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The study of critical phenomena has always been deeply connected with magnetism in solid state materials.
Nickel, one of the three archetypical room temperature ferromagnets, is understood to be an itinerant system with
a high degree of localization regarding its magnetically active electron states. We report a high-resolution neutron
spectroscopy investigation of nickel (Ni) near its Curie temperature T¢, extending measurements to unprece-
dentedly small wave vectors ¢min = 6.6 x 10~> A~! and achieving an energy resolution of AE = 4.9 ueV. Our
analysis of the spin-wave dispersion reveals that the dipolar wave vector gp = 6.4 x 1073 A~! is approximately
half of the previously reported value, but strictly nonzero to rationalize the observed excitations. The spin-wave
stiffness D(T') is in good agreement with the literature, but most importantly, we uncover evidence that the
linewidth of the spin waves follows the dynamical scaling characteristic of a dipolar ferromagnet rather than
an isotropic one. In contrast, the linewidth of the fluctuations above T¢ exhibit scaling consistent with the
Résibois-Piette function and renormalization-group predictions, despite the itinerant ferromagnetic nature of
Ni. This observation suggests a pronounced localization of the 3d electrons responsible for magnetic scattering.

DOI: 10.1103/wscm-w7rx

I. INTRODUCTION

Ferromagnetic Ni has been thoroughly investigated using
neutron scattering techniques since the late 1960s [1-7]. Be-
ing a metal, Ni is an excellent representative of an itinerant
ferromagnet, in which, as opposed to localized electron sys-
tems, the electronic band structure determines the magnetic
behavior. On this scale, materials can be classified by com-
paring their magnetic stiffness constant D extracted from the
low-g spin-wave dispersion to their Curie temperature 7c.
Note that D is essentially proportional to the exchange in-
teraction J. Localized systems, as understood in terms of the
atomistic Heisenberg model, achieve D /kgTc ~ 1 Az’ while a
high degree of itinerancy leads to D/kgTc > 1 A%, Here we
have used the D values at 0.8 T from Shirane [8]. Ni scores
high on the itinerancy scale as summarized by, e.g., Endoh
and Boni [9].

This classification quantifies the deviation of a particular
magnet from the classical Heisenberg model, meaning that
influences attributed to the band structure are significant for
large ratios D/kgTc. Generally, the dynamics of localized and
itinerant ferromagnets such as EuO [10-13], EuS [10,11,14],
and Pd,MnSn [15,16] on the one hand, and Fe [17-19], Ni
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[20,21], and MnSi [22] on the other hand, are well character-
ized thanks to the many neutron scattering studies.

Interestingly, in the low-g and small-E region in the ferro-
magnetic as well as the paramagnetic phase and close to 7g,
all of these systems are well understood in terms of a Hamil-
tonian based on the Heisenberg model. This understanding
also extends to the incorporation of weak, long-range dipolar
interactions for localized systems. In itinerant systems, more
complex behavior is observed in the vicinity of T¢ due to
additional scattering channels for the spin fluctuations. Ex-
emplarily in Fe, the critical dynamics has been found to differ
from Heisenberg-like behavior since the Fermi surface smears
out significantly at high temperatures, thus giving rise to low-g
spin-flip excitations of the conduction electrons [18].

Ferromagnetic Ni lies at the upper end of the itinerancy
scale, making it a suitable candidate to more clearly identify
effects due to the influence of the conduction electrons on
the spin dynamics. Investigations of Ni have proven challeng-
ing due to the large spin-wave stiffness D &~ 400 meV A2 at
room temperature. As the spin-wave stiffness renormalizes
close to the Curie temperature, Ni offers the unique possi-
bility to probe long-wavelength spin waves below 7 and
paramagnetic fluctuations above T¢ to study the influence
of long-range interactions such as the dipolar coupling and
itinerant correlations over the length scale of a large number
of unit cells. As the dipolar wave number gp ox D™'/2, gp
becomes particularly small in nickel and signatures of dipolar
interactions will appear only at g < gp, thus requiring excep-
tionally good momentum and energy resolution.

The direct observation of dipolar coupling in the spin-wave
dispersion or in the paramagnetic fluctuations has been elu-
sive. The neutron resonance spin-echo spectrometer RESEDA

Published by the American Physical Society
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FIG. 1. Sketch of the wave vector transfer vs temperature dia-
gram near the Curie temperature 7c. The red lines given by g = «
define three regions of different asymptotic behavior. Corresponding
to their names, a magnetic system exhibits collective excitations
in the spin-wave region, whereas spin diffusion is dominant in the
hydrodynamic region. According to dynamical scaling theory, the
asymptotic forms of the regions merge at the boundaries g = «.

at FRM II, when set up in the MIEZE configuration is
uniquely suited for the investigation of the critical mag-
netic scattering thanks to its high momentum and energy
resolution. Therefore, we have studied Ni in the temperature
range Tc —2K < T < Tc + 8K, where T = 627 K. We find
that our results are explained best by incorporating dipolar
interactions.

We review the dynamical scaling theory in the context of
ferromagnetism in Sec. II. The basics of the neutron spin-echo
method, the experimental setup, the data reduction, and the
data processing are summarized in Sec. III. The data analysis
in the context of a dipolar spin-wave dispersion and dynamical
scaling is presented in Sec. IV, while Sec. V discusses the
results in the light of previous studies of ferromagnets.

II. THEORY OF CRITICAL DYNAMICS
OF HEISENBERG FERROMAGNETS

Fundamental to the theory of critical phenomena and scal-
ing is the existence of a correlation function Cé“(f',t) of

the magnetization operator M and its associated correlation
length &, which approaches infinity at the transition tempera-
ture T¢. Simultaneously, £ can be considered to be a measure
of the temperature deviation from 7¢ such that & = &y"")
with the reduced temperature t = |T — T¢|/Tc and v, (V')
the critical exponents above (below) T¢ [23]. With regard to
magnetism, Cé“ is related to the spin-spin correlation function

(S;"Sf ), which fully encapsulates the static magnetic structure
and its dynamics.

In momentum and temperature space, the inverse correla-
tion length k = £~! defines three separate regions for T =
Tc. Figure 1 shows the separation into the spin-wave region
(g <k, T < T¢), the critical dynamic scaling region (q = «),
and the hydrodynamic region (¢ < «, T > 1c). Within each
region, the investigated system exhibits a different dynamical

behavior. The dynamical behavior of a system deep in the
ferromagnetic state (T < Tc) and far in the paramagnetic
phase (T > Tc) and consequently its observed response to
neutron scattering (NS) is known from spin-wave theory and
statistical mechanics, respectively. Dynamical scaling theory
(DST) extends this description and allows one to predict the
renormalization of the spin-wave dispersion and the lifetime
of paramagnetic fluctuations close to 7¢.

