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Magnetic super-structure and active surface role in
the onset of magnetic excitons revealed in TbCu2
nanoparticles
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Antiferromagnetic materials are receiving renewed interest on behalf of their potential for

information technologies. Recent reports have also revealed how the physics governing such

magnetic arrangements and their excitations become more complex compared to traditional

ferromagnetic materials, especially at the nanoscale. Here, we address two main issues that

are of prime interest to their technological transfer. First, using small-angle neutron scat-

tering, we show the existence of a magnetic helix-like super-structure in a polycrystalline

TbCu2 alloy, preserved at both bulk and nanoparticle ensembles of 8 nm. Second, using

inelastic neutron scattering, we elucidate the magnetic excitons and the crystalline electric

field energy level schemes of TbCu2 in bulk and nanoparticle ensembles. This allows to

understad the effect of the surface broken symmetry on the quantum energy levels at the

nanoscale, so as the key role of interfacial effects on the propagation of magnetic excitations.

Our research provides insights for the realization of magnetic moment dynamics models

based on complex nanometric super-structures, and for nanoparticles to be integrated in

spintronics and information technology applications.
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The use and potentialities of antiferromagnetic (AF) mate-
rials has started a new era in the last decade. The 20th

century paradigm, where AF materials were considered
“interesting, but useless” (L. Néel1), has been completely changed
in the second decade of the current 21st century. AFs display
inherent assets, compared to the traditionally used ferromagnetic
(FM) materials, that make them ideal candidates for the incoming
spintronics-based technological devices2–4. AF structures are also
a phenomenal playground for Fundamental Physics research, as
the coupling among the magnetic moments can be settled in such
a way that complex magnetic arrangements, beyond the simple
idea of antiparallel arrangement, can flourish. These include helix,
non-collinear and/or noncoplanar, to cite a few5–11, which are
potential sources for topological spin textures to occur12–15.

Following this idea, in the last years, some of the already known
AF structures are being revisited, aiming to look for these exotic
magnetic phenomena and/or topologically-protected spin textures
16,17. Nevertheless, up to our knowledge, there are no studies
investigating whether these complex structures hold in nano-
particle ensembles or if the reduced dimensionality and/or sym-
metry breaking may destroy them. Moreover, the large number of
interaction between the individual nanoparticles give rise to the
so-called “super-magnetic” states18 (Superparamagnetic, Super-
ferromagnetic, Super Spin Glass etc.). These are extremely
dependent on the inter-particle interactions and get modified in
the presence of strong AF interactions. As an example, the
mechanism for beating the Superparamagnetic limit has been
reported for nanoparticle ensembles19,20. The question whether
long-range correlations setting an AF magnetic super-structure
may be affected in the nanoparticle regime is to be answered.

To complete the -understanding over AF materials, accessing
and describing the energy level schemes and magnetic excitations
would be demanded. Although inelastic neutron scattering (INS)
technique is already standard in the case of single crystals21,22, the
works concerning polycrystalline materials are less common23,24,
being the ones depicting nanoparticles extremely scarce25, and
nearly absent for 4f AFs26.

In this work, we have investigated the static and dynamic
magnetic structure of TbCu2 alloy, both in bulk and nanoparticle
(8 nm) size. Previous works on TbCu227,28 have shown that the
bulk and magnetic nanoparticles (MNPs) keep essentially the
same AF commensurate arrangement within the core27,29–31,
while the surface magnetic moments give rise to a Spin Glass-like
(SG) state27,28, resulting in a global Superantiferromagnetic (SAF)
arrangement. Nevertheless, the question whether this alloy could
host a more complex AF structure than that of a collinear-
commensurate AF has remained unheard, to the best of our
knowledge. To address this question, we have benefited from
Small-Angle Neutron Scattering (SANS), a technique that allows
the detection of magnetic super-structures that extend above the
magnetic unit cell32. Concerning the access to the quantum
energy levels, we have successfully conducted and analyzed
inelastic neutron scattering (INS) measurements, thanks to which
we have depicted the CEF levels of TbCu2 bulk alloy, and mon-
itoring how are they affected by the size reduction to the
nanoscale. Although there has been a remarkable progress in
understanding the evolution of magnetic ordered structures at the
nanoscale25,33–35, the interplay between the size reduction and
the magnetic interactions in ensembles of MNPs is still yet to be
fully understood36. Indeed, the macroscopic properties of the
different materials get altered by the size reduction to the
nanoscale owing to a modification of the energy level schemes,
which requires a remodeling of the CEF and collective excitations
(magnons) along nanocrystallites and interfaces26,37–39. Here, we
have moved one step beyond not only by describing the energy
levels in bulk TbCu2, but also in nanoparticle ensembles. The

obtained results are not only essential to the basic understanding
of magnetic materials at the nanoscale, yet they also provide
sufficient evidence for MNPs to be considered as new-age
potential candidates for spintronics and topological spin textures
applications, or 2D interfacial effects, hot topic nowadays with the
advent of new inspiring systems, to cite a few.

