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By inelastic scattering of polarized neutrons near (d@0) Bragg reflection, the susceptibilities and line-
widths of the spin waves and the longitudinal spin fluctuatiai®,,(q) and S,(q)|Ms, respectively, were
determined separately. By aligning the momentum transfersrpendicular to botldS;,, and the spontaneous
magnetizatiorM, we explored the statics and dynamics of these modes with transverse polarizations with
respect tag. In the dipolar critical regime, where the inverse correlation leng({) andq are smaller than
the dipolar wave numbegy, we observe thati) the static susceptibility 06S,,(q) displays the Goldstone
divergence while forsS,(q) the Ornstein-Zernicke shape fits the data with a possible indication of a thermal
(mass renormalization at the smallegtvalues; i.e., we find indications for the predicted dlivergence of the
longitudinal susceptibility(ii) the spin-wave dispersion as predicted by the Holstein-Primakoff theory reveal-
ing gg=0.23(1) A1, in good agreement with previous work in the paramagnetic and ferromagnetic regime
of Eus;(iii) within experimental error, th@_orentzian linewidths of both modes turn out to be identical with
respect to theg? variation, the temperature independence, and the absolute magnitude. Due to the linear
dispersion of the spin waves, they remain underdamped|fog, . 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 foET.. The available mode-mode coupling theory, which takes the
dipolar interactions fully into account, describes the gross features of the linewidths but not all detail3 of the
andq dependences.

DOI: 10.1103/PhysRevB.65.144434 PACS nuntder75.40.Gb, 68.35.Rh

[. INTRODUCTION dipolar forces should gain importance somewhere in the so-

called dipolar criticalDC) regime, wherg 1=k andq are

Neutron scattering has been demonstrated as an extremedmall compared to the dipolar wave numbgy [see Fig.
useful probe of the spin fluctuationsS(q) near the Curie 1(8)]. For a given ferromagnet, this quantity measures the
temperature of Heisenberg ferromagnietsUnder the as- strength of the dipolar interaction relative to the exchange
sumption that thésotropic exchange interactiodominates interactions. It has been introduced in renormalization group

the ordering process, the early results could be well inter(RG) calculations of the static correlation functioftsecog- -

preted in terms of the dynamical scaling hypothédis.its nizing that the dipolar gmsotropy t_)reaks the rotational in-

simplest form this hypothesis states that as for the static spifariance of the fluctuationS(q) with respect toq. The

correlations also the temperature andependences of their démagnetizing effect of the dipolar interaction on the longi-
dinal modessS/||q prevents them from becoming critical,

characteristic frequencies are described by homogeneoﬁgh.l th ining two t Fi
scaling functions that depend only on a single variable’/"1'€ the remaining two transverse modeee Fig. {o)] are

q£(T), where¢ denotes the correlation length of the Orderdrlymg th_e ferromr_;\gneUc transition. At first these_ dipolar
. anisotropic fluctuations have been realized by elastic scatter-
parameter fluctuations arg=|q|.

Signatures of the inevitabl@nisotropic dipole-dipole in- ing of polarized neutrons abovk. of the Heisenberg ferro-

. he fl . ¢ cenb ; magnets EuO and Eu8,where for the latter it was also
teraction on the fluctuations of Heisenberg ferromagnets,,sgiple to measure directly the characteristic wave number,

have been first detected by measurements of the relaxati%=0_22(5) AL

ratel’(0) of the homogeneousS(0) mode in theparamag- On the theoretical side, the implications of the dipolar
neticphase of CdGiSe, (Ref. 6 and subsequently also of Fe critical fluctuations on their dynamics have been fully taken
by neutron spin-echo measurements at smdllBased on into account only by the mode-mode couplilyIMC),
these signatures and also on first theoretical approachegpproach®'%bove T, rather convincing agreement was
which treated the dipolar interaction as a perturbation of thebtained®*for the critical slowing down of *(q) observed
isotropic fluctuation§® it has been conjecturélthat the for q—0 and T—T¢ on the transverse fluctuations of Fe
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a) q direction as well as in th&,(T) direction.

Since among the archetypical Heisenberg ferromagnets
is largest for Eu$9'8this material is preferred for experi-
mental studies of dipolar effectél’?°-??Here we report
results of a systematic study of the magnetization dynamics
in the DC region, which covers the shaded area in Fig\. 1
Our principal goal is to determine the susceptibilities and
linewidths of the spin waves and of the longitudinal fluctua-
tions and to examine thefr and temperature variations. The
experimental access by means of inelastic scattering of po-
larized neutrons around a finite Bragg peak is described in
Sec. Il. As illustrated by Fig. (b) we choose a configuration
where the momentum transfgroccurs in directions perpen-
dicular to the order paramet®tg, which allows us to define
and determine the transverse polarizations of the spin wave
and of the longitudinal modes with respectdo This will
turn out to be essential for the discussion by means of dy-
namical scaling, because the appearance of the order param-