A. Spin-wave region

The spin waves in nickel can be described by a microscopic
model of exchange coupled spins with dipolar anisotropy in an
external magnetic field H along the z axis. The corresponding
Hamiltonian reads H = Hex + Hdip + Hzeeman- Holstein and
Primakoff [24] calculated the spin-wave dispersion on the
basis of the model for an isotropic ferromagnet to be

Esw(q) = [(Dg* + guousH)(Dg* + grousH
+ gromsM(T, H) sin?(04))]"/? (1

for small q values. Here, D is the material specific spin-wave
stiffness, up the Bohr magneton, M (T, H) the magnetiza-
tion, g the Landé factor (g = 2.2 for Ni [25]), and 6, the
angle between the magnetization direction and the momentum
transfer q. Specifically for H = 0, the Zeeman term vanishes,
and in the demagnetized state, the magnetic domains can be
assumed to be randomly oriented. Then the average of 64 over
all domains yields (sin’ 0)) = % Therefore, the dispersion
becomes isotropic, and the measured spin-wave energy only
depends on the magnitude of the wave vector transfer q.

The treatment of spin waves in a ferromagnetic ma-
terial assumes a fully ordered magnetic state, such that
spin-wave stiffness Dy and magnetization Mg, essentially
represent the quantities at 7 = 0. The commonly known
temperature-dependent decrease of the saturation magnetiza-
tion M(T)/M(0) oc 1 — aT?3/?, referred to as Bloch’s law, is
a consequence of spin-wave excitations above absolute zero.
This law breaks down close to Tc. Here, critical scaling theory
addresses the temperature dependence of these quantities as
follows:

M(T) = M'|t|?, 2

D(T) =D't|", 3

where B designates the critical exponent for the magnetiza-
tion and u = V' — B the exponent for the spin-wave stiffness
[23,26] as derived from critical scaling theory. The introduc-
tion of the primed quantities M’ and D’ highlights that they
do not correspond to the T = 0 values because the scaling
behavior is only valid close to T¢. By rewriting the dipolar
contribution to the dispersion as

2epousM(T) = D(T)qp, (4)

the dipolar wave number gp emerges as a material-dependent
parametrization of the dipolar coupling strength. Moreover,
gp is essentially temperature independent as u =~ S.
Approaching T¢ from below, the spin-wave stiffness and
the magnetization vanish. The self-interaction of the plethora
of low-energy spin-wave states leads to their decay resulting
in a finite lifetime //T". The broadening of the spin-wave

184411-2



INFLUENCE OF DIPOLAR INTERACTIONS ON THE ...

PHYSICAL REVIEW B 113, 184411 (2026)

excitations can be directly measured by inelastic neutron scat-
tering. Furthermore, the line shape of the excitations must
be considered in order to properly disentangle the intrinsic
shape from the instrumental broadening of the signal. The line
shapes of the spin waves are modeled in a first approximation
as Lorentzian distributions in energy, where the half width at
half maximum is given by I'(g).

B. Critical dynamic scaling region

As assumed in the framework of dynamical scaling, a sys-
tem is fully characterized by its behavior in the three regions,
depicted in Fig. 1. Any dominating mode, such as a spin wave,
will continue arbitrarily close to the critical temperature T¢
without changing its fundamental character. At the critical
point, i.e., Tc, & diverges, and the so-far valid description
breaks down.

Besides this singularity, the dynamical scaling hypothe-
sis rests on the assumption that anywhere else in the (g, T')
plane (g # 0), the correlation function varies smoothly. At
the borders g = k separating the regions, the mathemati-
cal description of the system asymptotically matches. Here,
matching refers to a generalized concept of a characteristic
frequency w.(g), which bridges the distinction between the
frequency of a spin-wave excitation in the ordered state and
the linewidth of a quasielastic spin-diffusion process in the
disordered state. The characteristic frequency is defined by

+w. 1
Jog(w)dw = > (%)

— 2’
where f,:(w) designates the line shape function. According
to scaling theory, the characteristic frequency of the magneti-
zation of an isotropic ferromagnet in three dimensions [26] is
expected to follow

-~ /K -
wc(q) = Dg* = D\Ecﬂ2 ~ AgPM2, (©6)

where A determines the frequency scale of the decaying fluc-
tuations and D = D./k designates the stiffness constant. The
Fisher exponent n = 0.034 is usually neglected because it is
so small. With the mathematical expression of the dynamical
scaling hypothesis in terms of the f, and w.(g) and their
scaling properties with respect to the correlation length &, it
becomes experimentally testable, for example, in scattering
experiments [26].

Renormalization-group theory allows the calculation of the
shape function at finite ¢ in the limit of T — T¢ (§ — o0).
The analytical representation is given by

1
is + o[l + i(o/a)s] ¢ } ™

where Re{-- -} returns the real part of a complex function,
where s = w/w., « = 0.78,and a = 0.46 [21,27]. Deep in the
hydrodynamic region, the function becomes a Lorentzian.

1
Jag=c0(q, 8) = SV Re {

C. Hydrodynamic region

The hydrodynamic region (Fig. 1) of a ferromagnet largely
coincides with its paramagnetic state, where the dynamical
scaling hypothesis persists, predicting the inverse lifetime
to be ['(q) = Ay (k/q)g’/?. Here, y(k/q) is referred to as
the dynamical scaling function, which contains the entire

temperature dependence in terms of the inverse correlation
length « [26]. While dynamical scaling theory constrains the
properties of y(k/g) by requiring it to be a homogeneous
function, which allows the determination of its asymptotic
behavior for k — 0, the form at any other value of the scaled
variable x = « /g is not known from the outset.

Using a mode-coupling (MC) approach for the treatment
of the time-dependent spin correlation function, Résibois and
Piette deduced an integral equation for y(x) of an isotropic
Heisenberg system that satisfies the asymptotic scaling be-
havior [28]. Similarly, Iro found a solution for y(x) via
renormalization-group theory calculations, which in addi-
tion yielded an expression for the dynamical shape function
fae (g, @) [29].

Experimental results gathered on typical ferromagnets
such as Fe [17], Co [30], Ni [20,21], EuS [31], and EuO
[12,32] supported the general notion of the dynamical scaling
hypotheses and the prediction of the dynamical scaling func-
tion by Résibois and Piette. Discrepancies, however, showed
up in systems EuO [10] and EuS [10,31], which are known
to exhibit significant dipolar coupling besides the dominant
exchange interaction [14]. To understand these discrepancies,
Frey and Schwabl developed a theoretical framework for cal-
culating the dynamical scaling function in the presence of
dipolar interactions based on a mode-coupling ansatz [33-35].

As a result, the dipolar wave number enters the dynamical
scaling function in terms of an additional scaling variable
gp/« . The anisotropy of the dipolar interactions, furthermore,
lifts the degeneracy of the longitudinal (L) and transversal
(T) fluctuations leading to I'*(g) = Ay*(x/q, qp/Kk)q>'* with
(¢ =L, T)[33-35].

