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Muon-spin-relaxation study of the critical longitudinal spin dynamics
in a dipolar Heisenberg ferromagnet
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We present zero-field muon-spin-relaxation data on the ferromagnetic fluctuations near the Curie tempera-
ture of the intermetallic GdNj which is a Heisenberg magnet with strong dipolar interaction. Our data show
that the critical longitudinalalong the wave vectay) spin fluctuations above and below the Curie temperature
are similar. They are an experimental proof of this similarity. This result is explained using the dynamical scaling
theory of Halperin and Hohenberg.

Although the transition from the paramagnetic to the or- The reporteduSR measuremeritshave been performed
dered state of a simple ferromagnet is an archetypicaht the EMU spectrometer of the ISIS surface muon beam
second-order phase transition, the dramatic effect of the diacility'* (UK) on two single crystals which differ by the
polar interaction on the nature of the critical paramagneti@rientation of thec axis relative to the initial muon beam
spin fluctuations has been fully understood only recently. ArpolarizationS, which is either parallel or perpendicular to
almost quantitative agreement has been achieved betwegfe ¢ axis!? We define theZ axis as the axis parallel to
the experimental data from magnetizatfoneutron? and lo- S, . We have used the flow cryostat and temperature control-
cal probé techniques and mode coupling th_eBan CoNn- ler (ITC503 from Oxford Instrumenjsof the spectrometer.
trasts below the Curie temperaturg the experimental data |, this cryostat the sample is in contact with a low pressure
are scarce’ and a complete theory is still lackiffigThis helium exchange gas ef 15 mbar. During the recording of

report presents a detaileq study on crystals of the spin dys spectrum we have kept the temperature stable within 0.005
namics for a dipolar Heisenberg ferromagnet by a Iocaﬁ

probe technique.

Our zero-field muon-spin-relaxatiowSR) (for an intro-
duction to this technique see Ref) theasurements have
been performed on the intermetallic ferromagnet GdNi

At all temperatures the measured depolarization function
is well fitted by a sum of an exponential function which
describes the depolarization from the sample and a constant

which crystallizes in the hexagonal CaCerystal structure term Whi9h takes into account the muons SFODDGd in the S.”'
(space groufP6/mmny). It exhibits a ferromagnetic phase V& backing plate and cryostat walls. A typical spectrum is
transition atTe = 32 KO Nickel itself does not carry a displayed in F|g. 1. The de.polarlzatlon .ftlmcnon relative to
spontaneous magnetic moment but has an induced momeif¢ compound is characterized by an initial asymmetry
of 0.16 5 ( Ref. 11 that we will neglect. The Gt ions are ~ and a damping rataz. The constant term is easily deter-
in the S;,, state. This suggests that the magnetocrystallingnined because\; is large in most cases. As expected
anisotropy is small. a;(T) is temperature independent except beldow for the
Recently we have reported preliminary zero-figk6R ~ sample withS, perpendicular to the axis wherea; = 0:12
experimental datd which indicates that, contrary to the con- the spontaneous muon-spin rotation is then too fast to be
clusion of Gignouxet al° derived from bulk magnetization resolved on a pulsed source such as ISIS.
measurements, GdNis an axial magnet. In order to under-  In Fig. 2 we presenh,(T) for the two orientations of
stand the discrepancy between bulk and microscopic me&, relative to thec axis. Whereas ; is temperature indepen-
surements we have carried out magnetization measuremerdent for T= 50 K, it displays a weak increase when ap-
on a GdN§ sphere. They show that the easy axis isdfexis  proachingT. from above as shown in Fig. 3. On the other
and that the anisotropy field B,(T = 5 K) = 0.21 T. A hand, belowT., \,(T) exhibits a more pronounced tem-
lattice sum computation dB, due to the dipolar interaction perature dependence, except n€arwhere it saturate&Fig.
between the Gt ions givesB,(T = 5 K) = 0.22 T. This  4). A description of the temperature behavior Yof in the
computation shows also that the lowest energy magnetic meritical ferromagnetic region is the main subject of this pa-
ment configuration is obtained for the magnetic momentser. Before discussing it in detail we analyze the data re-
oriented along thec axis. Therefore GdNiis a dipolar corded forT<T: and in the paramagnetic critical region in
Heisenberg ferromagnet, i.e., its magnetic anisotropy is onlprder to characterize the magnetic fluctuations in these two
due to the dipolar interaction. temperature regions.
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FIG. 1. A typical uSR spectrum recorded with the initial muon ~ FIG. 3. Zero-fielduSR damping rata, measured in the critical

polarizationS, parallel to thec axis. This spectrum contains eight Paramagnetic state given as a function of the temperature relative to
million events. the Curie temperature and the orientatiorspfrelative to thec axis

(same symbol convention as in Fig. Zhe full and dashed lines are
predictions of the mode coupling theory for the paramagnetic criti-

The Tc value has been determined from the(T) data cal behavior ofA;(T) in a dipolar Heisenberg ferromagnet.