FIG. 1. (a) Dipolar regime for static critical behavior beloW. ~ eter does not lift the symmetry with respectgso that both
explored in the present wokkhaded argawith g4=0.23 A~ for modes retain their transverse polarization from abbye In
EuS. The dotted lines define the exchaiigei) and dipolar(DH)  Sec. Ill, we give some examples for const@nscans and the
hydrodynamic critical regimes above and beldy, respectively.  analysis of the inelastic cross section. We evaluate there the
(b) Spin fluctuation modes defined by the geometry of our polarizedelevant observables, i.e., static susceptibilities, spin-wave
neutron experiment beloW¢ of EuS, where the momentum trans- frequencies, and linewidths. Their detailed temperaturegand
fer g=Q— myois kept perpendicular to the spontaneous magnetizayariations are presented in Sec. IV. In particular, we deter-
tion. Spin-wave 6S;,,) and Io'ngit.udinal 6S,) flugtue}tio.ns are .de- mine there the dipolar wave numbey from spin-wave en-
tected separately by the spin-flip and non-spin-flip intensities forergies and the correlation IengﬂQT)=K;1(T) of the lon-

neutrons with incident polarizatioar, and wave vectoQ. (¢) Defi- gitudinal fluctuations from their static susceptibilities.
nition of the magnetic modes with respect to the reduced momenz - . .
tum transfeny. Backed by these flndlngs, we discuss the centrgl re;ults, ie.,
the damping of the spin waves and of the longitudinal fluc-
tuations, in Sec. V. Here the objectives are twofold. First,
(Ref. 7 and EuS(Ref. 17 as well as for the longitudinal basing on the existing data for the paramagnetic side of EuS
ones @=L) of EuS'’ Additional strong support for the we want to examine whether and how the scaling hypothesis,
MMC results came from quantitative analyses of the relaxawhich is rather special for the dipolar interactidmyorks,
ation rated™'(q, T) in the two limiting casesj=0,T=Tc and  and second we will compare our results to the rather detailed
T=Tc,q=0 for the archetype Heisenberg ferromagréts. predictions of recent numerical solutions of the MMC
As one of the striking results we mention the crossover fromequations® To produce explicit values for the linewidth, this
I'(g>qq,Tc)~q%? in the exchange-dominated regime to MMC approach had to introduce several assumptions which,
I'(g<qq,Tc)~0? deep in the dipolar one'*The latter  of course, need to be checked by experiment. The paper
behavior corresponds to the conventioffign Hove typg  closes with a brief summary and outlook.
slowing down, characterized by a noncritical Onsager coef-
ficient of the spin dy_r1amicsLt(<_q,_'I'_)El“t(q)~X‘(q),13’14’18 Il EXPERIMENT
wherex'(q) is the static susceptibility of the transverse fluc-
tuations. It was shown that this central quantity depends in a The neutron scattering experiments were performed using
universal manner only o andqy, to be discussed in Sec. the triple-axis spectrometer IN14 at the ILL in Grenoble,
V. with polarization analysis. The isotopically enriched sample
Below T, the situation becomes more complicated be-'**EuS was composed of roughly 100 single crystals, aligned
cause the symmetry of the fluctuations is further reduced bguch that the overall mosaic wag=0.75° (see Fig. 2 A
the appearance of the order parameter, i.e., the spontanedgmall mosaic is of the utmost importance to allow measure-
magnetizatiorM. As illustrated in Fig. 1b), it is common ments as close to the Bragg peak as possible. In EuS the
sense to distinguish there between the spin wavemagnetic EG* ions (S=7/2, g, =2) are arranged on a face-
5Saw(0)L M4e, and the longitudinal modesS,(q)|M<e,. A centered cubic lattice,a,=5.973 A. The sample was
systematic classification of critical behaviors in tipec(T) mounted inside a superconducting magnet providing vertical
plane, which considers the Heisenberg exchange and the dieldsB, up to 4.5 T. All measurements were conducted near
polar interaction on an equal footing, has recently been peithe (200 Bragg peak withq along the[h00] direction[see
formed by Schinz and Schwal? According to their results, Fig. 1(b)] using neutrons with fixed incident energi&s
we have depicted the DC regime in Figal, which apart =3.0 and 3.8 meV and collimations 337'-40" along the
from a dipolar hydodynamiDH) regime at rather smadlis  beam direction from the monochromator to the detector. Due
bound from above by the dipolar wave numhgrin theq  to the mosaic structure of the sample shown in Fig. 2, the
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1.2x10° According to Eq.(1), the neutrons couple only to spin
- fluctuationssS that are perpendicular to the scattering vector
© 1.0x10°f it ] Q= mot g. Therefore, the cross section contains contribu-
=y . /1 tions from the longitudinal fluctuationsS, and from the
£ soxi0'f . f X l spin-wave scattering that corresponds to excitations with
§ s oxioth n=0.75 7 0 ] 5S,,, perpendicular tM. Both modes have a transverse po-
= J \ larization with respect tg, and in the following we omit the
’é 4.0x10°t ,/ . i superscript. The fluctuations parallel tM can be separated
I J *? from the spin-wave modes by analyzing the polarizaign
£ 5ox10*t Y % j =+ g of the scattered neutrons with respect to the incident
S ™, polarization,a;||B, . As can be inferred from Fig. (i), the
0.0 ‘3’;;""" oo 46':"""(;) s parallel fluctuations give rise to non-spin-flip scattering and