III. EXPERIMENT AND DATA REDUCTION

A. MIEZE technique

Since their inception by Mezei [36], and Géhler et al. [37],
Larmor precession techniques have been at the forefront of
the investigation of slow magnetic dynamics, with unprece-
dented E resolution. The modulation of intensity with zero
effort (MIEZE) technique especially lends itself to the study
of magnetic fluctuations in ferromagnetic materials since it is
not affected by magnetic samples and magnetic field environ-
ments. While conventional spin-echo techniques are generally
susceptible to depolarizing conditions, MIEZE performs the
spin manipulations upstream of the sample position, which is
why depolarization at the sample position does not prevent the
measurement.

As depicted in Fig. 2, to employ the MIEZE technique the
neutron beam gets polarized by the polarizer P;. Two radio-
frequency spin flippers (RF flippers) are tuned to different
frequencies fp and are placed downstream of P; with a
distance Lap between them. After passing the spin analyzer
P, the manipulation of the neutron spin by the RF flippers
RF4 and RFp has created a neutron beam with a sinusoidal in-
tensity modulation I = yy + A cos (27 fir + ¢) at the detector
position. This oscillation has a frequency of f;r = 2(fg — fa)
and can be recorded with a time-resolving detector D behind
the sample S if the MIEZE condition is fulfilled. The MIEZE
condition,

f8/fa = (Lag + Lep)/Lgp, (8)
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FIG. 2. Sketch of the MIEZE setup implemented at the RESEDA
beamline. The spin state of the incoming neutrons (k;) is selected at
the polarizer (P;). When the neutron beam passes the radio-frequency
spin flippers (RF4 5) and the spin analyzer (P,) a sinusoidal inten-
sity modulation is created at the echo point. This modulation with
frequency fy = 2(fs — fa) can be measured with a time-resolving
CASCADE detector (D). If neutrons are inelastically scattered by the
sample (S), the ratio of amplitude to mean value decreases compared
to the unperturbed, modulated beam.

relates the frequencies to the distances between the RF flippers
and the detector position. Lgp is the distance between RFg
and the detector. Each frequency corresponds to a Fourier time
(MIEZE or spin-echo time)

h

my vf

™ = JmLsp, )
where vj is the velocity of the incoming neutrons and Lgp, is
the distance between the sample and the detector. A MIEZE
measurement provides information about the dynamics of the
sample in terms of the contrast C = A/yy, which is the ratio
of the amplitude A of the oscillation and the mean value yy
of the intensity pattern. For a more detailed description of the
MIEZE technique see Ref. [38].

The contrast is the equivalent of the polarization measured
in conventional neutron spin-echo spectroscopy and is there-
fore related to the normalized intermediate scattering function
Re{l(g, ™m)}/S(q) [39,40]. Here, I(gq, v ) and S(q) designate
the intermediate scattering function and the static structure
factor, respectively, as provided by the Van Hove theory [41].
Re{l(g, tv)} can be computed as the cosine-Fourier transform
of the dynamic structure factor S(g, E) with respect to the
energy transfer E, while S(g) is the energy integrated S(g, E).
Using a MIEZE instrument with a two-dimensional (2D)
detector and energy-dependent detection efficiency,' it has
been successfully demonstrated that a comprehensive anal-
ysis of MIEZE data requires us to go beyond the idealized
equivalency of the contrast and the normalized intermediate
scattering function [42—44]. Therefore, in the analysis process
we have calculated the MIEZE contrast by numerical methods
utilizing the more involved expression

C(gq, ™)
B f>—Ei k_f et (4, E)C()S[27TfMLSD(U—i - m)] dE
S ESer(q. E)AE

(10)

!The energy-dependent detection efficiency has been shared by
the manufacturer of the CASCADE detector and is included in the
MODELMIEZELB package used for the data reduction.

which was introduced for proper consideration of scattering
events with large energy transfer [44].

The numerator of Eq. (10) is analogous to Re{l/(g, tm)}
in the normalized intermediate scattering function, but intro-
duces three changes to the simple cosine-Fourier transform
applied to calculate Re{/(q, ty)}. First, the argument in the
cos term becomes nonlinear in E. Second, the lower integra-
tion boundary —E; takes into account that energy transfers
E > E; from the neutron to the sample are not possible. For
more details regarding the reasoning and consequences see
Beddrich er al. [44]. Third, St (g, E) = €(E)S(q, E) is intro-
duced as the "effective" dynamical structure factor observed
by the CASCADE detector and includes the energy-dependent
detection efficiency ¢(F). Similarly, the denominator includes
the same adjustments to normalize the contrast at 7,y = O to 1.

For a sharply peaked dynamical structure factor and the rel-
evant energy transfers being small with respect to the energy
of the incoming neutrons, £ < Ej, these extensions become
negligible or factor out completely. Then the well known
expression of the normalized intermediate scattering function
is recovered. Aiming for the most comprehensive analysis we
employed Eq. (10), since we need to be sensitive to subtle
changes in the shape of S(g, E) as explained in Sec. III C.

B. Experimental setup and data acquisition

The experiment was performed using the MIEZE spec-
trometer RESEDA at FRM II, which was set up in its
standard small-angle neutron scattering configuration. Pre-
tuned MIEZE times 1y ranging from 10~ to 1 ns were used.
The triangular wavelength distribution of the velocity selector
was centered at Ay = 6.0 A with a bandwidth of % =0.12.
Two square shape apertures of 10 x 10 mm? over a 4.4 m dis-
tance collimated the beam in front of the sample and neutrons
arriving at the sample from double reflections in the neutron
guide have been removed using a 40 arcmin collimator.

The fast, time-resolving, position-sensitive detector (PSD),
also referred to as CASCADE [45], was placed at a distance
of Lsp = 3.43 m behind the sample position with an active
detection area of 200 x 200 mm?. A circular beam stop before
the detector blocked the direct beam (DB).

The sample used in the presented study was a highly en-
riched ®Ni single crystal that is shaped like a droplet. Thus
the nuclear incoherent scattering is small. The lattice constant
of fcc Ni at room temperature and atmospheric pressure is
a = 3.52 A. The sample is 20 mm long and has a diameter of
about 13 mm for the thicker part of the drop-shaped sample,
allowing fora 10 x 10 mm? beam spot. A thermocouple (type
C) [46] in direct contact with the surface of the crystal served
as a temperature Sensor.

The experimental determination of 7¢ was performed by
observing the critical magnetic scattering integrated in a re-
gion of interest (ROI) around the direct beam spot on the
CASCADE detector. As a function of temperature, the inten-
sity exhibits a maximum, as the magnetic susceptibility x(7T")
diverges at Tc. The temperature was ramped with a rate of
0.2 K/min and a neutron counting time of 30 s per point was
used. Several T sweeps across Tc showed no hysteresis and
confirmed temperature stability.
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MIEZE data were acquired after adjusting the sam-
ple temperature to a value 7 = Tc+ AT with AT €
[-2K, —-1K,+0K, +1K, +2K, +4K, +8K]. For each T
and 7y the counting time was set to 1 h, which achieves high
enough counting statistics for a reliable contrast determination
at large ¢ values. Additionally, background data were recorded
at T = Tc + 30K, where no magnetic scattering is observed
anymore. Lastly, the time resolution of the instrument was
measured with a graphite reference sample [38,47].