recorded withS, parallel to thec axis. We have considered
the measurement for whicty,(T) is maximum and the clos-
est measurements on each sidlg. has been taken as the ~ We first analyze; for T<Tc. We expresa.z in terms of
average of these three points and the error bar the distan€@rrelation functioné:'® An energy conservation argument
between the average and the extreme points. In Figs. 3 andt@lls us that only the parallefto the easy axis which we
we do not display the data points in the interval used for thelenotez; the Z andz axes are parallgfluctuations contrib-
T determination. We have fourit. = 31.832(16) K. This  ute toxz,*°i.e.,\; depends on thezcomponent of the spin
is consistent with the initial asymmetry and damping ratecorrelation tensor of the magnaty(q,») taken at zero en-
data recorded on the sample with thexis perpendicular to ergy transfer. Modeling the effect of the dipolar interaction
S, and with the published valu€'* Note that the conclu- between the Gt ions by B,, we computeA*¥(q,»=0)
sions of this work do not depend critically on the precision ofand then derive the following expressibh:

the T determination.
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FIG. 4. Zero-fielduSR damping rate measured in the ferromag-
FIG. 2. Temperature dependence of the zero-fickR damping  netic state given as a function of the renormalized temperature rela-
rate measured on two crystals of GgNvhich differ by the orien-  tive to the Curie temperature. THiell line is the prediction for the
tation of S, relative to thec axis. We do not observe anySR critical paramagneticfluctuations(Refs. 5 and 1P The relative
signal below the Curie temperature whpis perpendicular to the  weight of the longitudinal and transverse fluctuations is taken as
¢ axis because this axis is the easy magnetic axis. given by the analysis of the paramagnetic fluctuations.
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7 giT? exp(T,/T) 7" a, = 24 MHz and”"ar = 0.50 MHz. The dashed line
Az=—pz—In expTL T 1" (D is computed with7*a, = 24 MHz and?%*a; = 0 MHz.

We now describe the data recorded w&h andc perpen-
Note thatA; is independent of the characteristics of thedicular. The full line is drawn with7*a, = 20.4 MHz and
muon localization sites in Gdii We have defined’, = 7*"a; = 0.425 MHz and the dashed line witl'"a, =
gLmeBa/ks. g, is the Landdactor, ug the Bohr magneton, 20.4 MHz and%*a; = 0 MHz. Obviously, for the four
kg the Boltzmann constant, arial the magnon stiffness con- ,ves we have taken the sang &l value @pél =
stant. 7' is a universal constarjtz” = 129.39 (meV)® A® ' 9 0
s 1 K~2]. The dipolar interaction induces the two-magnon
process giving a finite exponential damping rételsing Eq.
(1) for T< 16 K we find thatD = 3.2 (1) meV A%. This

0.065. Note that the contribution of the transverse fluctua-
tions is small. Using our previously determingg value we
deduceé, ~ 0.34 A. This is smaller than expected. It sim-

value is in the expected range when compared to the vaIu'%Iy points out that fort = 0.04 (ie., when the theoretical
for typical Heisenberg magnets such as EuO and EuS fopH VeS QO not des.cnbe the d)s_xme noncrm_cal short-range
whichD = 11.65 meV & and 2.56 meV A, respectively® _Iqagn(:tlc tcr:]orrdela_tlons Suwvle'gh thf crmcal Itﬂuhctu?(?%ns.
We deduce the dipolar wave vecigs which determines the erefore the derivedp£, value is not correct. It should be

. - : . reminded that the available theory only describes the critical
relative strengths of the dipolar and exchange Interac“0n%luctuations(characterized b smaﬁ Wa\>//e vectprSo end u
For a cubic compound we derively, = ¢, up(mo/ y P

2 7a2p ) M2 = S/Dw.) Y2 becauseD = 2 7S with the data recorded in the paramagnetic phase, we note
(F\if. 4;’.) S 7/29iLéLtBr(1§0valueoz)f the Gd spin, uq é the that the damping rate value of the points very closé ¢
permeability of free space, the volume per ioni, = 82.6 (namely the points which either have been used for the de-

A3), 7 is an exchange integral, amthe cube edge. Be- tarmination of Tc or correspopd td=0.002) js significa-
causéqD is an energy ratio, its expression should not'uvely larger than the saturation value obtained for 0.002

. oo =<t=< 0.02. This can be seen by comparing the values of the
Zt[cingly depend on the lattice structure. We find = 0.19 damping rate in Figs. 2 and 3. This increase of the damping
rate could be due to the Ising crossover that has been for

We now considek ,(T) measured in the critical paramag- . . . . ;
. : : instance observed beyond the dipolar Heisenberg regime in
netic region. The observed temperature independenae of metallic Gd2°15

(see Fig. 3 has already been measured for nickel and gado- We have just established that G@N& an axial dipolar

linium which are dipolar Heisenberg ferromagnets. It hasma net. We have determined its anisotropy maanetic field
been explained as an effect of the dipolar interactibh. gnet. Py mag '

Therefore we are led to attribute the behavione{T) for its dipolar wave vector and the fact th.’f >R esaantlally
: . measures the longitudinal fluctuations in the critical para-
T>T, to that interaction.