FIG. 2. Rocking curve of the,y, Bragg peak of the isotopically
enriched samplé®*usS that is composed of more than 100 indi-
vidual single crystals. The mosaic of the sample 7is-0.75°

the spin-wave modes give rise to spin-flip scattering. There-
fore, the susceptibilitieg,(q, w) andysu(d,w) of both mag-
netic modes can be determined unambiguously in a vertical
field B, .

+0.02°. Because of the depolarization of the neutron beam by the
orientational averaging of the magnetic domains we con-
measurements in the othgrdirection suffered from a high ducted most measurements in a vertical field 30 <08,
background from the elastic Bragg intensity. <45 mT. This value was large enough to ensure a reason-
The neutron cross section for neutrons scattered from afble polarization of the beam, but yet sufficiently small to
isotropic magnetic material is given %}y minimize the influence of the internal magnetic fi@e-B,

—N,M(T) (with N,=0.05; see Ref. 21on the spin fluctua-

20 k¢ yro)2 tions as much as possible.
= E( 7) NF(Q)%exd —2W(Q)] In a first step, all the measured dafg, was corrected for
dQdE ! the finite flipping ratioR according to
X2 (1-Q25)Sup(a,0). (D _ R

7 B I,= I I

a R—1 obs R—1 obs 1
Q=ki—k; and Aw=E;—E; are the total momentum and
energy transfers from the neutron to the sample, respectively, o= R |+ 1 |+t
where E; (= (:k?(/(2m,) is the neutron energyx and 3 SWIR-10bs R—pobs

. : >
des'?’;ate ”;e qutesmn comp(_)nemys,z, (y1/2)°=72.65 wherel#” designates the scattered intensity from the polar-
X102 bl/ug, F is the magnetic form factor for the EU

N ization u to the polarizatiorw of the incident and scattered
ion, the exponential term is the Debye-Waller factQ, neutrons, respectively. In a second step, a background being
=Q/|Q|, and N is the number of magnetic ions in the determined in the paramagnetic phasd at80 K>T. and
sample. The reduced momentum transfer is definedby in the ordered phase @t=1.78 K was subtracted from the
=Q— 700, Where 7, is the position of the nearest Bragg data. The energy-independent contribution was 1 count/8.3
peak, 7= (200) 27/ @, in our casgFig. 1(b)]. min for all the measurements in the range @:Q6< 0.18242°

The as component of the scattering functi®)z(q,w) is  where the reduced momentum transfer is measured in recip-
related to the imaginary part of the susceptibility by therocal lattice units{=q/(2/ay). The peak intensity of the
fluctuation-dissipation theorem: elastic background was 4 counts/8.3 min and 8 counts/min

for the spin-flip and non-spin-flip scattering at the position
Sup(Gh @) =(n+ 1) %lmXaB(Q-w)- 7+ q, respectively.

where the thermal population factor is given ky) Ill. CONSTANT-Q SPECTRA
=[expfrw/kgT)—1]" L. Our experiments have been con-
ducted close to the Curie temperatirg=16.25 K and at
energy transfers o <kgT, so thatS,; becomes directly pro-
portional toTIm x .z

The inelastic magnetic scattering has been determined at
several temperatures and momentum transfers by performing
constantQ) scans. Figure 3 shows the cross sectiong at
=0.18 as measured along th#00] direction at the(2 0 0)
Bragg reflection aff=15 K in a field B,=100 mT. The
spin-flip data clearly reveal spin waves, while the non-spin-
flip data are quasielastic and have a witthlf width at half
maximum) that is roughly a factor of 2 smaller than the
Thus, the neutron scattering cross section reflects directly thenergy of the spin waves. Similar data were collected for
g andw dependences of the susceptibility components of thenany different temperatures 18 <80 K and in appro-
sample. priate fields 30 mT=B,=<500 mT, as described in Sec. II.