C. Data reduction

At RESEDA, data acquisition produces a five-dimensional
dataset Igo (Tm, 1, toin, X, ) [47]. The recorded parameters are
the MIEZE time ty; the index n that identifies one of the
six boron foils, where a neutron was detected; and the index
of the internal time binning of the CASCADE detector ;.
Furthermore, each foil provides the position x and y of the
detected neutron.

Similar to the investigation conducted by Siubert et al.
[19], four processing steps were performed to transform the
raw data into a tractable set of parameters consisting of mo-
mentum transfer g and energy transfer E:

(i) The ROIs on the detector image are selected in which
data processing occurs. The ROIs reflect the symmetry of the
scattering signal.

(ii) In each ROI the contrast as a function of 7y is de-
termined from the time-modulated intensity of the neutron
signal.

(iii) The total momentum transfer g is calculated from the
pixels within the ROI: C(ROI, ©yy) — C(g, ™).

(iv) The relevant physical quantities are extracted by fitting
appropriate models to the C(q, ty) data.

Improvements have been made regarding the standardiza-
tion of the data reduction procedure and to account for the low
magnetic scattering intensity of Ni. In contrast to a previous
study on Fe [19], the last point is addressed by selecting ROIs,
which are parametrized as circular arcs. The radial coverage is
increased with increasing scattering angle 26 about the direct
beam at the expense of g resolution. This way, the larger area
of the ROI includes enough magnetic scattering intensity for
a reliable contrast determination.

The software package MIEZEPY [47] is a dedicated tool for
processing the MIEZE raw data and has been used to perform
the data reduction steps (i) and (ii). The momentum transfer
q is calculated under the assumption of elastic scattering, i.e.,
q= 47” sin 8. A more intricate description of all four reduction
steps can be found in [43].

Equation (10) is applied to extract the relevant physical pa-
rameter, e.g., the linewidth I" and the spin-wave energy Esw,
if applicable. The analysis distinguishes between three dis-
tinct functions S(q, E), depending on the sample temperature,
and is motivated by critical scaling theory (see Appendix A
for more details). In the spin-wave region, a sum of two
Lorentzian distributions located at =Esw(g) with a linewidth
I'sw(g) was used [Eq. (Al)]. Equation (7) was used for
T = Tc. Above Tc, the line shape function, which Iro has
derived based on asymptotic renormalization-group theory
[Eq. (A2)], was employed for the extraction of the linewidth
[48]. This approach has also been applied successfully by

Boni et al., with the material parameters of the inverse cor-
relation length « (r) = 0.817%79" A~! and the frequency scale
A = 350meV A2 at T [21]. After transforming these model
functions into the time domain via Eq. (10), the free param-
eters are optimized using least squares minimization. During
the data analysis, we checked the consistency of our results
with the reported values, but refrained from cross validation
with static scattering data that were initially used for the
determination of 7¢ as the counting statistics was poor.

The result of this analysis is exemplarily shown in Fig. 3 for
the different temperature regimes. The data on the left-hand
side depict the contrast with increasing g (from blue to yel-
low). The data on the right-hand side show the corresponding
S(q, E) functions.

IV. ANALYSIS REGARDING SIGNATURES
OF DIPOLAR INTERACTIONS

A. Spin-wave dispersion

Knowing the excitation energy of the spin waves, E,, the
spin-wave dispersion at AT = —1 K and AT = —2K can be
determined. The T dependence of the dispersion is shown in
Fig. 4. The vertical and horizontal error bars correspond to
the standard deviation og, of the excitation energy and the
standard deviation o, of the ¢ distribution given by the ROI
on the PSD, respectively.

In order to compare the measured data points of the spin-
wave dispersion with Holstein-Primakoff theory, the data
have to be deconvoluted with respect to the g resolution of
RESEDA. Hammouda and Mildner suggested representing
the resolution as a normal distribution [49] and derived an
analytical expression for its standard deviation. The main
contributions arise from the broad, triangular wavelength
spectrum and the divergence of the incident beam that is
determined by the neutron guide and apertures in front of the
sample. The measured dispersion is fitted using a convolution
of Eq. (1) and the g-resolution function.

In total, six different models (M1-M6) have been com-
pared with the data. They vary in the approach of estimating
and constraining some of the free parameters within the spin-
wave model. A detailed description of the constraints of the
different models, as well as a comparison of the resulting
fitting parameters, is given in Appendix B.

Here, we focus on the models M4 and M6 as they in-
volve only one fitting parameter, namely, D', that parametrizes
the spin-wave stiffnesses in Eq. (3), i.e., the strength of the
exchange interactions. The associated critical exponent pu =
0.3407 is fixed using the field theoretical result for three-
dimensional (3D) ferromagnets [50]. M6 represents the model
neglecting any dipolar interaction, while M4 incorporates
dipolar interactions from experimental magnetization data
published by Neugebauer [51]. The magnetization is directly
put into Eq. (1). The extracted spin-wave stiffness parame-
ters are D' = 431.1 £ 10.0meV A? (Heisenberg, dipolar) and
D' = 475.4 4+ 16.1 meV A? (pure Heisenberg). The result of
the fits is shown in Fig. 4 by the red solid and the blue broken
lines, respectively.

The blue broken lines represent the model neglect-
ing the dipolar interactions, ie., gp =0. In contrast,
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FIG. 3. The panels (al), (b1), and (c1) on the left-hand side show the contrast for the temperatures Tc — 2 K, T, and Tc + 1 K, respectively.
The curves are shifted vertically by an offset for a clear presentation and their corresponding O is indicated by a broken line. The top curve
(blue) corresponds to the smallest wave vector ¢ = 0.007 A~ The solid lines show the best fit to the data and were calculated using Eq. (10)
using the appropriate shape function. The corresponding line shape functions are shown on the right-hand side in panels (a2), (b2), and (c2).

the red solid lines visualize a fit with E4p(AT = —2K) =
3.2ueV and Egp(AT = —1K) = 1.6 ueV corresponding to
go(AT = —2K) =72 x 103 A~" and ¢p(AT = —1K) =
5.7 x 1073 A=, respectively. The comparison of the 2, val-
ues of the two models clearly shows that the dipolar model
( szed = 3.1) provides a more appropriate description than a
pure Heisenberg model (x2, = 7.9).

The main difference between the models lies in their agree-
ment or disagreement with the data points g < 0.01 A=,
which is a result of the dipolar contribution of the order of
gp ~ 0.006 A~'. Tt indicates the crossover from a quadratic
to a linear dispersion, which is a hallmark originating from
the dipolar coupling according to Eq. (1). Note that the data
are only consistent with a dipolar wave number gp exp =
0.006 A ~ qp.1it/2, 1.e., smaller than reported previously [52].
Similarly, Kindervater et al. reported a dipolar wave number
being temperature dependent and smaller in the vicinity of
Tc than expected based on their measurements of the critical
fluctuations in Fe [18].