Results and discussion
Small-angle neutron scattering. The magnetic structure of TbCu2
has been described previously as a collinear commensurate AF
with two propagation vectors τα= (0, 0, 0) and τβ= (1/3, 0, 0),
where the magnetic moments are aligned along the a-axis
direction29,31. Depending upon their Miller index, two tempera-
ture dependencies for the magnetic moments are found: the ones
indexed with odd Miller indexes (h, k, l) decrease faster upon
increasing T compared to the ones indexed with even h+ k+ l
and (h ± 1/3, k, l)30. This is also the case for TbCu2 MNPs27,28 and
Tb0.5La0.5Cu2, both bulk and MNPs40, which underlines the
robustness of such AF arrangement against size and/or magnetic
dilutions. In the present work, we describe the finding of a mag-
netic super-structure in TbCu2, which could be described
according to an spiral-like configuration. For that, Small-Angle
Neutron Scattering (SANS) is the most suitable technique, as it
allows to probe smaller momentum transfers, where additional
(longer) magnetic correlations apart from the fundamental AF
ones can be disclosed.

Figure 1 showcases the SANS patterns corresponding to bulk
(top) and 8-nm-sized MNPs (bottom). 7-nm-sized MNPs have
also been measured, allowing to further confirm the results
obtained at 8 nm (see Supplementary Fig. 1 in Supplementary
Note 1). Note the asymptotic power-law decay of the MNPs
SANS intensity ∝ q−4.3 in the low-q region, close to the typical
I∝ q−4 corresponding to microstructures with sharp
interfaces32,41. The form factor cannot be extracted from the
measurements, owing to the powder state of the samples, the low
signal stemming from such small nanoparticle sizes and indeed,
to the size distribution of the nanoparticles, which further blurs
any potential contribution from the nanoparticle form factor.
Transmission electron micrographs (see Supplementary Fig. 2 in
Supplementary note 2) showcase the quasi-spherical morphology
of the nanoparticles. Analysis of the histogram point to a mean
nanoparticle size of 7.4(1.6) nm.

On the other hand side, in the high-q region, all patterns in
Fig. 1 showcase a clear Bragg peak, which emerges at q= 1.15(1)
nm−1 below 40 K (T < TN), for both bulk and MNPs. The q value
of this peak corresponds to a lattice spacing of 54.6(1) Å, which is
incommensurate with any of the (crystallographic) unit cell
parameters. This reflection corresponds therefore to τα+ 0.
115Å−1. Indeed, no satellite peaks can be distinguished for this
incommensurate peak at such large q values. The magnetic-field
dependence of the peak intensity (see Fig. 1a, c) perfectly follows
the metamagnetic transitions along the a-axis reported for TbCu2
single crystal42, which unambiguously reveals the magnetic
nature behind this incommensurate structure. Furthermore, the
insets of panels a and c depict the field evolution at T= 40 K for
both Hparallel and Hperp configurations, where it can be seen how
the magnetic super-structure is more robust along the parallel
than the perpendicular direction. For both configurations, the
peak is destroyed for μ0H ≥ 2 T, in perfect agreement with the
aforementioned metamagnetic transitions42. We have obtained
the magnetic moment carried by such super-structure, which is of
≈14 μB at T= 40 K, which would lead to a projection on each
crystallographic axis of 1.12, 1.77 and 1.90 μB/Tb at along a, b and
c axis, respectively, never surpassing the 97D2μB/Tb3+ calculated
for the free ion. These values would be compatible with an helix
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configuration laying in bc-plane. We propose an helix to be the
most reasonable configuration of the magnetic moments, as pure
Tb, Dy, and Ho display such structure43,44, so as it does metallic
nanocrystalline Tb45, which also presents a peak located at the
same q ≈ 1.15 nm−1 value. By assuming such a configuration, by
analogy to the case of metallic terbium43, the new incommensu-
rate propagation vector would be τ ~ 1/12 in reduced wave vector
units. The turn angle or pitch of the helical component will be
around 30 degrees. Besides the projection of the magnetic
moment along crystallographic each axis, the stabilization of the
helical configuration in our system is also supported by the strong
contribution of the magnetic anisotropy energy, described
classically by the six-order crystalline electric field parameters
(see INS results and Supplementary Section).