keT 1
Saﬁ(qvw)zm_lmXaﬁ(qiw)' (2)

ks
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FIG. 3. Constan® scans for(a) spin-flip and(b) non-spin-flip Wher_ehw_SWE Esu(a) is the Spin-wave energy ali_tL(q) are
neutrons scattered from spin-wave and longitudinal fluctuations, ret-he ,I'new'dths' As the Scat_te””g from the longitudinal fluc-
spectively, atT=0.92Tc=15.0 K. (c) Spectrum for unpolarized tuations proves to be quasielastic, we @gtq) =0. The data

neutrons, calculated froif@ and(b), showing the depression of the Were fitted by convoluting the scattering functidB3(q, »)
longitudinal contribution. with the four-dimensional resolution function of the spec-

trometer to givel ,(q,0). The three parameteisg,, I',,
Scattering of polarized neutrons is a very efficient way toand x,(q) and a common normalization parameter were var-
properly separate the longitudinal from the transverse exciied for each constar® scan such thay? was minimized.
tations in a Heisenberg ferromagnet. This is demonstrated ihe solid lines in Figs. @) and 3b) are fits to the data using
Fig. 3(c) where we show for comparison the spectrum calcu£q. (3). They describe the data well. Figures 4 and 5 show
lated from the(flip efficiency) corrected intensities of Figs. that the width of the longitudinal fluctuatiors, increases

3(a) and 3b): with increasingq in qualitative agreement with existing
) . theories>®*A more detailed comparison will be performed
| unpol( ®) = §|Sw(w)+ §| (o), in the discussion.
as would be measured by means of unpolarized neutrons. IV. ANALYSIS OF THE SPECTRA

The comparison shows clearly that the longitudinal scatter-
ing cannot be reliably extracted by means of unpolarized From the fits of the spectra using the double Lorentzian
neutrons because the spectral widths.gfandl, are similar. ~ scattering function, Eq(3), as described in the previous
Moreover, reliable positions and widths of the spin wavesParagraph, we extracted the static susceptibilif{e£q, »
can only be obtained if polarized beam data are used. =0T)=x,(q,T), the energiesEs,(q), and linewidths

In order to analyze the data we have employed the scafiI'swW(Q) of the spin waves and the linewidtii",(q) of the
tering function, Eq(1), which via Eq.(2) is directly related quasielastic scattering. These quantities will be discussed in
to the dynamical susceptibilitieg, and ys,,. To allow for a  the following.
comparison between our results and the existing thEome
assume Lorentzian spectral weight functions for the dynamic
susceptibilities of the modegs=z,sw and obtain

A. Static critical behavior

In order to compare the experimentally determined static

1 hol susceptibilities with the theory we refer to the expressions
|m[X#(q,w)]:X,L(Q)Z( : 5 from the theoretical work by Schinz and Schwdbivho
[o= o, ()] + (T have presenteg ,(q,T) for all g values and temperatures
hol, below T . Especially, one finds for the susceptibilitigs,,

, (3 andy,, deep in the dipolar regime as covered by our experi-
ment[Fig. 1(a],

J’_
[0+ w,(@)]?+(T,)?
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FIG. 6. (a) Inverse of the integrated intensities of the spin-wave
The q—2 divergence is characteristic of gapless spinand longitudinal spin fluctuations wg, fitted to the inverse static
waves with transverse polarizatiaiss, . g, also referred to  susceptibilities xq, ~ (a+ ) andXZl(Q—>0)~[_qz+ K2 (T,a)], _
as Goldstone modes, while the fluctuations paralleMo EQ. (5. (b) Temperature dependence of the inverse correlation
acquire altherma) massk? (T). At small momentum trans- length of the longitudinal magnetization fluctuationg,(T)
. A . =¢ (T), defined by Eq(5a).
fersq<k_, this term is renormalized by the spin-wave fluc- ’

tuations and becomesp dependent: xsw- Note that by using a representation aff, which in-
20 k4T volves the spin-wave stiﬁneﬁSW(T)q5=gLMBMs(T) [see

K2 (QT)= e (5a  Ref. 10 and Eq(7) below] one finds an equivalent form

18 1+ak,(T)/q Xsul@—0)=0, ugM«(T)/Dsy(T)g?. In Fig. 6a), at the

2 ; ; AN 2] 2 pi
wherex,= £~ 1 denotes the inverse correlation length below!oWestd aj"ght offset is seenysw(q=0)=0g/xy with

T anda=2/919% One consequence of this effect has beeng=0-04 A™'. We ascribe it to the presence of a small gap
emphasized for the homogeneous susceptibility already iff! (€ spin-wave spectrum, which may be associated with the
the original spin-wave work by Holstein and Primak®ff. smal_l cubic anisotropy of Eu_S and the finite internal field
They predicted a singularity for vanishing magnetic field,"®duired to remove the domains.