B. Dynamical scaling

While dipolar interactions leave behind their signature in
the spin-wave dispersion, reports of their influence on the
critical scaling behavior in ferromagnets are scarce, espe-
cially in itinerant magnets. To verify the applicability of
dynamical scaling theory in Ni, the linewidths determined for
various T > T¢ are divided by the linewidth at T¢. This pro-
cedure reveals directly the dynamical scaling function y (x) =
I'(T)/T(1c) (see Sec. I1 C). For a purely isotropic Heisenberg
ferromagnet, all data points should collapse onto a universal
curve, with the entire temperature dependence absorbed in
the dynamical scaling variable x = k(¢)/q. Again, x and ¢
are the inverse correlation length and reduced temperature,
respectively.

Figure 5 shows the remarkably good agreement between
y(x) as derived from the MIEZE data and the theoreti-
cal predictions of Résibois and Piette [28] and Iro [29],
which are drawn as a solid and a dashed line, respectively.
Both calculations are based on the model of the isotropic
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FIG. 4. Spin-wave dispersion of nickel extracted from the
MIEZE data for T = Tc — 1 K and T = Tc — 2 K. The dispersion
data are shown in a log-log representation together with models M4
and M6, which differ by either including (red line) or excluding (blue
broken line) the dipolar interactions, respectively. The model with
Egi, # 0 achieves a significantly lower x2, value, therefore strongly
indicating the significance of the dipolar coupling in Ni. The gray
shaded area indicates the region that is inaccessible for inelastic
neutron scattering due to constraints from momentum and energy
conservation.

Heisenberg ferromagnet but are performed in the framework
of mode coupling and asymptotic renormalization-group the-
ory, respectively. The scaling functions have been calculated
using the approximations suggested by Glinka et al. [30] and
Iro [48].

Mode coupling approximates the data better for k /g < 1,
while the asymptotic renormalization group fits slightly bet-
ter at larger «/g. On the basis of the available data, it is
unreasonable to give preference to one theory or the other.
The data up to Tc + 4 K (1.00637¢) indisputably exhibit dy-
namical scaling behavior expected for an isotropic Heisenberg
ferromagnet.

T T T
—— Résibois-Piette: isotr. MC

2.0 ___ 10 asymp. renom. group theory 1
@ T=1.0016Tc = Tc+1K
O T=1.0032Tc= Tc+2K
15F g T=1.0063Tc = Tc+4K -
E’E O T=1.0127Tc= Tc+8K
fg 154 % Bonietal. ad

v(k/q)

0.0 1 1 1

FIG. 5. Dynamic scaling function measured in nickel. The
linewidth ratio I'z+ (¢)/T"7. (¢) is supposed to lie on a universal curve
described by y(k/q). Results acquired for AT = 1K, 2K, 4K
satisfy this expectation well, while for AT = 8 K, the deviation for
large x /g > 2 is significant. Comparing the findings with TAS data
from Boni ef al. [21] shows good agreement for « /g ~ 1. For more
details see the text in Sec. IV B.

1.5 T T
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- o=k
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FIG. 6. Dynamical scaling function of the linewidth of the mea-
sured spin waves in Ni below 7. Using mode-coupling theory,
Schinz and Schwabl [53] calculated the dynamical scaling function
of the transverse excitation modes of a dipolar ferromagnet. Two
examples, representing the isotropic Heisenberg ferromagnet (black
solid line) and a dipolar ferromagnet with gp = k (broken line) have
been added. See the text for a more detailed explanation.

Next we briefly comment on the deviation of the theoretical
y (x) from the data for 7¢ 4+ 8 K (1.01277¢). For this purpose
we have included in Fig. 5 the only other dataset avail-
able from Ni, measured by Boni et al. [21] using triple-axis
spectroscopy (TAS). Their data were taken at significantly
higher temperatures (1.057¢, 1.107¢, 1.237¢, 1.487¢) and ¢
values (0.009, 0.012 Al ). Qualitatively, the data agree with
the trend of the present data for AT = 8K (1.01277¢). For
a more detailed discussion of this observation see the next
section.

The investigation of the spin-wave dispersion has only
been made possible due to the renormalization of the spin-
wave energy close to T¢, which moves their energies into
the energy range observable with the MIEZE setup. Due to
the excellent energy resolution, this investigation revealed a
strong dependence of the linewidth on the wave vector transfer
due to the renormalization. The increase of the linewidth re-
sults from the reduced spin-wave lifetime. Again, the recorded
linewidth data can readily be compared with the predictions of
dynamical scaling theory, which can be written as I'sw(g) =
Aysw(k/q)q*, z=5/2 in the limit of small g.

The linewidth data for T < T¢ are shown in Fig. 6 using
a representation of the data in terms of the dynamical scaling
function similar to that in Fig. 5. To reveal the scaling function
ysw (k /q) directly, we divided the linewidth of the spin-wave
excitations by the linewidth at T¢. In contrast to the data above
Tc the data do not collapse onto a universal curve solely
depending on the scaling variable «/g. The deviations be-
tween the two datasets are clearly outside the error limits that
only take into account statistical deviations. A contribution
that is not captured by the error bars is the fact that there is
a difference of the average wave vector transfer g between
T =Tc and T < Tc. However, this effect alone also cannot
explain the deviations. We also note that close to 7¢, Esw and
ysw are strongly correlated.

In a comprehensive theoretical treatment of the dynam-
ics of dipolar ferromagnets below 7¢, Schinz and Schwabl
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derived mode-coupling equations and solved for the dynam-
ical scaling functions numerically [53]. Their results for the
isotropic case gp = 0 (black solid line) and the special case
of gp = « (black broken line) are included in Fig. 6. As the
original curve in Schinz and Schwabl [53] is parametrized
as a function of R = (k2 + q%)l/z/q the abscissa has been

rescaled by a factor of +/2 to be correctly represented here.
However, neither the isotropic case (gp = 0) nor the dipo-
lar case (gp = k) of the mode-coupling results qualitatively
reproduces the experimentally observed scaling behavior. Im-
portantly, the discrepancy of the monotonous decrease of ysw
in the isotropic case is striking in comparison to the data,
which remain approximately constant. In contrast, the dipolar
case rejects a behavior ysw — 0 for x > 0, which is more
consistent with the data within the investigated region of x.
It is notable that the comparison with the dipolar case should
only illustrate the general trend, but still affirms an influence
of dipolar interactions in the scaling behavior below 7. Due
to the enormous complexity of the numerical calculations, we
have not attempted to reproduce them for the precise param-
eters of our experiment. This will be discussed in more detail
below.