This interpretation is consistent with the fact that is magnetic region. We now considag(T) measured in the

S ; critical ferromagnetic regionin Fig. 4 we compara ,(T) to
only weakly dependent on the direction $f relative to the I : . . :
c axis in the critical regimé15% difference between the two the prediction of Eq(2) with the fluctuation functions given

directiong. Using Ref. 19 we determine that the measure-by paramagnetic mode coupling thedrshe data are wel

: : described. The full line is computed with ™~ a, = 27 MHz,
ments probe fluctuations far ~ qp. Because of this rela- - an — 056 MH d =5 0020 Theref
tively largeq value, the smalyj approximation for the tensor 2~ _21 = % z, anddpép Zo, = 0.020. Therefore
describing the coupling between the muon spin and the latso Zoz = 0.057 A.Z., is a renormalization factor: it appears
tice spins may be only approximate. This may explain thd® €xa@mple in the expression of the wave-vector-dependent
15% anisotropy. The saturation effect observed in this temSUSCeptibility in thﬁe. critical regime of a simple Heisenberg
perature range has a simple explanafioh;, probes mainly magnet belowT: ;" its value has not been computed for a

the longitudinal(along the wave vectay) magnetic fluctua- diPolar magnet. We have kept the relative weight of the lon-
tions. It has been shown for nickel, iron and gadolinium thatgltudlnal and transverse fluctuations as determined from the

@analysis above . The fact that the fit works so well sug-
gests that the static wave-vector-dependent susceptibility
probed by the measuremehtsis of the Ornstein-Zernike
Ny=7"Ta " (¢)+arl T(¢)], (2)  form with a renormalized correlation length which we note
&0 Z,o,- Although this result is not obvious, it is known to be
where77™" is a nonuniversal constarg; 1 depends only on valid nearT. for a Heisenberg ferromagnet with no dipolar
the muon localization site), andI“T(¢) are universal fluc- interaction® The ferromagnetic and paramagnefi¢a, val-
tuation functions of the temperature through the angleues are in reasonable agreement.
@.4151%We havee = arctan@péjt™ ") whereé&; is the cor- The description of the dynamics beloW is a priori
relation length alf=2T., t = |T—T¢|/Tc, andv the cor- more complicated than abovi.. In a dipolar Heisenberg
relation length critical exponent/(= 0.69. The superscripts magnet the dipolar interaction has a twofold manifestation.
L andT refer to the longitudinal and transvergelative to  Whereas in the direct space it determines the easy axis, in the
g) fluctuations, respectively. The index (—) on a param- reciprocal space it splits the fluctuations into longitudinal
eter specifies that we consider this parameter in the paramagnd transverse modes relativegoThe observed similarity
netic (ferromagnetig state. The observed saturation effectbetween the paramagnetic and ferromagnetic longitudinal
occurs ifa 1" (¢) > arl (¢). critical fluctuations is remarkable. It can be understood using
We first consider Fig. 3 and the data recorded @ifrand  the dynamical scaling theory of Halperin and Hohentférg.
c parallel. The full line is the prediction of Eq2) with  The basic quantity which distinguishes the different regions

Az can be written as a weighted sum of the contribution
from the longitudinal and transverse fluctuation modes:
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in the (@,¢ 1) plot is q¢. Our measurements are mostly  Recently it has been shown that the behavior of the ho-
sensitive to longitudinal modes with ~ qp.'° Therefore mogeneous magnetization dynamics in the ferromagnetic
the relevant quantity for our data @g,¢. If we takeé, = 1~ and paramagnetic states of EuS are sinfilde note that the
A we findqgpé = 5 att = 10"2. Despite our rough estimate Measurements were performed in an applied field. On the
for the correlation lengths we are yet clearly in the critical OPPOSIte, our muon-spln_-relaxat_lorj measurements have been
region of the paramagnetic and ferromagnetic dynamics. Rdeerformed in truly zero field. This is a definitive advantage.
ferring to Fig. 1 of Ref. 21 we understand the continuity of
the dynamical behavior crossinf: and therefore the ob-  We thank the ISIS facility crew for the excellent working
served similarity. Nevertheless this argument calls for a deeonditions, S.P. Cottrell and K. Prokes for their help during
tailed theoretical justification: in a dipolar magnet two scal-the data collection, and E. Frey and H. Schinz for drawing
ing variables are needethstead of one for the model of Ref. our attention to Ref. 7. The researchers from the Netherlands
21. acknowledge support from the Dutch Scientific Organization
In contrast to our findings abovE:, we do not observe (NWO). The uSR measurements were partly supported by
below T short-range correlation effects. Remembering thathe Commission of the European Community. Two of us
Nz is expressed as an average of correlation functions oveA.Y. and P.D.R). have greatly appreciated a discussion with
the Brillouin zone'® we deduce that, beloW, the long-  S.V. Maleyev, and thank J. Chappert for his constant interest
range correlationgsmall q) outweigh the short-range corre- along the years and A.V. Lazuta, S.W. Lovesey, and A.G.
lations (large q) in the average process. Yashenkin for a careful reading of the manuscript.
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