¥,(q=0,T,B—0)~B 2 which in fact has been confirmed In contrast toys,,, the susceptibility of the parallel fluc-
inzexper’in%ents on EuS and E®More recently, the cross- tuations exhibits a strong temperature dependence. Figure 6a
over from the Ornstein-Zernicke-type behavior of the zero-diZSpIays the fits of the inverse intensities to E5). At large

field susceptibility to av,(q<,)~q * singularity has been 9" the C')rnsteln—Z'ermcke behavior is qbeyed Wh!Ch by Eg.
obtained by the RG theoR,but clear experimental evidence (5a defines the inverse ferromagnetic correlation length
is yet lacking. ky(T)=+18/2% _(q>«,,T), depicted in Fig. ). Obvi-

A summary of our static results are depicted in Fitg)6 ously,_t_he temperature dependence can be well described by
where the inversed-integratedl intensities of the spin-flip  the critical law
and non-spin-flip channels measured at five different tem- _ o
peratures are plotted agairgt. The former turn out to be Ko(T)=1,(0)(1=T/Te)" 6)
independent of temperature and display a cleagéudepen-  with Tc=16.25(5) K. The critical exponent’=0.68(2)
dence as predicted by E@t) for the spin-wave susceptibility agrees with the value obtained abovie. of EuS, v

144434-5



P. BONI, B. ROESSLI, D. GGRLITZ, AND J. KOTZLER PHYSICAL REVIEW B 65 144434

0.20 scattering? suggests that this quantity is not renormalized by
critical fluctuations when passin§c. Such an effect has

. 0.186 been conjectured by Fisher and Ahardhydowever, some
2 indication for the absence of such renormalizations through
§ 0.12 critical fluctuations in the dipolar regime has already been
) realized during a previous determinationagf.>? There, us-
£ o008 ing themean-fieldexpression for the critical amplitude of the
=y static paramagnetic susceptibility of EUS@:[qd/Kp(O)]Z
w004 =0.193° q4=0.24(2) A~! was obtained.

0.00 We also note thaks,, is smaller by a factor of 4 thar,

0.00 0.05 0.10 0.15 0.20 following from the longitudinal susceptibility and the mea-

q (A" sured value ofC,. We relate this difference to the dipolar
interaction, which invalidates the proportionality(q)
FIG. 7. Dispersion of the spin waves with transverse polariza—~ E;V\}(q), as can be inferred from the results of Refs. 16 and

tion 8SL,(q) [see Fig. 1b)]. The energies have been normalized by 19.

the reduced spontaneous magnetizatiang=Mgy(T)/M¢(0)

=1.18(1- 'It/Tc)O-36 (Ref. 29 and fitted to the predictions of the C. Linewidths

Holstein-Primakoff(Ref. 27, Eq. (7).

The linewidths evaluated here are defined by the Lorent-
=0.70(2) 2° as predicted by the static scaling hypothesis. Fozian shape which we assumed when analyzing the spectra by
the critical amplitude we obtair,(0)=0.91(5) A~*. Com-  Eq.(3). Note that already previous studies on powdered EuS
paring this value to the amplitude of the paramagnetic corretRef. 3 favored this shape over the Gaussian and the trun-
lation length of EusS,«,(0)=0.53 A=12° we find x, cated Lorentzian forms. Moreover, also the MMC approéch
=1.7«,, which is bracketed by the mean-field value determined the damping of the magnetization modes inves-

J2k(0) and 2.02(0) obtained by considering tigated here by assuming an exponential relaxation at long
fluctuationst? times, which corresponds to the Lorentzian shape at not too

At rather smallg, we observe a downward bending of high frequencies. ) )
|Z—1(q)' which we try to associate with the crossover The results for the widths of the spin-wave peaks and of

~1 N : the central peak of the longitudinal fluctuations are displayed
X, (Q<«,)~q following from Eq. (5a). Though the errors . " . .
are fairly large, we fitted the inverse intensities to this pre-by Fig. 8. W'th'n the experimental errors, there is no tem-
diction and founda=0.20(5), which agrees surprisingly perature variation dovv_n to the lowest temperatures in region
well with a=2/9 predicted by various approach&g® Re- DC [see shaded area in Figal]. Note that the errors far,
garding the fact that the temperature variation of thi¥(q) are larger than th.ose.fd“rsw becaqse of th_e Sma"?r spectral
bending is well reproduced, we believe that this constitute{elght of the longitudinal fluctuations, as is seen in F'@')'E.S
the first signature of thg ™! singularity of y,(q) induced by S t.he TOSt 2”'_"'”9 result we infer from-the presentations
the Goldstone modes. Interestingly, this variation should alsg9ainsy (<dg) in _F'g' 8 that(.') the relaxation rates of both
hold for the dipolar critical regimé& modes obey the simple relations