V. DISCUSSION

The MIEZE results of nickel leave two questions open
for debate: (i) Why do the measurements at T + 8 K differ
from the otherwise consistent scaling behavior, and can the
reasoning be extended to the data of Boni er al.? (ii)) Why
is there no indication of dipolar coupling in the dynamical
scaling behavior above T, which arguably influences the spin
waves below 7¢, and has been observed in other ferromagnetic
systems such as EuS [54], EuO [10,32], and Fe [18,55]?

Regarding (i), the MIEZE data at AT = 8K suffer from
the low magnetic scattering intensity introducing systematic
uncertainties not captured by the error bars in Fig. 5. The
analysis algorithm implies the fitting of a sinusoidal intensity
distribution in time to raw data that does not clearly exhibit si-
nusoidal behavior. Since the signal from the critical scattering
above T¢ drops sharply with increasing 7', the statistics and
quality of the raw data are the limiting factors, and a closer
look at the reliability of the data is required to understand the
behavior fully. The experimental data for y(x) at AT =8K
are shown mostly for completeness.

The same reasoning cannot be applied for the data pub-
lished by Boni et al. because the background signal is well
known and the deconvolution of the TAS data can be con-
ducted reliably. Thus, coincidences with the MIEZE data need
to be considered fortuitous. For the TAS data recorded at the
two highest temperatures, one may speculate that electron-
hole excitations may contribute to an additional damping of
paramagnetic fluctuations. The smearing of the Fermi statis-
tics increases the number of accessible electron states close
to the Fermi surface, which can be excited by decaying, mag-
netic fluctuations. The details of these decay channels depend
on the electronic band structure, which is not universal. This
effect was also held responsible for the observed tempera-
ture dependence of the dipolar wave number gp in Fe [18].
Generally, it is not known to what extent the band structure
in metallic ferromagnets influences the properties like the

dimensionality, the range of interactions, and the conserva-
tion of the order parameter that are important for dynamical
scaling theory.

While the exact conditions at which the dynamical scaling
behavior in Ni breaks down are unknown, studies of critical
scattering in Co [30] and Fe [56] show that for «/q > 4
the characteristic frequency reflects the expected quadratic
relationship w,(¢) = A;g> with the spin-diffusion constant A.
Hence it is conceivable that the data by Boni ez al. and possibly
the MIEZE data at AT = 8 K begin to display an intermediate
behavior dubbed "quasihydrodynamic" by Parette and Kahn
[56]. It is indisputable that further research would be needed
to clarify this hypothesis.

Addressing question (ii), the apparent absence of dipolar
interactions in the scaling behavior of the magnetic dynamics
in Ni above T¢ can be understood in comparison with the
results of Boni ef al. on EuS [54] and calculations by Frey
et al. [57]. Their studies indicate that in the paramagnetic
regime, the crossover from exchange dominated to dipolar
dominated dynamics only occurs deep within the dipolar crit-
ical region for fluctuations with transverse polarization, i.e.,
for g, k < gp. In the framework of mode-coupling theory,
Frey et al. estimated the appearance of dipolar effects at Tc
for g/gp < 0.1 for these modes, which is consistent with
investigations on EuS and Fe. Given the small value of ¢p
in Ni, the regime of dipolar scaling above T¢ lies outside the
probed parameter range.

The scaling behavior below T¢ is more involved and has not
been studied comprehensively. Extending the mode-coupling
framework to below T¢, Schinz and Schwabl [53] considered
the persistence of the magnetization, which introduces a de-
pendence of the scaling function ysw on the orientation of
q with respect to the magnetization M. While their calcula-
tion reproduces and complements the understanding of the
dispersion of the spin waves as they generalize the result of
Holstein and Primakoff [24], the scaling function ysw fails
to reproduce the experimentally observed scaling behavior
(Fig. 6). Similarly, Boni et al. observed a constant dynamic
scaling function of critical fluctuations for 7 < T¢ in Ni [20],
but the data are limited to temperatures further below 7¢ and
our study extends the observation to larger « /g.

Based on our results and analysis process, we have identi-
fied three points for improvement that could be addressed in
future studies in order to gain an even deeper understanding
of the critical dynamics in ferromagnets below Tc. The first
point relates to the precise control of the experimental setting.
The finite magnetization M establishes a preferential direction
and, in conjunction with q, an intrinsic coordinate system
that governs the magnetic dynamics. In our experiment, these
conditions were not well controlled as high sample temper-
ature, minuscule magnetocrystalline anisotropy, and sample
environment with small stray fields allow for a random dis-
tribution of ferromagnetic domains below 7¢ to occur. For
a more appropriate comparison of our data with theory, we
would need to account for the random distribution and cal-
culate a "powder average" of the scaling function. Preparing
a magnetized Ni crystal and carefully approaching 7¢ from
below could result in a cleaner dataset selectively resolving
the components of the generalized magnetic susceptibility
tensor.
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The second point addresses the extraction of the linewidth
parameters ['sw, which is not model agnostic and assumed
two Lorentzians as the spectral weight function [see Eq. (A1)].
The resulting fit to the contrast data exhibits slight, systematic
deviations at larger ¢, indicating a change of the spectral
weight function. Here, numerical results or analytical approx-
imations could have lead to a more accurate determination of
the linewidth, which has proven to be crucial in the processing
of the data for temperatures 7 > T¢ as well. However, a reim-
plementation of the code calculating the line shape function
from mode-coupling theory [53] was found to be not feasible
and therefore denying the improvement of this point, within
the scope of our project.

Lastly, the third point is concerned with the computation
of fine-tuned ysw(x) curves. In Fig. 6, we compare our data
to the best fitting, only available theoretical result including
dipolar coupling. The curve describes a scenario of k = ¢gp
(compare with Fig. 3 in Schinz and Schwabl [53]), which
does not reflect the exact parameters ¢p, «, and 6 realized in
the measurement. 6 is the angle between M and q. While a
dedicated calculation of ysw(x) might achieve slightly better
agreement, it is unlikely that the central prediction of the
theory, namely, the minimum of the dynamical scaling func-
tion near R/v/2  « /q = 1, will change drastically. However,
this predicted signature is not validated by our data and such
a discrepancy also appears in the results of Boni et al. on
EusS [54]. Given the complexity of solving the mode-coupling
equations numerically, again, we cannot attempt to resolve
this discrepancy ourselves.

VI. CONCLUSION

In the present work, we have determined the spin dynamics
in Ni close to Tc down to very small wave vectors gmin =
6.6 x 1073 A~!, which is significantly smaller than the wave
vectors probed so far. In addition, we used the MIEZE tech-
nique to achieve a high-energy resolution of AE = 4.9 eV,
an energy resolution that has rarely been attained in any Ni
experiments.

