez , this ‘‘con-
ventional’’ definition of the mode polarizationdS(q) is pos-
sible only for certainq directions, like the one chosen in th
present work. The transverse modes drive the ferromagn
transition on the paramagnetic side, where theq vector
clearly determines the symmetry. By passingTC from above,
Fig. 1~b! suggests the continuous transformationsdSt1

→dSsw
t and dSt2→dSz

t . Note that this is only true for our
experimental configuration, where the order parameterM s is
oriented perpendicular toq. The fact that the kinetic coeffi-
4-7
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cients belowTC , Lsw , andLz are equal and, moreover, agre
with Lp538(2)meV of dSt(q) aboveTC ~Refs. 4 and 18!
~see also Fig. 8! can be immediately be related to the mod
with transverse polarizationdS'q, which are the only ones
to become critical in real Heisenberg ferromagnets, i.e., w
dipolar interaction. On the paramagnetic side, these crit
modes display relaxational dynamics, but belowTC their dy-
namical shape depends on the direction of their propaga
vector with respect to the order parameterM s . If these trans-
verse critical modes propagate, for example, alongM s , they
are predicted to exhibit spin-wave dynamics in DC~Refs. 15
and 16! with pure Goldstone-like susceptibilitie
xsw

t (qiM s)5(qd /q)2.19 The remaining longitudinal mode
dSz

l iq should be strongly damped and suppressed in in
sity. These modes can be studied in a configuration, wh
the polarizing fieldB is oriented parallel to the scatterin
plane.

The dipolar symmetry with respect toq is also reflected
by the fact that in the DC regime the direction ofq is parallel
to the largest eigenvector of the susceptibility tensorxJ(q),18

v3, while the second largest,v2, is parallel toM s . This sym-
metry of xJ(q) changes if the DC regime is left. Then th
directions of these two eigenvectors are just interchanged
our configurationq'M s , while for a general orientation be
tweenq and M s a gradual rotation,v3→v2 and v2→2v3,
takes place. Hence, outside of the DC regime, the ‘‘leadin
static symmetry of the ferromagnet is defined by the or
parameterM s and, moreover, the dynamical exponent atta
its isotropic value,z55/2. This implies that there both spin
wave modesdSsw

t 'q anddSsw
l iq are critical. Recently, their

frequencies have been investigated in some detail by po
ized neutrons.21 For the damping similar data are still lack
ing. Early work employing unpolarized neutrons3 away from
TC of EuO provided relaxation rates, which where consist
with Gsw(q,T);kz

23/2q4. This agrees with the scaling hy

pothesis, Eq.~9!, providedgsw5@q/kz(T)#3/2g̃sw(0,̀ ). Un-
like our observation in the DC region, in the exchange cr
cal regime the dominance of the thermally excited s
waves gives rise to the strong increase of their linewid
with temperature. The leadingq4 dependence has been pr
dicted by Vakset al.33 and results from spin-wave–spin
wave scattering.

Another interesting point is the fact that both linewidt
do not change with temperature down to the lowest val
studied here,T/TC50.92. This is somewhat surprising wit
regard to the existing results of the MMC calculations,16,34

which using some interpolation have also been indicated
Fig. 8. We notice that they predict a slight temperature va
tion, i.e., a narrowing with decreasingT, which is not ob-
served. Also theq2 variations of our linewidths are not re
produced and the absolute MMC values forGsw andGz are
smaller and larger, respectively. This seems to indicate
the assumptions of the MMC approach, like the Lorentz
approximation for the modes with largeq and some cutoff of
the dynamics, may not be valid. By a more phenomenolo
cal point of view, we rather conjecture that the noncritic
longitudinal fluctuationsdSz

l iq play a much more importan
role than believed to date. Their damping is expected to
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Gz
l (q)5Ld /xz

l 5Ld , i.e., temperature independent and rath
large, and may provide an efficient relaxation channel for
critical modes. The importance ofGz

l has been realized re
cently in the relaxation rate of the homogeneous magnet
tion Gz

t below TC .31

A final comment on the ‘‘background’’ damping of th
longitudinal fluctuations,Gz(q50,T<TC)52.8 meV, may
be appropriate. We conjecture here that—similarly as ab
TC ~Ref. 18!—damping effects by the longitudinal polariza
tion of thedSz