Cooling down to 5 K (see Fig. 1b), the intensity of the peak
diminishes (see insets in b and d panels), which is well accounted
by the decrease of the ratio τβ/τα (τβ= (1/3, 0, 0) and τα= (0, 0, 0),
propagation vectors) between T= 42 K to T= 23.5 K30. No trace
for this peak is observed in the paramagnetic (PM) region,
ensuring that it must be ascribed to the AF state of the alloy.

It is specially remarkable the robustness of such super-structure
against size reduction, as it can be observed in Fig. 1b, d. Even if
partially masked by the increased spin-misalignement contribution
induced by the surface disorder46,47, the incommensurate peak in
the MNPs is clearly visible. Indeed, the correlations among the
magnetic moments forming the super-structure are affected by the
increasing disorder, as the peak gets broader, less robust against
the applied magnetic field (remaining only for μ0H ≤ 0.5 T) and
slightly shifts towards lower q values (from 1.15(1) to 1.13(1)
nm−1). Nevertheless, the structure retains the same prevalence
than the bulk to be robust in the Hpar compared to the Hperp.

The prevalence of the magnetic super-structure in these TbCu2
MNPs is very remarkable, as other RCu2 ensembles have

evidenced a clear tendency towards disorder (SG) arising from
the competition between frustration and ordered states35,40,48.
The frustration ascribed to the surface SG-phase of TbCu2 MNPs
(see Supplementary Note 3, time-dependent phenomena, and
Supplementary Fig. 3) is weaker compared to that of other RCu2
MNP ensembles, together with a strong anisotropy, which may
account for the prevalence of such super-structure.

Inelastic neutron scattering. Tb3+ is a non-Kramers ion with a
total angular momentum J= 6. A CEF with C2v symmetry splits
the degeneracy of J in 2J+ 1= 13 singlets. In order to describe the
CEF energy level schemes of TbCu2, it is easier to analyze the INS
spectra of the diluted alloy, Tb0.1Y0.9Cu2, which does not order
magnetically40,49. These CEF schemes hold in the paramagnetic
(PM) region of TbCu2 (i.e., T > TN= 48 K), and also below TN by
including the molecular field, which shifts the energy levels, and
also splits them (Zeeman effect). Indeed, magnetic excitations
may also happen below the ordering temperature. Therefore, we
will begin by analyzing non-magnetic bulk Tb0.1Y0.9Cu2, and
afterwards, we will unravel the schemes in TbuCu2 bulk and 7-
nm-sized nanoparticles.

The INS spectra of Tb0.1Y0.9Cu2 measured at 3.06Å(E0= 8.74
meV) and T range from 1.5 to 100 K are included in Fig. 2a. We
have also measured the INS at incoming neutron wavelength of
2.2 and 1.1Å(16.9 and 67.7 meV, respectively), yet no remarkable
findings are observed. Two clear magnetic excitations, located at
E= 5.3 and 6.1 (±0.1) meV, can be seen. From 20 K, two
additional excitations appear at 3.5 and close to 4.3 meV,
corresponding to transitions from thermally excited levels. The
energies of the crystal field levels are essentially T-independent, at
least up to T= 40 K, and soften only slightly at T= 100 K. The
width in energy of the crystal-field peaks are resolution limited up
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Fig. 1 SANS intensity, measured in the perpendicular geometry, vs. momentum transfer q (log–log scale) corresponding to bulk and 8-nm-sized MNPs.
a and c display the patterns measured at T= 40 K under several applied field between 0 and μ0H= 2 T; b and d include the patterns measured at
temperatures between 5 and 285 K under no external applied field. The insets display the intensity evolution of the peak found at 1.15 nm−1 with the applied
field and with temperature.
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to T= 20 K, while for higher temperatures a small intrinsic
energy width is observed.