Firstly, we succeeded to determine the dipolar wave num-
ber from the analysis of the measured spin-wave dispersion
close to T¢ to be around gp = 0.007 &= 0.001 A~'. The uncer-
tainty is estimated only on the basis of propagating statistical
uncertainties of the analysis. This value is approximately a
factor of 2 smaller than the estimated value derived by Kotzler
[52], i.e., gp = 0.013 A~ As expected, we did not observe
dipolar effects on the damping of the paramagnetic fluctu-
ations above T¢, because the probed g values are still too
large. For example, in EuS, dipolar effects on the transverse
fluctuations start to appear roughly at g < gp/5 [31]. There-
fore, to observe them in Ni, ¢ would have to be smaller than
g ~ 0.0014 A~!, which is experimentally challenging.

Secondly, we demonstrated good agreement of the spin-
wave stiffness D(T) with previous work and uncovered
evidence that the dynamical scaling behavior of the spin-wave
linewidth ysw(k/q) is consistent with dynamical scaling of a
dipolar ferromagnet.

Thirdly, we have shown that the linewidth of the critical
fluctuations in Ni slightly above 7¢ shows scaling behavior in
agreement with the scaling function derived by Résibois and
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FIG. 7. (a) Visualization of the spin lattice of a Heisenberg ferro-
magnet. The bar labeled with a represents the lattice constant. Panel
(b) shows a sketch of the real-space magnetic moment density p(r)
map of the magnetically active 3d electrons in Ni as determined by
Mook [25]. The shading in gray corresponds to the therein published
MMD values. The dashed circles represent p(r) >~ 0. Furthermore,
the experimental observation of strong localization is in good agree-
ment with the band structure calculations of Hodges et al. [61].

Piette [28] and renormalization-group theory by Iro [48]. This
result is remarkable because Ni represents a typical itinerant
ferromagnetic system, while the scaling function is based on
a Heisenberg model with short-range interactions, where the
dynamical critical exponent is z >~ 2.5 [Eq. (6)]. In a fully
itinerant model, an exponent z;;, = 3 is expected [58,59].

Given this result a strong localization of the electrons,
which contribute to the magnetic scattering, can be antici-
pated. This is well confirmed by experimental studies of the
magnetic moment density (MMD) in metallic Ni by means of
polarized neutron scattering [25] (Fig. 7). Such experiments
have shown that the magnetic moment density responsible for
magnetic neutron scattering is strongly localized at the atomic
sites with the MMD decaying to zero after }1 the distance to
the nearest neighboring atom [25,60]. These results could be
successfully understood and verified by band structure cal-
culations, e.g., based on a parametrized Hubbard-Kanamori
Hamiltonian especially suitable for the treatment of d-electron
wave functions [61,62].

Concluding, in order to fully understand the effects of the
dipolar interactions on the spin dynamics in itinerant electron
systems, the MIEZE technique should be extended to the
q regime of small-angle neutron scattering (SANS), which
seems to be feasible if the two RF-spin flippers and a polarizer
are installed in the collimating section of a SANS instrument.
This way, it will become feasible to measure dynamical scal-
ing functions in itinerant systems such as Ni, NizAl, or MnSi
even in the dipolar regime.

Moreover, it would be interesting to measure the dynamical
scaling function up to high temperatures in order to identify
the influence of electron-hole excitations on the damping of
the paramagnetic fluctuations to bridge the gap between the
MIEZE and the TAS measurements discussed above.

ACKNOWLEDGMENTS

Thanks go to Pablo Ruiz Cuevas, who supported the de-
velopment and implementation of an adaptive integration
algorithm to calculate the MIEZE contrast. Further acknowl-
edgment goes to M. Antic for his great support in setting up

184411-9



L. BEDDRICH et al.

PHYSICAL REVIEW B 113, 184411 (2026)

the high-temperature sample environment. We thank Thomas
Keller for discussions about the intricacies of investigating
magnetic critical scattering with neutron spin-echo methods.
We are also grateful to Christian Pfleiderer for interesting dis-
cussions concerning the dynamics of the magnetic moments
in itinerant ferromagnets.

DATA AVAILABILITY

The raw data acquired at RESEDA, the Python scripts that
created the figures, and the additional resources are made
available via Zenodo [63]. Support can be provided upon
reasonable request.

APPENDIX A: DYNAMICAL SCALING THEORY
AND LINE SHAPE FUNCTIONS

This section aims at summarizing the equations describing
the line shape functions used for the extraction of parameters
(Sec. IITC) and for determining the dynamical scaling func-
tion y(x) (Sec. IV B), which have not been described in the
text in sufficient detail.

1. Spin-wave region (T < T¢)

The process for extracting the linewidth and energy of
the spin-wave excitations from the measured contrast is es-
sentially the same as the procedures applied for standard
neutron spin-echo data. Most commonly, an inelastic scatter-
ing process from spin waves is modeled as two Lorentzian
spectral weight functions centered at a finite energy transfer
Esw(q) = E, with a linewidth I'sw(q) = I'; (half width at
half maximum):

1
L(E|E, T,) = 2—<

r, N r,
m\T24+(E—E)? T2+(E+E))

(AD)

2. Critical scaling and hydrodynamic region (T > T¢)

In the regime, T > T¢, the dynamical shape function de-
rived by Iro using renormalization-group theory is given by

1

—is + [Z00)T (. is568)]

fqg ()CI, S) =2Re s (AZ)

where, s = E/E,, II; is the self-energy of the dynamic
susceptibility [29], and X(x) = (1 + 1 /xlz)‘1 is the scaled
magnetic susceptibility defined by x (g, &) = g~2X(¢&) such
that x; = g€ = x~!. Note that in Iro’s paper the scaling vari-
able xj is defined as the inverse compared to x in Sec. II C of
the present work. Z(xy) is an implicit function involved in the
calculation of the characteristic frequency w, (linewidth) of
the system, which in general can only be solved numerically.
However, Iro proposed the following analytical approximation
for Z(x):

2 -1 —e/4
Z(x1) = | 1 — karctan aL/xI2 <1 + %) )
(1 + b/xlz) 'xI
(A3)

where a = 0.46,b = 3.16, and k = 0.51 are numerical param-
eters without direct physical significance. a is determined by a

calculation of the relaxation rate performed by Bhattacharjee
and Ferrell [64]. b is chosen such that the dynamical scaling
function y (x;) asymptotically fits the behavior of the scaling
function of Résibois and Piette [28]. Subsequently, k takes the
value to best approximate Z(x;). € = 6 —d = 3 refers to the
dimensionality of the renormalization group, where d = 3 is
the dimensionality of space.

Iro also extracted the dynamical scaling function y (xy)
from his derivation of the magnetization correlation function.
The scaling function is given by

Z(x1)

— . A4
X (x1)Z(00) (A9

y(x) =

While the numerical values of the constants a, b, and k
have been chosen with reasonable assumptions in mind, e.g.,
asymptotic behavior for x; — 0, Iro argues that they can be
used as fit parameters, when the theory is compared with
experimental data (see, for example, Boni er al. [21]). For
the complete derivation of the dynamical shape function the
reader is referred to the original paper of Iro [29], and refer-
ences therein.

