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Dipolar Interactions in the Critical Dynamics of Heisenberg Ferromagnets
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It is shown that in contrast to previous assumptions the real magnetic dipole interaction
has to be considered as a possible source of deviations of the dynamical exponent z from
—, as observed recently on Fe and Ni. While the dipolar crossover temperatures agree
with experiment, at T, the dynamic crossover around the dipolar wave vector q~ as pre-
dicted by current theories is absent. It is argued that this effect is related to a hitherto
overlooked dynamical decoupling between transverse and noncritical longitudinal fluctua-
tions if q exceeds the inverse correlation range g.

PACS numbers: 75.40.Fa, 75.50.Bb

Using advanced neutron techniques Mezei' ex-
tended earlier investigations of the critical dy-
namics in iron' down to energy and momentum
transfers of A%a=1 peV and q=0.006A l. At the
Curie temperature the relaxation rate 1, contin-
ued to slow down proportionally to q', with z'= —,
in accordance with dynamical. seal. ing for Heisen-
berg ferromagnets, ' whereas above T, strong de-
viations from the establ. ished dynamical scaling
law r, = q'Q(tc/q)" occurred (K is the inverse
correlation l.ength). Some indication of a break-
down of pure Heisenberg behavior was seen be-
fore in hyperfine experiments on Fe and Ni about
reduced temperatures of t = T/T, —1= 0.008 and
was attributed to spin-nonconserving forces. 4

While dipolar interactions were assumed to be
too weak to account for this effect, it was pro-
posed that one consider spin-l. attice, pseudodi-
polar coupl. ings' and thermodynamic random
fields. ' It is the purpose of this Letter to pre-
sent quantitative arguments suggesting that the
real magnetic dipole-dipole interaction may well
be the origin of the spin-nonconserving force and
to discuss new consequences following from the
experimental data available around the dipolar
crossovers of Fe and EuO.

Dynamic crossover to dipolar critical (z =2)
behavior was first seen in studies of the relaxa-
tion rate of the magnetization, I; p of nonme-
talic cubic ferromagnets l.ike CdCr, Se4 and EuO, '
and coul.d quantitatively be explained with a mode-
coupl. ing theory. "Accordingly, the crossover is
rel.ated to the anisotropic q-dependent suscepti-
bility (SI units, Fisher exponent rt =0)

[xq (t)] =q& [z (t)+q ]+(q /q),
in which the longitudinal component, S' = Se

~( j,
no longer grows to criticality if K and q become
smaller than the dipolar wave vector q„. The
numerical val.ue of q„can be obtained from the

d ' 0/d 0 d &u ~ Q [1—(Q /Q) 2] C ~ (w) ~ (3)

q -0 limit of Eq. (1), [X, ] '=(tt/q„)'+N (N
is the demagnetization coefficient); using the ex-
perimental. results on the internal homogeneous
susceptibil. ity X,

-=(q, /K)'=0. 0017t '" ' and K

=(1~ 10A ') t"' 'I find for Fe qe=0. 045A ' just
where I; exhibits strong effects by spin-noncon-
serving forces (see Fig. 2 of Ref. 1). Equation
(1) al.so allows us to estimate the dipolar cross-
over temperature t, from &(t, ) = q„ i.e. , where
X,(t„)= 1,"which for Fe takes the value t, = 0.008
in excel.lent agreement with the value observed
in the hyperfine experiments. For Ni, using
X,=0.00069t ' ""I find )„=0.0043 consistent
with the crossover reported in Ref. 4. These
results for q„and t„are about one order of mag-
nitude larger than those derived previously from
an unjustified expression, t„=G, /4w &2S(S+1)T,
with the dipolar coupling constant G„=(g p, s)'/
J[Lpk~v, p;„, which yielded t„=0.0004 for Fe and
Ni. 4 On this basis the real dipol. ar interaction
was excluded as the origin of the spin-noncon-
serving forces. As a more realistic estimate for
the dipolar crossover in terms of G„and T, I
propose t„=[S(S+1)G,/3T, ]'t "giving, e.g. ,
0.009 for Fe and 0.004 for Ni.

To date the effect of dipolar anisotropy on the
order-parameter correlation function

(2)

has been observed directly only in C, ,(cd), where
it leads to crossover from ~ =-2 to z =2.' Hy-
perfine methods probe the integral JC-(cu = 0) dsq
so that only an effective value of the dynamic
critical exponent z is obtained, which samples
the region of small q.4 Diffuse inelastic neutron
scattering measures the correlations between
spin components perpendicular to the scattering
vector Q,"
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Consequently, one has to distinguish between
small-angle measurements, where Q=Q, and
scattering around a Bragg position with iL =g —ie.
The latter, detecting a mixture between longitudi-
nal. and transverse correlations, was used in the
classical investigations on Fe' and Ni, ' but since
the minimum q values were more than a factor
of 2 larger than q„ the dipolar anisotropy pl.ayed
no role. The same applies to the more recent
(small-angle) work on Co."