2

B. Spin-wave dispersion Fs(0,T)=Lgy a +s0(0,T), (8a)
The spin-wave energies, normalized to the reduced spon-
taneous magnetization mg(T)=M(T)/M¢(0)=1.18(1 2
—T/T)%%62°30 gre shown in Fig. 7. For the present orien- Fz(qu):Lz<_ +1',(0,T), (8b)
tation of q being perpendicular tM,, spin-wavé’ and lin- Gd
ear response theories predict for the dependence being indicated as solid lines in Fig. 8, afig that the re-
911/ sulting kinetic coefficients Lg,=35(2) neV and L,
~5 dd =40(3) weV agree within their uncertainties. Moreover, the
E(q)=Domy(T)q%| 1+ g (7} damping of both modes remains finite with small values of

this background dampingl's,(0,T)=0.6(4) nweV and
As for the static susceptibility we admitted the presence of d°,(q=0)=2.8(4) ueV, which will also be discussed in the
small gapg®=q?+ «2,. Due to the well-known depolariza- Nnext section.

tion of one of the precessing component,,,, the dipolar

wave number enters Eq7) via gi=g, usM¢(0)/D, to V. DISCUSSION
cause a crossover from the quadratic dispersiogpsat)y to
the linear law forqy>q> «,,. The solid line in Fig. 7 rep- We start from a rather general aspect of the critical phe-

resents the fit of the data to Eq(7) with Dy nomena, i.e., the scaling hypothesis extended to dynamical
=3.02 meV A&, q4=0.23(1) A1 and«k,,=0.01 A"l  quantities, like the relaxation rate of the order paranteter.
Comparing this fitted dipolar wave number tgy  Then the dipolar interaction in Heisenberg ferromagnets can
=0.22(5) A1 as determined from paramagnetic neutronfully be taken into account by introducirg/qq as a second
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0.04 T T T T The value 7L4=38(4) neV was found to agree fairly
well with the MMC  estimat&'*® 7L,
oosk | =519, ug ke Tc/uo 93 44m%>=30 ueV.
Below T, as a matter of fact, we recover here the same
< Mo - q? dependence of both relaxation rafgsandl's,,, Eq.(8),
g 0.02 © and in particular, within the experimental errors, their coef-
= o082 T ficients agree with_4, Lg,~L,~L4. These are the central
=y 001 o | results of our work. In terms of the dynamical scaling hy-
) o 0.3 pothesis they imply that by passing the Curie temperature
o oo from above, the dipolar dynamic universality class for the
0.00 =4 , o 1006 (Ret4) transversdcritical) fluctuationssS' characterized by=2 is
MMC- - - not changed. This basic feature is nicely confirmedrasher
kT old) I',(q) data measured slightly above: of powdered
o.03f b) T 1 EuS, which we have added to Fig(a8 Within the given
< ﬂ,/m T, error bars, they agree with respect to the magnitudecgnd
£ ” | variation with the preserit;,, data taken below . We also
:N 0.02 observe a slight systematic enhancementl'dfq, T<Tc)
, over F‘p(q,TC), which seems to be associated with the
0.01 o 094 - (smal) background’, 4 to be discussed below.
2 oee To date, the fundamental phenomenon of dynamical scal-
¢ 1008 (Ret4) ing in Heisenberg ferromagnets has been established for the
000 =05 o4 o8 o8 .0 exchangeg“true” )critical regime[EC in Fig. 1], i.e., for

g>«(T)>q4, whereI'" becomes independent of tempera-
ture; i.e., I''~(g/qq)®? is maintained on both sides of
FIG. 8. q dependence of the Lorentzian linewidths of @  Tc.' “'®Our experiment provides evidence for the “true”
spin waves andb) longitudinal fluctuations at selected tempera- (temperature-independendipolar critical behavior extend-
tures measured in the dipolar critical regime; see Fig).1For  ing to even smalleq values,q<x,(T); see shaded region in

(a/q,)’

comparison are indicated data taken on powdered EdS=at . Fig. 1(a). A temperature variation might set in when the DH
is reached. This extendeti/namiccritical behavior withz
scaling variabl&'®in the homogeneous scaling functign =2 belowT¢ is also very much different from the situation
for the linewidths of the transverse modes investigated herabove T, wherez=2 is attained for extremely smatj
[see Fig. )]: <qq,"* and only a small part of the static DC region is

occupied bydynamicdipolar criticality. Both features are
. , g q consistent with the general fact that the dynamic critical be-
LA D=0, — a (9 havior reflects more details of the system, in particular con-
g servation laws, than static properties, like the susceptibility
Let us first approach the problem from tharamagnetic ~ t€nsorx(a), which define the critical regimes displayed in
side to which we designate the indgx p. There according F19- 1@ _ _ _
to both experimedtand MMC theory® the crossover from Having established the dynamic class2 in a large part
exchange-dominated dynamics, being characterized by tH¥f the DC regime below ¢, we are now able to discuss the
exponentz= (D +2)/2=5/2, to the dipolar critical dynamics further consequences of tivariation of the damping, Eq.
with z=2 occurs deep in the DC region, i.e., fqrx(T) (8). The kinetic coefficientd, and L, turned out to be
<qq. This is the reason why dipolar effects were not real-identical for both the spin-wave and the longitudinal modes.
ized in the early investigatiorls Once the dipolar dynam- BY looking at Fig. 1b), this result emerges from the conti-
ics, i.e., z=2, has taken over very close ., where nuity of the critical behavior of the transverse modssi(q)