Earlier, Résibois & Piette derived the scaling function
y (x), with x = /g, for a Heisenberg ferromagnet [28] from
mode-coupling equations. Again, these equations can only
be solved numerically. Glinka et al. [30] approximated the
numerical solution with the heuristic equation

y(x) = e 183 4 0.43x1/2, (A5)

This parametrization was used in Fig. 5.

APPENDIX B: MODELING OF THE SPIN-WAVE
DISPERSION WITH DIPOLAR INTERACTIONS

We conducted a detailed analysis of the dispersion in Ni
using the Holstein-Primakoff theory and its temperature de-
pendence as predicted by dynamical scaling theory, using
several models that vary in how they take into account the
contribution of the dipolar energy to the dispersion. Six mod-
els, referred to as MX (X = 1,2, ..., 6), were fit to the data,
with D’ as a fit parameter and varying treatments of gp:

MI: The dipolar wave number was taken from the lit-
erature, gp = 0.013 A-! [52], and the contribution to the
dispersion was calculated according to Eq. (4).

M2: gp and D’ were treated as free fit parameters, describ-
ing the dipolar energy as Eqip = D(T)qlz).

M3: gp was determined according to the power law
in Eq. (2) and Egp = grousM (T)sin® (6,). M' was set
to the value of the saturation magnetization Mg, = 4.91 x
105 Am~! [65].

M4: gp was determined from relative magnetization data
M(T)/Mg, measured by Neugebauer [51] and again M, =
491 x 10° Am~!.

M5: gp(AT = —1K), gp(AT = —2K), and D’ were fit-
ted independently.

M6: Dipolar interactions were neglected and a simple
quadratic dispersion was used: Esw = D(T )g>.

Each model has been fitted to the data fixing the criti-
cal exponent u (and B if contained in the model) to either
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TABLE 1. Parameters obtained by fitting the data using the
Holstein-Primakoff theory. Each model has been evaluated with u =
1/3 and 0.3407 separately. Within one cell, the upper and lower gp
values correspond to AT = —1K and AT = —2K, respectively. In
models M2 and M5, gp was a fit parameter and its uncertainty could
be estimated directly from the covariance matrix. In the models M3
and M4, the uncertainty Agp arises from AD’ and was calculated via
Gaussian error propagation. In models M1 and M6, gp was fixed at
0.013 and 0.0 A~", respectively.

Model D' (meVA?)  gp(1073A1) 1 x4
Ml 3332 + 87 13.0 03333 49
13.0
348.6 + 8.0 13.0 03407 46
13.0
M2 382.8 & 20.8 9.02 &£ 1.50 03333 37
9.02 £ 1.50
400.6 + 21.3 9.02 & 1.47 03407 35
9.02 & 1.47
M3 3435 £ 109 1229 £020 03333 44
12.29 + 0.20
3781 £ 104 1075 £0.15 03407 35
10.85 £ 0.15
M4 412.1 £ 9.7 570 £007 03333 32
7.22 £ 0.08
431.1 £ 10.0 571 £007 03407 3.1
721 & 0.08
M5 381.6 + 16.3 728 £ 081 03333 23
10.66 £ 1.07
399.5 + 16.9 733 £ 081 03407 22
10.59 £ 1.06
M6 4544 £ 15.6 0.0 03333 8.1
0.0
4754 £ 16.1 0.0 03407 7.9
0.0

the mean-field values or the renormalization-group values. A
summary of all fit parameters, the estimates of their uncer-
tainty, and x2, are given in Table I and Fig. 8. We find that
regardless of the model, a larger  leads to a smaller x2,
value, indicating that the critical exponents as obtained by
field-theoretical methods describe the data marginally better
than the mean-field values. Comparing the different models,
we can see that model M5 achieves the best overall x2; value,
and therefore the best agreement with the data. Considering
that M5 is the model with the fewest constraints on its fit
parameters—as gp(AT = —1K), gp(AT = —2K), and D’
are fit independently—this is very plausible. We find that gp
for AT = —1K is smaller than for AT = —2K and both are
smaller than the literature value gp = 0.013 A~!.

Model M4, the only one based on experimental magneti-
zation data, shows good agreement with the data based on its
szed value. It performs better than M3, where ¢gp is determined
by utilizing the power law of the magnetization as predicted
by scaling theory. The values of gp in model M4 are a factor
of 2 smaller than in M3 and the relative difference between
gp(AT = —2K) and gp(AT = —1K) s larger. This is due to
the fact that the experimental magnetization decreases slower
than the power law with 8 = 0.3647. For g = 1/3 the tem-
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FIG. 8. Overview of the performance of Holstein-Primakoff
models M1-M6 employing various strategies to include the dipolar
wave number. The plot depicts gp(AT) and x2, for M1-M6 using
the critical exponent u = 0.3407 as a fixed value. The data sug-
gest gp &~ 0.007 A~', which is half of the literature value 0.013 A,
but simultaneously rejects model M6 that neglects the dipolar
interactions.

perature dependence of gp disappears completely for M3. As
a consequence, D’ is significantly smaller for M3 since the
dipolar contribution is considerably larger. Additionally, the
penalty to the x2 function is larger if the low-¢ data are fitted
insufficiently. Experimental data support the lower gp value,
used for M4.

Model M1 fixes gp at its literature value 0.013 A~" and per-
forms similarly as M3. Comparing M1 and M2, M2 achieves
better agreement with gp(M1) > gp(M2).

Model M6 neglects gp entirely, returning D’ values that
are slightly larger then those of the other models. The devi-
ation from the dipolar behavior can be best seen at low g,
as evidenced when looking at the first few data points for
each temperature in Fig. 4. This discrepancy shows that the
inclusion of dipolar interactions is in fact required.

In the literature, the influence of the dipolar coupling on the
critical dynamics mostly focused on the temperature regime
above T, with a limited number of published experiments
directly addressing the spin-wave regime [14,19] below T¢.
Especially Ni has been disregarded in the past as the combi-
nation of a large spin-wave stiffness and a small dipolar wave
number makes observations of gp experimentally challeng-
ing. Nevertheless, measuring the spin-wave energy below gp
should show a clear imprint leading to an approximately linear
dispersion Esw ~ D(T )qpqg. However, a linear contribution
to the dispersion is not easily visible in Fig. 4, even though
the lowest g value is a factor of 2 smaller then the reported
gp = 0.013 A-1[52].

It is apparent that the measured dispersion is consistent
with 0.006 A~' < gp < 0.011 A~!. Comparing the perfor-
mance of M4 and M5, it is reasonable to assume a significant
temperature dependence of ¢gp, which has already been
pointed out by Boni et al. [14]. However, this dependence
is more pronounced than expected from dynamical scaling
theory with q% o M/D o |t|f~* (B —u=0.024) for a 3D
Heisenberg system [50]. Since only two different tempera-
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tures could be measured, a reliable analysis of the temperature
dependence is impossible and requires a more detailed in-

vestigation over a wider 7 range and by extending the
measurements to smaller g.
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