Figure 2c includes a comparison between a calculated crystal-
field model and our experimental findings. The model has been
calculated using the program Searchspace and Sumanfit in the
McPhase package50, with crystal-field parameters from Andreev
et al.51 as starting values. Simulated annealing was then
performed using the program Simann in McPhase. A more
detailed explanation over the calculations is provided in
Supplementary Notes 4 and 5. The detailed compositions of the
crystalline electric field states are included in Supplementary
Table 1. According to Fig. 2c, it is easy to see how our
experimental results are in good agreement with the model. The
calculation also predicts additional thermally induced transition
at even lower energies, but they are hidden by the strong elastic
peak. On the other hand side, transitions at energy values above
12 meV are also predicted by our model. Nevertheless, these are
almost impossible to probe experimentally considering the
instrumental resolution, since their intensity is too low. The
evaluation of the INS spectra at 67.6 meV (see Supplementary
Figs. 5 and 6 in Supplementary Note 6) provides some hints of
two humps at around 12–15 and 25meV. While the later are

account for phonon scattering, since the intensity of this
excitation increases with the wave vector transfer q, the former
could stem from the convolution of energy levels V–VIII in our
proposed model presented in Fig. 2c. Notwithstanding, the
intensity of this peak is at the resolution limit, thus, we would
rather guarantee the validity of our model until 10 meV (IV
excitation). Comparing with the literature, our results are also in
good agreement with the ones reported for bulk TbCu2 alloy by
Rotter et al.23.

The INS spectra of TbCu2 in the paramagnetic (PM) range,
shown in Fig. 2b at T= 100 K, are very alike to those of
Tb0.1Y0.9Cu2, as expected. Comparing bulk and MNP ensembles,
we can observe that the energy levels are slightly shifted
downwards (around −0.5 meV) for the latter, a feature that
agrees with the softening of CEF levels reported for systems with
interfaces and grain boundaries26,38.

Figure 3 includes the temperature dependence of the INS
spectra within the magnetically-ordered region (T < TN) for bulk
and 7-nm-sized MNPs measured at incoming neutrons of
2.2Å(E0= 16.9 meV), since only the excitations below 12 meV
display such an intensity to be considered as real excitations by
the instrumental resolution being. As the temperature is lowered
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Fig. 2 Inelastic neutron scattering spectra for crystalline electric field energy level schemes determination. a Includes the spectra for Tb0.1Y0.9Cu2 bulk
alloy measured at several temperatures between T= 1.5–100 K (top to bottom) at incident neutron energy E0= 8.74meV and Q= 1.75Å−1. The
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Supplementary Notes 4 and 5.
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below TN, the scattering is completely dominated by the 5 meV
level (pushed up to about 7 meV at low temperature by means of
the molecular field), which becomes dispersive due to exchange
interactions (note the slightly structured non-Gaussian profile of
the excitation). This 2 meV shift of the energy levels is well
accounted by a molecular field of magnitude ≈ 60 T, calculated
according to the low-temperature equal-moment magnetic
structure of TbCu2, which yields to an equal-exchange (equal-
molecular field) of the same magnitude on all the magnetic ions
Tb3+ (as demonstrated in the calculations discussed in
Supplementary Notes 4 and 5). Needless to say, the validity of
this calculation is secured thanks to the validation using the low-
temperature data (T= 1.5 K), where the thermal excitations are
minimized and the equal-moment structure (see SANS results)
holds. Besides causing a positive shift of the energy transfer, the
molecular field may also split the energy levels (Zeeman splitting)
up to ≈5 meV for the case of TN ≈ 50 K. Therefore, the peak found
at 11.9(1) meV in Fig. 3 (labeled as “VA”) may be ascribed to the
splitting of a ground state level above the experimental energy
windows (see Fig. 2a and model in c). At 6.7(1) meV, a transition
(labeled as “M”), which was not observed in the paramagnetic
region (See Fig. 2b), is found. In contrast to the VA excitation, the
intensity of the M-one reduces as the temperature is increased,
following the behavior of a magnetic excitation52. Finally, upon
increasing the temperature, thermally activated transitions from
excited levels occur, as it was the case of Tb0.1Y0.9Cu2. Note the
temperature dependence of the peak labeled as III−>IV. So does
the peak labeled as IIA, which increases in intensity with T,
indicating that this excitation also corresponds to the energy
between two excited levels.

