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Abstract. The presence of spin-fluctuations deep within the ordered state of
ferromagnetic INVAR alloy Feq g5Nig.35 has long been suspected but seldom directly
observed. Inhomogeneities of one type or another have been cited as important in
stabilizing INVAR behaviour — either longitudinal spin-fluctuations associated with
the 2vy-state (local environment) model or transverse magnetisation arising from non-
collinear spin structures. In this study we employ small-angle neutron scattering with
neutron polarization analysis to distinguish between the two possibilities. Surprisingly
we in fact find evidence of dominant but uncorrelated longitudinal spin-fluctuations
coexisting with transverse magnetisation which exists in short-range clusters of size
~ 130 A. This finding supports recent first principles calculations of the Feg g5Nig 35 in
which both longitudinal spin-fluctuations and magnetic short-range order are identified
as important ingredients in reproducing the equilibrium Feq ¢5Nig 35 lattice.
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1. Introduction

In 1897 C. E. Guillaume established that face-centred-cubic (fcc) alloys of iron and
nickel with a concentration of ~35 at.% nickel exhibit an anomalously small thermal
expansion over a wide range of temperature [1]. He considered the expansion of these
alloys to be invariable and hence this effect has since become known as the INVAR effect.
This effect has since been observed in large number of metal alloys, intermetallics and
in some metallic glasses - all of which are magnetically ordered [2]. There is a wide
range of applications in which INVAR alloys are used because of this useful property; for
example in the manufacture of precision scientific instruments, temperature regulators
and microwave resonators. Despite many years of study of the INVAR effect a clear
understanding of the mechanism behind this effect is still lacking. INVAR behaviour
is clearly related to metallic ferromagnetism [2, 3]. Below the Curie temperature (T,)
typical coefficients of linear expansion (o, = 1/3V xdV/dT") observed in INVAR materials
have a value ay ~ 2.1 x 1079 K~!, while in their respective paramagnetic phases oy,
increases by around an order of magnitude.

An early attempt at a theoretical description of the INVAR effect is the so-called
27-state model due to Weiss [3]. This model assumes the co-existence of two near
degenerate spin-states in f.c.c. iron (y-Fe): a high spin (HS), high volume state and a
low spin (LS), low volume state. Accordingly, thermal spin-excitations from the HS state
(labelled ;) to the LS, ~, state leads to a loss of magnetisation on increasing temperature
with an associated volume contraction which counteracts phononic thermal expansion.
One obvious difficulty with this theory is that while conventional lattice expansion due
to anharmonic phonons is linear (in the region where the anharmonic terms in the
energy are small compared to kgT'), the thermal population of the HS and LS states
should follow a exponential (Boltzmann) temperature dependence, and therefore that
cancellation of thermal expansion is not possible over a wide temperature range. This
point was well illustrated by Khomskii and Kusmartzev [4], who nevertheless suggested
that correlations (magnetic or magneto-elastic) between HS and LS sites might well lead
to a more complex temperature dependence.

Electronic band theory calculations confirm the main idea of the 2v-state model.
First-principles calculations of v-Fe, randomly ordered Fegg5Nig35 and ordered FesNi
clearly show the existence of two stable magnetic states as described above [5, 6, 7].
In particular Entel et al predicted a change in the relative occupancy between the
anti-bonding to, majority spin states and the non-bonding e, minority spin states in
favour of the latter as the temperature increases [5]. This results in the contraction of
bonds, thereby counteracting thermal expansion. However, experimental confirmation
of the existence of two spin states at ambient pressure in any INVAR material is, so
far, lacking. There is some evidence of closely spaced spin-states in some metallic
ferromagnets at high pressure. Recent X-ray magnetic circular dichroism (XMCD)
measurements on FeryPtog revealed that the system undergoes a spin-state transition
at an applied pressure of 4 GPa (40 kbar) [8, 9]. Other X-ray diffraction measurements
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have shown that the non-INVAR metallic ferromagnet PdsFe exhibits INVAR properties
at high pressure [10]. However, precise measurements of the magnetic form factor
(magnetisation distribution in k-space) in Fegg5Nig 35 INVAR using polarized neutron
diffraction [11, 12] in addition to magnetic X-ray Compton scattering experiments [13]
show that the fraction of unpaired electrons with e, symmetry remains constant in a
range of temperature from 100 K - 600 K, contradicting the theoretical results of Entel
et al [5] and effectively ruling out the 27-state model as a candidate description of the
INVAR effect.