Neutron measurements extending to q & q „were
performed on EuQ" and Fe' "by the smal. l-
angle technique, which according to Eil. (3), only
detects the transverse correlation function Cq (~d) ~

For both examples, the static susceptibility X q'
obeyed the classical Ornstein-Zernike law to
below q =q, as expected from Eil. (1). The be-
havior of the corresponding relaxation rates
1"~' will be discussed with use of Fig. 1 where
the regions of Heisenberg-isotropic (I ) and di-
polar-anisotropic (D, z = 2) dynamics are sepa-
rated by K'+q'=q, ' [see E~L. (1)]. In I, the di-
polar-induced spin relaxation with ~ = —

& dom-
inates over the spin diffusion at small q (& q, '/ii,
region I„).'" In the hydrodynamic (q& K, I„) and
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1+ —+ —arc tan—2. qd q.

critical (q & K, I, ) parts of the isotropic region,
dynamical scaling with ~ = —, was shown to be val. id
for the EuO data. " Also on EuO, conventional.
slowing down, z = 2,""'was confirmed in the hy-
drodynamic dipolar region (D„)." For Fe, z =-',

scal.ing turned out to be val. id in I, and in the up-
per part of I„(q& q„), whereas at smaLLer q sig-
nificant deviations from the Resibois-Piette func-
tion for Q(q/ii) were observed (see Fig. 3 of
Ref. 1 and Ref. 21). It was recently argued that
strong, but short-ranged pseudodipolar forces
in Fe might be responsibl. e for these deviations
arising at larger K."

Here I want to focus on the critical dipolar re-
gion, D„where for both Fe and EuO, a very in-
teresting effect occurs: z =- remains valid; i.e. ,
a't q & ii the dipolar anisotropi does not influence
the re&&n ation rate of itic ti ansi erse fluctuations
This clear disagreement with current theoretical.
predictions is illustrated in Fig. 2 where for the
extreme case, T =T, , I-„(i~=0) normalized to
the mode-coupling result, Aq" (valid for q &q,),
is plotted against q/q, . As can be seen, no in-
dication appears for either the crossover to I',
-q' predicted by the mode-coupl. ing calcul. a-
tions""' or the factor of a dipol. ar correction to
scaling, 2 [1+(q„/q+ q/q„)arctan(q, /q)], pro-
posed by Dietrich, Als-Niel. sen, and Passell. ."
Though the l.atter factor was claimed to explain

a nn0- I

K /qd

0.5
q/qd

FIG. 1. g-q plane (normalized to dipolar wave vector
q~) with regions of different dynamical critical exponent
g for cubic Heisenberg ferromagnets with dipolar inter-
action according to mode-coupling theor~ (Refs. 6 and

18). Dashed and wavy lines indicate the experimental
scans at constant q or y(T) on Fe (Ref. 1) and EuO (Ref.
16). Hatched parts designate violation of the g = 5 cly-
namical scaling for Fe.

FIG. 2. Relaxation rate of transverse fluctuations at

T, around the dipolar wave vector q~ for Fe (q~ =0.045
) R11cl EGO (V~ ——0.154 A ). CGIllpRrlso11 wlih svRil-

able theories shows substantial discrepancies below p
=q„: mode-mode-coupling calculations yield I'
=A&& p with A =(I2A T /2&&&, p ) (Refs. 6 and 23);
the dashed line corresponds to a phenomenological di-
polar correction to dymamical scaling (Refs. 16 and 23).
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the EuO data, ' Fig. 2 clearl. y shows that just
around q=q„, where the correction should be sig-
nificant, the I'~' of EuO strictly obeys the z = 2

l.aw. Therefore, it is more likely that the slight
deviations from ~ = 2 at q ) 1.5q„are not rel.ated
to the dipolar forces but are of noncritical origin
due to the rather large q, of EuO amounting to
20% of the first Brillouin zone.

In conct.usion, I have pointed out that in contrast
to earl. ier estimates, the dipolar interaction
should influence the critical dynamics investigat-
ed in the regions of low q and v (&q,) for cubic
ferromagnets. My numerical values for q„and
t„agree with experiments probing the hydrody-
namic region. However, in the critical dipolar
region, ~&q&q„, the relaxation rates of the fluc-
tuation in the transverse magnetization appear to
be completely unaffected by the dipolar anisotro-
py, i.e. , by the longitudinal fluctuations, which
is in cl.ear contradiction to current theories.
Presumably, this phenomenologically proven de-
coupling for q» ~ between the critical transverse
and the noncritical. l.ongitudinal. fluctuations is
also the reason why the pseudodipolar coupl. ing
in Fe exerts no effect on I'q . As a result of the
short range of this interaction (r~d), it should
infl. uence 1=~ only when K exceeds a characteris-
tic pseudodipolar wave vector, qpd +pd as
seen for instance at q = 0 on ¹i.2~ Since the pseu-
dodipolar force has the same symmetry as the
dipolar one, I expect I'q to be unchanged in the
critical. region for q = p pd» &. There in fact dy-
namical scaling with z = 2 continued to be val. id. '