The energy transfer values of the peaks in the MNPs, displayed
in Fig. 3e–h, are in good agreement with those corresponding to
the bulk alloy. As a brief reminder, nanoparticles should behave
differently from bulk ensembles owing to their surface symmetry
breaking, reduced coordination and dimensionality. These

features modify the interactions among the magnetic moments,
which obviously include the magnetic ones. Actually, it is the lack
of energy shift which provides powerful information about the
modifications of the RKKY excitations undergone at the
nanoscale. For a splitting purely driven by CEF effects, a negative
shift of the peaks for the nanoparticle ensembles must be
observed, owing to microstrain and disorder26,38. This was the
case of TbCu2 MNPs in the PM region (see Fig. 2b), so was the
case of NdCu2 NPs26. Nevertheless, this does not hold for TbCu2
nanoparticles below TN. The lack of energy shift reveals that there
must exist a contribution in the nanoparticles causing the positive
energy shift of the energy levels, which is of similar magnitude to
the CEF splitting. Therefore, we propose that, additional to the
bulk molecular field of 60 T, that is preserved at the core magnetic
moments35, an additional surface molecular field must be realized
at the nanoparticles. This would be appear necessarily as a
consequence of the reduced dimensionality, coordination,
symmetry breaking and anisotropy. Hence, the surface moments
will trigger the onset of magnetic excitons at 6.7(1) meV. The
existence of an active surface in the RKKY propagation has
already been reported in NdCu2 MNPs26, where the presence of
magnons was reported. As corresponds to magnetic excitations,
this contribution decreases as the Néel transition is approached.
Already in the vicinity of the Néel transition, a negative
displacement of about −0.4 meV is observed, which is well
accounted for a pure CEF softening, revealing the disappearance
of such additional contribution. For T≫ TN, a purely CEF-driven
softening of −0.4(1) meV is kept constant, backing up our
finding.

Coming now to the peak intensity, which reveals the
probability of transitions between energy levels, all the peaks
are reduced in intensity and broaden in the MNPs, compared to
the bulk. This general trend is expected owing to the increased
disorder in the nanoparticle ensembles. Here, the most striking
finding is the partial inhibition of transitions to M and III,
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the spectra for bulk, and e–h, the ones for 7-nm-sized MNPs, measured at several T between 1.5 and 40 K. The INS intensity has been normalized to the
bulk III intensity. The sketch on the right side displays the energy level schemes of TbCu2 (bulk and MNPs) in the magnetic region, where the splitting is
affected by both CEF and RKKY effects. This scheme is in good agreement with calculations performed by Andrecut et al.57. A shift of 2 meV arising from
the molecular field can be easily observed compared to the sketch shown in Fig. 2.
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accounted by the reduction of the peak area Intensity ⋅ FWHM
relative to transitions to II (r= Areai/AreaII for i=M and i= III).
Notice how, for the bulk alloy, the peak area for M and II was
roughly the same (r= 0.96), while III was r= 0.7. In the case of
the MNPs, the relative area of M is drastically reduced to almost
half (r= 0.6), so does the one of III (r= 0.3). This partial
inhibition indicates a significant modification of the dipolar
transitions from the ground sate to levels IIA and III, which in
turn points to a reduction in the value of the matrix elements that
determine the transition probabilities. Such a change shall be
caused by a significant alteration in the way magnetic interactions
are propagated in bulk and nanostructured samples, which can be
understood by the surface-driven modifications of the RKKY
exchanged interactions, caused to the local-symmetry modifica-
tions and interfaces at the nanoparticles. Furthermore, the
modification of the RKKY exchanged interaction has already
been reported in NdCu2 MNPs26. The modification of the matrix
elements can also be accounted by the appearance of an excitation
at 4.8(1) meV (marked as “I” in Fig. 3). This excitation is due to
the splitting of the ground state, which, according to the model
shown in Fig. 2c), can be considered a quasidoublet. This
quasidoublet is split due to the RKKY interactions, enabling a
transition which could be found even up to 5 meV. From our
experimental data in TbCu2 bulk alloy, this transition is not
visible, but for the MNPs, the reduced dimensionality alters the
matrix elements in such a way that the probability of transitions
to this state increases, making this excitation clearly observed.
Finally, the peak labeled as “VA” also accounts for the
modification of matrix elements, since its intensity is poorly
defined compared to the bulk situation.

Indeed, one could not discard the presence of energy levels
above 12 meV for TbCu2, also pointed by Rotter et al.23. As we
have already discussed for Tb0.1Y0.9Cu2, our model leads to a very
large splitting, around 70 meV, yet their corresponding transition
matrix elements are very small. Our experimental results at 67.
meV (see Supplementary Note S6) provide some hints of
transitions at 12–15 and 25 meV, although their intensity is too
low to meet our accuracy criteria for being included in the
discussions. We have performed specific heat measurements (see
Supplementary Fig. 7 in Supplementary Note 7) to access more
information on about the large splitting. The magnetic entropy at
300 K, Sexp(300K)= 10 J/K2mol, is well below the theoretical
Stheo= R ⋅ ln(2J+ 1)= 21.3 J/K2mol, which implies that the CEF
total splitting is not accomplished at RT. Briefly, this means there
should be more CEF levels at higher energy values.