In the mid 1980s, there was an effort by theorists such as Moriya and co-workers
to attempt to improve the theoretical description of finite temperature properties of
metallic magnets — which are traditionally badly described by simple Stoner models —
using self-consistent-renormalisation (SCR) theory [14]. Here, instead of there being two
near-degenerate electronic states available to the system, spin fluctuations give rise to a
manifold of continuously varying electronic states, resulting in a smoothly varying local
(T')) which increases monotonically as a function of temperature,

magnetisation (M?,.

with the precise details of the temperature dependence determined by the structure
(T')) then leads
to a magneto-volume effect consistent with INVAR behaviour. This theory received

and the occupation of the bands. This temperature variation of (M2 _
some experimental confirmation from Ishikawa et al [15] who used neutron scattering
to directly observe quasi-elastic magnetic neutron scattering associated with incoherent
spin-fluctuations in the ordered state of Feq g5Nig 35, although that study did not observe
spin-fluctuations in FesPt.

Further modelling of the temperature dependence of the thermal expansion
coefficient from magnetostriction measurements [16, 17] using SCR theory showed a
remarkable level of agreement, though it was argued - notably by Wohlfarth [18] that
the description of the pressure dependence of the Curie temperature in these alloys
was less successful. Motivated by the research of the excitations responsible of the
INVAR effect, Ishikawa et al. performed inelastic neutron scattering measurements on
the INVAR alloys Fegg5Nig 35 and FezPt and on non-INVAR FesoNisy. They observed
that in INVAR Feq ¢5Nig 35 and FesPt spin wave excitations explain only about a half of
the temperature decrease of the magnetization while this discrepancy is absent in non-
INVAR FesoNisg [19, 20]. On the basis of their results they suggested that the variation
in amplitude of the local magnetic moment and then the INVAR effect may be due to the
presence in these alloys of some hidden (undetected) excitation. Nevertheless, to-date
no other source of magnetic excitations which may be responsible for the INVAR effect
have been observed. Stoner excitations appear at too high an energy (~ 100 meV) to
be responsible for the INVAR effect [21, 20, 22, 23], while longitudinal spin-fluctuations
are observed only in Fegg5Nig 35 and not in FegPt [15].

More recent theoretical studies suggest that the INVAR effect is related to thermal
magnetic disorder. Two main models of magnetic disorder have been proposed; the
disordered local moment (DLM) picture [24, 25, 26, 27, 28] and a model incorporating
non-collinear magnetic structures [29]. Schilfgaarde et al find in INVAR concentrations
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of Fe-Ni alloys a magnetic structure characterized, even at zero temperature, by a
continuous transition from a ferromagnetic state at high volumes to a disordered non-
collinear configuration at low volumes [29]. This non-collinearity gives rise to anomalies
in the binding energy volume dependence curve which is directly related to the thermal
expansion coefficient through the bulk modulus and Griineisen constant. Extensive
polarized neutron diffraction measurements have been undertaken to look for non-
collinear (and hence transverse) magnetism in Fegg5Nig 35 but no sign of non-collinear
ferromagnetism is found [30]. However, an indication of the presence of non-collinear
moments has been confirmed experimentally at low momentum transfers via polarized
small-angle neutron scattering [31] in Fegg;Nipss. On the basis of this observation
Menshikov et al concluded that in Feg g5Nig 35, non-collinear inhomogeneities are present
on a 10-15 A length scale. They suggested a model magnetic structure characterised
by the occurrence of Fe-rich regions with predominant antiferromagnetic interactions
and therefore a low magnetisation. Recent ab initio electronic structure calculations
based on the disordered local moment (DLM) approach, give a good description of the
INVAR effect in Fepg5Nig 35 [28], Fe-Pt [27] and R-Coy with R= Dy, Ho [25]. These
studies indicate that thermal magnetic disorder (modelled as Ising spin-flips in a local
moment picture) leads to INVAR behaviour. However, these models are generally
simplistic - assuming fully localised moments, and often localised and randomised
defects. More importantly, the DLM picture is lacking experimental justification
(beyond the reproduction of the anomalous a(T") behaviour).