kp(T)<dq, the paramagnetic scaling function assumes 4nd 652(q). Note that abovelc, the designations “trans-

constant valugsee Eq.(7) of Ref. 18: verse” and “longitudinal” define orientations ofS with re-
spect toq, being indicated by a superscript #5*. Below
gy (0 0)=qu52 (10) Tc, due to the symmetry breaking throulyhe,, this “con-

[ .

ventional” definition of the mode polarizatiofS(q) is pos-

For EuS, the(dipolan kinetic coefficientLy has been deter- sible only for certaing directions, like the_one chosen in the _
mined from analysis of the relaxation rates of the transversgresent work. The transverse modes drive the ferromagnetic

fluctuations in the limitq=0 abové® and belowT. (Ref.  transition on the paramagnetic side, where thevector
31): clearly determines the symmetry. By passingfrom above,

Fig. 1(b) suggests the continuous transformatioAS'
—8S,,, and §S'2— §S,. Note that this is only true for our
- (11)  experimental configuration, where the order paramigters
xp(4—0) oriented perpendicular tq. The fact that the kinetic coeffi-

L
r(g—0T)=——
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cients belowT¢, Ly, andL, are equal and, moreover, agree I')(q)=L4/x. =Ly, i.e., temperature independent and rather
with L,=38(2)ueV of 5§S(q) aboveTc (Refs. 4 and 1B large, and may provide an efficient relaxation channel for the
(see also Fig. Bcan be immediately be related to the modescritical modes. The importance F, has been realized re-
with transverse polarizatioASL g, which are the only ones cently in the relaxation rate of the homogeneous magnetiza-
to become critical in real Heisenberg ferromagnets, i.e., withijon r‘z below T 81
dipolar interaction. On the paramagnetic side, these critical A final comment on the “background” damping of the
modes display relaxational dynamics, but beldwtheir dy-  longitudinal fluctuationsI',(q=0T<T.)=2.8 ueV, may
namical shape depends on the direction of their propagatiobe appropriate. We conjecture here that—similarly as above
vector with respect to the order parametky. If these trans- T (Ref. 18—damping effects by the longitudinal polariza-
verse critical modes propagate, for example, albhg they  tion of the 5§Z mode are picked up within the resolution of
are predicted to exhibit spin-wave dynamics in [Refs. 15  our experiment. Due to the dipolar demagnetization, these
and 16 with pure Goldstone-like susceptibilities modes are uncriticaldynamic exponenz=0 (Ref. 14].
Xew(dIMg) =(aq/9)2.* The remaining longitudinal mode This conjecture is based on the fact that our background
5S)]/q should be strongly damped and suppressed in intervalue is rather close toT,pg=Lpg/XA(q=0T<Tc)
sity. These modes can be studied in a configuration, where1.8(2)ueV, where we have inserted) the background
the polarizing fieldB is oriented parallel to the scattering kinetic coefficientL,,=1.8(2)ueV, determined from the
plane. critical behavior ofl"{(q=0,T>Tc),!® and(ii) the suscepti-
The dipolar symmetry with respect tpis also reflected bility of the longitudinal spin-wave modesy.,(q—0,T
by the fact that in the DC regime the directiongpis parallel  <T;)=1, which atT=T. transform into the longitudinal
to the largest eigenvector of the susceptibility tengeg),'®*  paramagnetic modeg (q— 0). It may be interesting to note
V3, While the second largests, is parallel toMg. This sym-  that this background seems to be absent or at least signifi-
metry of ¥(q) changes if the DC regime is left. Then the cantly be reduced in the paramagnetic relaxation rate
directions of these two eigenvectors are just interchanged fqu(q,T) of Ref. 4, depicted in Fig. 8. This indicates that the
our configuratiomg Mg, while for a general orientation be- appearance of the order parameter incre&Q’T) while

tweenq and M a gradual rotationy;—v, andv,— —Vs,  ts effect on the background rate of the spin-wave linewidth,
takes place. Hence, outside of the DC regime, the “Ieading”ptsw(oyT):0_5(4) weV, turns out to be small.