l mode are picked up within the resolution o
our experiment. Due to the dipolar demagnetization, th
modes are uncritical@dynamic exponentz50 ~Ref. 14!#.
This conjecture is based on the fact that our backgro
value is rather close toGz,bg5Lbg /xz

l (q50,T<TC)
51.8(2)meV, where we have inserted~i! the background
kinetic coefficient Lbg51.8(2)meV, determined from the
critical behavior ofG t(q50,T.TC),18 and ~ii ! the suscepti-
bility of the longitudinal spin-wave modes,xsw

l (q→0,T
,TC)51, which atT5TC transform into the longitudina
paramagnetic modesx l(q→0). It may be interesting to note
that this background seems to be absent or at least sig
cantly be reduced in the paramagnetic relaxation r
Gp

t (q,T) of Ref. 4, depicted in Fig. 8. This indicates that th
appearance of the order parameter increasesGz

t (0,T) while
its effect on the background rate of the spin-wave linewid
Gsw

t (0,T)50.5(4) meV, turns out to be small.

VI. SUMMARY AND CONCLUSIONS

We have conducted a study of the dynamics of spin fl
tuations in the ferromagnetic state of EuS close toTC , where
dipolar effects are expected to play a dominant role. F
intensity reasons we concentrated on the spin-wave and
gitudinal fluctuationsdSsw

t and dSz
t , both transverse with

respect to the momentum transferq, which was chosen per
pendicular toM . This configuration allowed us to extrac
from the spin-wave frequencies the characteristic dipo
wave numberqd and from the static susceptibilityxz(q,T)
the correlation lengthjz5kz

21 of the longitudinal fluctua-
tions. The latter exhibits deviations from the Ornste
Zernicke law atq!kz , which appear to be related to th
predicted thermal renormalization ofxz by the spin
waves.26,16 This feature, though the subject of rather inten
research in the past years~see, e.g., Refs. 35–37!, has not
been identified before. The reason for the observation of
mass renormalization ofxz(q,T) on EuS can be attributed t
the rather large critical amplitudekz(0)50.91 Å21, which
allows us to explore the regimeq/kz!1. This is in contrast
to the situation in the itinerant ferromagnet Ni,36 where
kz(0) is almost one order of magnitude smaller.

As the central result of our study, we regard the linewid
of both modes. They display the sameq variation Gm
5Ld(q/qd)2, which we explained by using the dynamic
scaling hypothesis and existing data forG t(q,T>TC) of
EuS. Apart from a small finite background forGz(q50),
which was already observed aboveTC in a previous work,
the absolute values of both linewidths prove to be identic
Moreover, the relevant kinetic coefficientLd agrees with the
4-8
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value obtained from the linewidths of the transverse fluct
tions dSp

t (q) measured in the dipolar critical regime slight
aboveTC . This quantitative feature suggests the transform
tions dSp

t1→dSsw
t anddSp

t2→dSz
t when passingTC from the

para- to the ferromagnetic side without any change of
dynamics and thus obeying dynamical scaling—as con
tured in Ref. 22. As a surprising feature we note that
‘‘true,’’ i.e., temperature-independent, dipolar critical beha
ior extends so far into the static DC region explored here;
Fig. 1~a!. This is in contrast to the extremely narrow regim
just aboveTC , in which the dipolar anisotropy changes th
dynamic universality class of the transverse modes fromz
55/2 to z52. The observedq and temperature variations o
our linewidths are not fully consistent with predictions by t
MMC theory,16 which is a bit unexpected regarding the su
cess of this approach on the paramagnetic side.14,15
.

s
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Finally we should note that for intensity reasons we w
not yet able to measure the crossover ofGz

t to the hydrody-
namic (q,kz/9) and to the exchange critical (q.qd) re-
gime, for which some more theoretical work has be
published.38,39,26,33,14An even greater experimental challen
is the low intensity of the longitudinal polarizationsdSsw

l 22

anddSz
l . Their noncritical dynamics may be responsible f

the absence of any temperature effects on the both linewi
investigated here. Other unsettled problems are the me
nisms responsible for the small and noncritical backgrou
effects occurring in the static susceptibilities, spin-wave f
quencies, and relaxation rates. The values quoted here
kg ,ksw ,Gz(0,T), and Gsw

t (0,T) may help to answer the
question as to whether there exists a common origin,
anisotropy or finite internal magnetic field.
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