In this study, we report on efforts to look for static disorder and transverse
magnetism in INVAR Fegg5Nig 35, effectively repeating the measurements of Menshikov
et al [31]. New developments in polarized neutron scattering on small-angle neutron
scattering (SANS) instruments [32, 33] have lead to a resurgence of interest in neutron
studies of micromagnetic properties of ferromagnets [34]. We take advantage of these
instrumentation and software developments in order to quantitatively characterise
the spin-disorder scattering in INVAR — including the ability to distinguish between
longitudinal defects akin to the 2v-state model and transverse spin-fluctuations expected
in DLM and non-collinear state models. Crucially, in our studies we use high purity,
optically polished single crystal samples in order to reduce the amount of background
nuclear small-angle scattering. We find evidence of extensive transverse and longitudinal
static spin-fluctuations in INVAR Feqg5Nig 35, but none at all in non-INVAR Feg 5Nig 5,
indicating that spin-disorder is likely to be associated with the INVAR effect. We also
present evidence from high-resolution neutron spin-echo (NSE) spectroscopy of slow
dynamical fluctuations at low momentum transfers concomitant with the magnetic spin-
disorder scattering seen in SANS, and in broad support of dynamic spin-fluctuation
theories.
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2. Methods

2.1. Sample preparation

2.1.1. Polycrystalline FeggsNig3s Polycrystalline samples of Feq g5Nig 35 were prepared
by melting appropriate quantities of starting materials with purity of 99.99% in an argon-
arc furnace. The as-melted ingots were then annealed at 800 C for 72 hours followed by
a slow cool. The stoichiometry of the ingots was verified by performing energy dispersive
fluorescence analysis using a commercial scanning electron microscope.

2.1.2. Single crystal samples of FeygsNigss and FeysNigs Stoichiometric amounts of
high purity (> 99.996%) Fe and Ni powders where thoroughly mixed inside an argon
glove box and loaded in to an alumina crucible. The crucible was then sealed inside
a 2 mm wall thickness quartz tube under vacuum. The tube was heated to 1200 C
and sintered for 3 days. After confirming the single phase purity the cylindrical shaped
sintered rod was loaded in an optical floating-zone furnace. To increase the density of
the sintered rod it was melted at a faster growth rate of 10 mm/h under purified argon
atmosphere. Finally, pre-melted rods of Feqg5Nig 35 and FeqsNig 5 were used to grow a
crystals at a growth rate of 2.5 mm /h with 20 rpm counter rotation of the feed and seed
rods respectively under purified argon flow of 1 1/min.

M-H curves measured on single crystal Feq g5Nig 35 up to 2 T were in good agreement
with previously published studies [35, 36] with magnetic saturation at fields > 0.2 T
and a saturation moment of 1.22 up per atom agreeing well with the published value at
room temperature of 1.28 pup [37].

2.2. Small-angle neutron scattering [38, 39]

Two experiments using SANS with neutron polarization analysis on the D33 SANS
instrument at the Institut Laue-Langevin (ILL) [40] were performed on highly polished
single crystals of INVAR Fegg5Nig 35 and non-INVAR Feg sNig5. The crystals were disk-
shaped with a diameter of ~ 12 mm and a thickness of between ~ 1 mm and ~ 3 mm
(in the first experiment [38] the crystals were thicker). The polarized neutron beam
was incident on the flat polished faces of the single crystals, which were approximately
normal to the {001} crystal axes. The choice of highly polished single crystals was
made to reduce the SANS signal due to surface roughness and grain boundaries to
a minimum. A variable magnetic field of between 0 T and 4 T was applied to the
sample in the plane of the disk-shaped crystals, transverse to the beam direction. This
resulted in small demagnetisation factors which were estimated to be of the order of
N < 0.1 for all samples and therefore neglected. The SANS and magnetic field geometry
define a natural orthogonal coordinate set (following the convention of Moon, Riste and
Koehler [41]) which was later used in the data reduction and analysis; the incident
neutron wavevector k; defines the x-direction, while the magnetic field is applied along
the z-direction (horizontal and transverse to k;). The SANS detector is therefore in the
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y-z plane and so accessible momentum transfers in the experiment are limited to that
plane. Experiments were performed in both polarized and unpolarized beam mode on
D33. This was achieved wvia the insertion of a supermirror polarizer of known efficiency.
Analysis of the scattered neutron polarization was provided using a single-crystal silicon
windowed ®He spin-filter [42]. This was shielded from the magnetic fields applied at
the sample position using a “magic box” which contained an integrated adiabatic-fast-
passage (AFP) ®He flipper [43]. All the SANS experiments were performed using a
neutron wavelength of 6 A. Data visualisation, reduction and correction was performed
using the ILL LAMP suite of programs [44].