static symmetry of the ferromagnet is defined by the order
parameteM ¢ and, moreover, the dynamical exponent attains VI. SUMMARY AND CONCLUSIONS
its isotropic valuez=5/2. This implies that there both spin-

wave modes’S,, L q and 8S,,/|q are critical. Recently, their ~ We have conducted a study of the dynamics of spin fluc-
frequencies have been investigated in some detail by polatuations in the ferromagnetic state of EuS clos&gg where
ized neutrong! For the damping similar data are still lack- dipolar effects are expected to play a dominant role. For
ing. Early work employing unpolarized neutrdraavay from  intensity reasons we concentrated on the spin-wave and lon-
Tc of EuO provided relaxation rates, which where consistengjtudinal fluctuationséS,,, and 8S,, both transverse with
with T'5,(q,T)~«, ¥%q*. This agrees with the scaling hy- respect to the momentum transtgrwhich was chosen per-
pothesis, Eq(9), providedge,=[a/«,(T)]¥?gs(0°). Un-  pendicular toM. This configuration allowed us to extract
like our observation in the DC region, in the exchange criti-from the spin-wave frequencies the characteristic dipolar
cal regime the dominance of the thermally excited spinwave numbergy and from the static susceptibility,(q,T)
waves gives rise to the strong increase of their linewidthghe correlation Iengtff;x{l of the longitudinal fluctua-
with temperature. The leadingf* dependence has been pre-tions. The latter exhibits deviations from the Ornstein-
dicted by Vakset al3® and results from spin-wave—spin- Zernicke law atq<«x,, which appear to be related to the
wave scattering. predicted thermal renormalization of, by the spin
Another interesting point is the fact that both linewidths waves?®® This feature, though the subject of rather intense
do not change with temperature down to the lowest valuesesearch in the past yeafsee, e.g., Refs. 35—87has not
studied hereT/T-=0.92. This is somewhat surprising with been identified before. The reason for the observation of the
regard to the existing results of the MMC calculatiohd!  mass renormalization of,(g,T) on EuS can be attributed to
which using some interpolation have also been indicated ithe rather large critical amplitude,(0)=0.91 A~*, which
Fig. 8. We notice that they predict a slight temperature variaallows us to explore the regin® x,<1. This is in contrast
tion, i.e., a narrowing with decreasifiy which is not ob- to the situation in the itinerant ferromagnet ¥iwhere
served. Also theg? variations of our linewidths are not re- «,(0) is almost one order of magnitude smaller.
produced and the absolute MMC values fay, andI’, are As the central result of our study, we regard the linewidths
smaller and larger, respectively. This seems to indicate thasf both modes. They display the sane variation T',,
the assumptions of the MMC approach, like the Lorentzian=L4(qg/qq)?, which we explained by using the dynamical
approximation for the modes with largeand some cutoff of  scaling hypothesis and existing data fBf(q, T=T.) of
the dynamics, may not be valid. By a more phenomenologi£uS. Apart from a small finite background fér,(q=0),
cal point of view, we rather conjecture that the noncriticalwhich was already observed aboVg in a previous work,
longitudinal quctuation55§Z||q play a much more important the absolute values of both linewidths prove to be identical.
role than believed to date. Their damping is expected to b&loreover, the relevant kinetic coefficieht; agrees with the
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value obtained from the linewidths of the transverse fluctua- Finally we should note that for intensity reasons we were
tions 5S‘p(q) measured in the dipolar critical regime slightly not yet able to measure the crossovei'dfto the hydrody-
aboveT¢. This quantitative feature suggests the transformanamic (@<«,/9) and to the exchange criticabjtq,) re-
tions 58:31H 5S,,, and ESEH 5S, when passind ¢ from the  gime, for which some more theoretical work has been
para- to the ferromagnetic side without any change of thgublished®®3926331n even greater experimental challenge
dynamics and thus obeying dynamical scaling—as conjecis the low intensity of the longitudinal polarizatiorﬂissw22
tured in Ref. 22. As a surprising feature we note that theand 5S,. Their noncritical dynamics may be responsible for
“true,” i.e., temperature-independent, dipolar critical behav-the absence of any temperature effects on the both linewidths

ior extends so far into the static DC region explored here; sefyyestigated here. Other unsettled problems are the mecha-
Fig. 1(a). This is in contrast to the extremely narrow regime pisms responsible for the small and noncritical background
just aboveTc, in which the dipolar anisotropy changes the gftects occurring in the static susceptibilities, spin-wave fre-
iyg/zn*:(l)czinzl\_/?'rsglg)lgscé?\ijqo;r:getetr?;:;/;;srz \r/re]lcr)g?iz r:?g; quencies, and relaxati?n rates. The values quoted here for
Kg,Ksw,1'2(0,T), and I',(0,T) may help to answer the

our linewidths are not fully consistent with predictions by the ; . S
MMC theory2® which is a bit unexpected regarding the syc.guestion as to whether there exists a common origin, like

cess of this approach on the paramagnetic ¥id2.

anisotropy or finite internal magnetic field.
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