In order to investigate the so far unknown dy-
namics of the longitudinal fluctuations I propose
to extend the measurements of the scattering func-
tion, S q'(~), around a Bragg reflection into the
dipolar region, (z'+ q')&q, '. There it would be
interesting to follow the behavior of S -, and S q~

from the apparentl. y decoupled l.imit, q ) K, to the
hydrodynamic dipolar region, q «, where the
noncritical l.ongitudinal. fluctuations, e.g. , give
rise to the observed conventional slowing down. '
Moreover, this problem might chall. enge the the-
orists to develop a coherent picture of dipolar
anisotropic dynamics operative in all ferromag-
nets, not only above T, but al.so in the ordered
phase.

The author is indebted to F. Mezei for valuable
discussions.

F. Mezei, Phys. Rev. Lett. 49, 1096, 1537(E) (1982).
M. F. Collins, V. J. Minkiewicz, R. Nathans, L. Pas-

sell, and G. Shirane, Phys. Rev. 179, 417 (1969); S. Bo-
ronkay and M. F. Collins, Int. J. Magn. 4, 205 (1973).

3P. C. Hohenberg and P. C. Halperin, Rev. Mod. Phys.
49, 435 (1977).

4C. Hohenemser, L. Chow, and R. M. Suter, Phys.
Rev. Lett. 45, 908 (1980), and Phys. Rev. B 26, 5056
(1982).

5J. Kdtzler and H. v. Philipsborn, Phys. Rev. Lett.
40, 790 (1978); J. Kotzler and W. Scheithe„J. Magn.
Magn. Mater. 9, 4 (1978).

W. Finger, Phys. Lett. 60A, 165 (1977).
R. Raghavan and D. I . Huber, Phys. Rev. B 14, 1185

(1976).
J. E. Noakes, N. E. Tornberg, and A. Arrott, J.

Appl. Phys. 37, 1264 (1966).
D. Bally, M. Popovici, M. Totia, M. Grabcev, and

A. M. Lungu, Phys. Lett. 26A, 396 (1968).
S. V. Maleyev, Zh. Eksp. Teor. Fiz. 66, 1809 (1974)

[Sov. Phys. JETP 39, 889 (1974)].
'J. E. Noakes and A. Arrott, J. Appl. Phys. 39, 1235

(1968).
This microscopically defined expression for t& fol-

lows from the experimental fact that to a good approxi-
mation for Heisenberg ferromagnets, like the archetypal
examples Fe, Co, Ni, EuO, the nonuniversal critical
amplitude of the internal susceptibility, p= go), 3, is
determined by the mean-field value 1'0 =S(S+1)Gzlb sT
(J. Kdtzler, unpublished). Accordingly, for z 0(t„) =1
one finds t„=Fo as quoted in the text.

'3W. Marshall and S. W. Lovesey, Theory of' Thermal
Neutron Scattering (Clarendon, Oxford, 1971), p. 467.

'4V. J. Minkiewicz, M. F. Collins, R. Nathans, and
G. Shirane, Phys. Rev. 182, 624 (1969).

C. J. Glinka, V. J. Minkiewicz, and L. Passell, Phys.
Rev. B 16 4084 (1977).

' O. W. Dietrich, J. Als-Nielsen, and L. Passell, Phys.
Rev. B ~14 4923 (1976).

TS. V. Maleyev, V. V. Runov, A. F. Okorokov, and
A. G. Gusakov, J. Phys. (Paris), Colloq. 43, C7-83
(1982).
' P. Borckmans, D. Walgraef, and G. Dewel, Physica

(Utrecht) 91A, 411 (1978).
9E. Riedel and F. Wegner, Phys. Rev. Lett. 24, 730

(1970); E. K. Riedel, J. Appl. Phys. 42, 1383 (1971).
J. Kotzler, W. Scheithe, R. Blickhan, and E. Kaldis, ,

Solid State Commun. 26, 641 (1978).
The critical dynamics of Fe were also investigated

in Ref. 17 with use of polarized neutrons. The pub-
lished comparison between the measured depolariza-
tion ratios and a calculation based on the Resibois-
Piette function with g =-, reveals distinct deviations at
tg (gg

D. Huber, Phys. Rev. B (to be published); F. Mezei,
Phys. Rev. I ett. 50, 1878 (1983).

g~ denotes the second spatial moment of the exchange
which can be obtained from the spin-wave stiffness P
=SJ2 (Ref. 13) and also from the dipolar wave vector
q~ = G~/Jp (Ref. 5). The latter expression is identical
to that used in Rei. 16, q„= (Imps) Sv, ,„D.

M. B. Salamon, Phys. Rev. 155, 224 (1967).

835