2.8. Ferromagnetic neutron-spin-echo (FMNSE) [45]

FMNSE measurements were carried out on a polycrystalline ingot of Feg g5Nig 35 with a
mass of ~ 100 g using the spin-echo spectrometer IN11 at the ILL [46]. A saturating
vertical field of 1 T was applied to align the magnetic domains in the sample and hence
preserve the neutron polarization. The temperature dependence of the intermediate
scattering function S(Q,t)/S(Q,0) was measured using neutron wavelength of A = 5.5
A at a scattering angle 26 = 4°. Data collection, reduction and visualisation was
performed using the IN11 Igor Pro (WaveMetrics, Inc.) suite of programs.

3. Results

3.1. Unpolarized SANS

In order to determine the field dependence of the magnetic domain scattering in
INVAR we measured SANS at several fields between 0 T and 2 T. The measured SANS
for 0 T, 0.2 T and 0.6 T is presented in Fig. 1. The SANS measured at 2 T (where
Fep5Nip.35 is known to be single domain) has been subtracted from the data. The 2 T
dataset will include all non-domain scattering such as nuclear background and residual
magnetic scattering. The plot shows the suppression of magnetic domain scattering
with increasing field, indicating that at 0.6 T Fegg5Nig 35 is single domain. Any spin-
misalignment scattering measured at or above 0.6 T therefore must be due to intrinsic
non-collinear spins and not to domains.

The zero-field SANS data (shown in the inset of Fig. 1) shows a sharp rise at
around @ = 0.02 A~', corresponding to a scattering angle of 26 = 0.55° for neutrons of
wavelength A = 6 A. We attribute this feature to the onset of spin-wave scattering at low
momentum-transfers. For ferromagnets with quadratic spin-wave dispersion, neutron
kinematics dictate that spin-wave scattering can only be detected below a certain cut-
off angle,

2
s 0
where, m,, is the mass of the neutron and D is the spin-wave stiffness, iw = DQ?.
According to the work of Hatherly et al [47] D =~ 200 meV A? for FeygsNigss,

sinf, =
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Figure 1. Radially averaged SANS in Fegg5Nig35 as a function of field. The
SANS measured at 2 T has been subtracted. By 0.6 T the magnetic domain SANS is
suppressed and the sample is single domain. The inset shows unsubtracted data taken
at zero field with the arrow indicating the spin-wave scattering cut-off.

corresponding to a cut-off angle of . = 0.6°, in good agreement with the observed
cut-off in this experiment. Henceforth, in order to eliminate contributions to the SANS
from spin-waves, we restrict ourselves to scattering at angles 260 > 0.6°. A similar
magnetic field dependence of the unpolarized SANS signal was seen in Fey 5Nig 5 with a
similar spin-wave cut-off.

3.2. SANS with polarization analysis

Having determined that 0.6 T was sufficient to produce a single magnetic domain in
our Fegg5Nig 35 and Feg 5Nig 5 samples, we proceeded to perform SANS with polarization
analysis on both samples at a fixed field of 0.6 T. The standard uniaxial polarization
measurements were taken with the polarization aligned alternately parallel and anti-
parallel to the applied field along the z-direction, and then analysed parallel and
anti-parallel. This procedure results in the measurement of four cross-sections; the
non-spin-flip (NSF) cross-sections (d3/d2)** and (d¥/dQ)~~, and the spin-flip (SF)
cross-sections (dX/dQ)*~ and (dX/dQ)~*. Here the + and — superscripts refer
to polarization parallel and anti-parallel respectively to the applied field, with the
first /second superscripts referring to the initial/final polarization direction. It was
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Figure 2. SANS with polarization analysis at 300 K and 0.6 T for
INVAR Feg 65Nig 35 (top row) and non-INVAR Feq 5Nig 5 (bottom row). The left column
shows the average non-spin-flip cross-section and the right column shows the spin-flip
cross-section

empirically observed for both samples that the two non-spin-flip and the two spin-
flip cross-sections were identical. This observation implies that terms in the scattering
intensity due to nuclear-magnetic interference are zero (since the sign of these terms
depend on the direction of incident polarization) [33]. Furthermore, the lack of
magnetic anisotropy (shape or otherwise in our samples) suggests that any transverse
magnetization in the sample (along y) should be isotropic. Under these conditions the
polarized neutron cross-sections can be written as, [48, 33|

dENSF
qq = V(@) + M(q)sin® g cos” ¢+ MZ(q) sin' ¢
dESF
o - MZ(q) + M} (q) cos* ¢ + M?2(q) sin® ¢ cos® ¢ (2)

where, ¢ is the azimuthal angle in the y-z plane between the z-axis and the scattering
vector q. N(q) and M(q) = [M,(q), My(q), M,(q)] are the Fourier transforms of the
nuclear and magnetic scattering length density respectively, with M,(q) and M,(q)
representing the transverse magnetization and M, (q) the longitudinal magnetization.
Again — based on the assumption of magnetic isotropy in the sample — we assume that
all g-dependence of the terms in the cross-section is isotropic at small angles and that
there is no azimuthal dependence of the individual magnetization Fourier components.

The polarized SANS scattering for INVAR Fe ¢5Nig 35 and non-INVAR Fej 5Nig 5 mea-
sured at room temperature and 0.6 T are shown in Fig. 2. On initial inspection of the
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Figure 3. Radially averaged plots at constant |g| of the NSF (blue: (dX/dQ)*T,
red: (dX/dQ)~~) and average SF (green) SANS from Feg g5Nig 35 at 300 K and 0.6
T, plotted agains the azimuthal angle ¢. Plots a) through i) show the SANS at
0.027 < |q| < 0.08. The solid lines through the data are fits to Egs. 2.

azimuthal dependance of the data, it is clear that there is significant spin-misalignment
scattering in FeggsNig3s but not in FegsNigs. This suggests that magnetic inhomo-
geneity is somehow enhanced at the critical INVAR concentration in agreement with the
observations of Menshikov [31]. The residual small angle scattering at low Q seen in both
Feg.65Nig.35 and FeqsNigs is likely due to spin-waves below |¢| = 0.02 A~" and possible
background contributions from the sample holder. By inspection and comparison with
Eqgs. 2, it is clear that the dominant cause of magnetic scattering (for |g| > 0.03 A~1) is
longitudinal spin-fluctuations associated with the z-component of magnetization, M., (q).

Some checks of the field and temperature dependence of the SANS in
FegesNig35 were performed. Firstly, increasing the field to 1.5 T (which was the
maximum possible consistent with the operation of the 3He spin-filter) had little
discernible effect on the SANS beyond some suppression of the low q (< 0.02 A1)
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Figure 4. Individual SANS components, nuclear N2?(q) (blue), transverse magnetic
M?2(q) (cyan) and M2(q) (red) and longitudinal magnetic M2(q) (green) measured
on Fegg5Nig.35 at 300 K and 0.6 T extracted using Egs. 2. The lines are fits to a
Lorentzian form.

spin-wave scattering. There was also very little temperature dependence of the SANS
between 250 K and 320 K (in the region of minimal thermal expansion). However, at
low temperatures (40 K) the intensity of the magnetic scattering (both transverse and
longitudinal components) was reduced by around a factor of two — in good agreement
with previous studies [31].

In order to apply a quantitative analysis of the data, radial averages at fixed |q|
were extracted from the background subtracted data and the NSF and SF cross-sections
fitted to Eqgs. 2 simultaneously. Example fits of the radially averaged data are shown in
Fig. 3.

Fig. 4 shows plots of the extracted components of the polarized SANS measurements
extracted from the fits to Eqs. 2. We can see, firstly, that the nuclear small-angle
scattering is indeed small and flat in the Feqg5Nig 35 single crystal sample, indicating
the quality of the crystal and the scattering surface. The magnetic components of
the scattering are dominated by a large M, longitudinal component which is flat as
a function of |g| indicating uncorrelated fluctuations. By contrast the two transverse
components of magnetization M, and M, display a similar Lorentzian dependence on
|q| indicating Ornstein-Zernicke correlated clusters [49] of range & ~ 130 A.
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3.3. FM neutron-spin-echo measurements

The intermediate scattering function S(¢,t)/S(g,0) with |¢| ~ 0.07 A~! measured from
our FMNSE study is plotted in Fig. 5 for three temperatures; 200 K, 320 K and
400 K. The advantage of spin-echo neutron spectroscopy over conventional neutron
spectroscopy is that the technique directly measures the time-dependent spin-spin
autocorrelation function S(t) (see for example the review of Ehlers [50]). In the FMNSE
configuration, IN11 is able to measure over approximately one decade of time between
0.25 and 2.6 ns, and is therefore sensitive to spin—fluctuations on that timescale. The
data shown in Fig. 5 were corrected for instrumental resolution by dividing the data
using a low temperature run measured at 5 K. In Fig. 5 we see that S(t) starts to decrease
at long Fourier times above ~1 ns indicating the presence of nanosecond timescale spin-
fluctuations in FeggsNig35. While this is in the upper reaches of the available time
range on IN11, it is within the time-resolution of the instrument, and we note that
the characteristic spin—fluctuation rate increases systematically with temperature. In
order to give a quantitative estimate of the timescale of the observed spin-fluctuations,
the data were fitted to a stretched exponential function, S(t)/S(0) = exp [—(t/7)"].
We find relaxation times 77 of ~22 ns, ~34 ns and ~45 ns at 400 K, 320 K and
200 K respectively. Since these spin-fluctuations are measured at a momentum transfer
of |q| ~ 0.07 A~ they correspond to a similar length scale as the spin-fluctuations
measured in the polarized SANS measurement. While the statistical quality of the
measured S(t) does not permit a robust fit, the observed line-shape is evidently strongly
non-exponential in form.

4. Discussion

The presence of significant longitudinal and transverse spin-fluctuations in IN-
VAR Feg 65Nig.35 unambiguously confirms the presence of magnetic inhomogeneities and
non-collinear components of the magnetisation deep in the FM ordered state. This
is consistent with the observations of a large high-field susceptibility in the ordered
state [35, 36] and also in qualitative agreement with previous polarized neutron SANS
and neutron depolarization in transmission measurements of the group of Grigoriev and
co-workers [51, 52]. The lack of spin-fluctuations in Feq5Nig5 is also consistent with
previous studies and points to a likely connection between these fluctuations and the
INVAR effect.

In a sense, these experiments are then consistent with either a longitudinal spin-
fluctuation model (i.e. the 2v-state model) or a non-collinear spin (DLM) model or
both, since both types of fluctuations are seen in SANS. But we can state that neither
of these models in isolation can explain the presence of both types of spin-fluctuation.
Additionally, the observation of some temperature dependence of the spin-fluctuations,
both from the polarized SANS data and the FMNSE experiment suggests that spin-
dynamics of the magnetic inhomogeneities in Feg ¢;Nig 35 may have a significant role to
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Figure 5. The normalised intermediate scattering function S(Q,t)/S(Q,0) with
lg| =~ 0.07 A~1 measured on Feg g5Nig 35 using the IN11 spin-echo spectrometer as a
function of temperature. These show evidence of slow spin-fluctuations in the ordered
ferromagnetic state. Lines are fits to a stretched exponential decay in order to loosely
quantify the relaxation time.

play in the INVAR effect in these materials. This is in, at least qualitative, agreement
with the spin-fluctuation theories of Moriya and others [14, 15] in which the temperature
dependence of the spin-fluctuation amplitude is a key ingredient for INVAR behaviour.

It is interesting that the longitudinal spin-fluctuations appear to be uncorrelated
in space implying these cannot be associated with previously observed atomic short-
range order scattering in FeggsNigss [53, 54]. It is tempting, however, to associate
the transverse spin-fluctuations seen in this study with shear-wave type deformations in
Feg 65Nig 35 attributed to a large magneto-volume effect — particularly since the observed
length scales of these (between 20 and 50 A) is not too dissimilar with the length scales
that we observe of ~ 130 A [54].

Very recent first-principles modelling of Fegg5Nig 35 using the so-called spin-wave
method [55] have highlighted the importance of accounting for both transverse spin-
fluctuations (magnetic short-range order) and longitudinal spin-fluctuations in the
calculations in order to arrive at an accurate model of the FejgsNigss lattice and
that at elevated temperatures, the extra magnetic entropy associated with these
inhomogeneities contributes noticeably to the equilibrium lattice constant. The spin-
fluctuations we have observed here are fully consistent with this model.
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