Conclusion
In this work, we have reported the observation of a magnetic
super-structure in polycrystalline TbCu2, which shall be con-
formed following an helix-like configuration. The new incom-
mensurate propagation vector would be τ ~ 1/12 in reduced wave
vector units, and the turn angle or pitch of the helical component
will be around 30 degrees. This inconmensurate structure is
robust against size reduction, as it holds in nanoparticle sizes of
8 nm. The existence of this newly reported incommensurate
magnetic structure could be used to revisit the Hamiltonian terms
used in Rare Earth intermetallic alloys, which would constitute an
ideal playground to find potential magnetic super-structures, but
also paves the way for the experimental realization of magnetic
super-structures in crystalline nanoparticle ensembles below
10 nm with a relatively simple top–down production route.

Moreover, we have been able to describe the energy level dia-
gram of TbCu2 in both bulk and nanoparticle ensembles. We
have provided a model which accounts very well for the CEF
splitting and the magnetic excitons. Furthermore, it has been

shown how the symmetry breaking caused by the nanoparticle
surface adds a term to the Hamiltonian of the system, modifying
both single-ion (CEF) and magnetic (RKKY-driven) excitations.
This finding highlights the different role of the core and surface
environments at the CEF and magnon propagation, endorsing the
dual-spin dynamics (core and surface) of magnetic nanoparticles.
A step forward for this research would be focused on determining
whether the observed magnetic excitons could already be defined
as magnons. For this, the definition of the energy levels and
energy dispersion curves must be improved, which shall be pos-
sible in the future using eventual single crystals and polarized
inelastic neutron scattering.

The results discussed in this work showcase the robustness of
incommensurate magnetic structures, which is of primer interest
for spintronic applications, plus improves the understanding on
how the interplay between the size reduction and the magnetic
interactions in ensembles of magnetic nanoparticles occur, as it
has been shown how the surface symmetry breaking influences
the magnetic dynamics. The functional role of surface geometry
has been demonstrated very recently theoretically and numeri-
cally for the initiation of pattern propagation by Nishide and
Ishihara53, following the thread of several up-to-date works also
demonstrating the functional role of the topology and geometry
of surfaces in pattern formation54,55. So far to us, the present
work constitutes one of the few case examples which shows and
describes these claims experimentally in nanoparticle ensem-
bles.The community of researchers working in complex magnetic
materials requires still more (similar) combined SANS and INS
evidences coming from other types of compounds within the
nanoscale range to broaden a new field and to ponder to
achieving an improved insight.

Methods
Sample fabrication. Polycrystalline pellets of TbCu2 have been produced using an
arc furnace (MAM–1, Johanna Otto Gmbh) under an Ar atmosphere (99.99%).
The alloys were sealed-off under Ar atmosphere (99.99%) and nanoscaled via ball
milling (high-energy planetary Retsch PM 400/2). We have selected milling times
t= 2 and 5 h, as our previous experience indicates these t to be enough to achieve
nanoparticle sizes 〈D〉 of 8(1) nm and 7(1) nm, respectively28. We would like to
emphasize that it is the use of this grinding technique which allows to produce the
sufficient amount of MNPs (~12 g MNPs) required for INS measurements.

Small-angle neutron scattering. Small-angle neutron scattering (SANS) mea-
surements have been carried out at the SANS2D time-of-flight instrument (ISIS,
UK) using a wavelength range between 1.75Å < λ < 16.5Å, sample temperatures
between 5–285 K, and applied fields μ0H between 0–6 T. A measuring time of 0.5 h
for each scattering pattern was chosen to assure a high signal-to-noise ratio.
Experiment https://doi.org/10.5286/ISIS.E.RB1910077.

Inelastic neutron scattering. Inelastic neutron scattering measurements were
performed on Tb0.1Y0.9Cu2 and TbCu2 using IN4 neutron time-of-flight spectro-
meter at the ILL (France), using incident neutron energies of E0= 8.74, 16.7 and
67.6 meV, and Q= 1.75Å−1. INS measurements at IN6 (see Supplementary
Note S6) were measured with E0= 3.1 meV. The temperature was varied between
1.5 and 100 K to explore the different magnetic states of the alloys. All spectra were
corrected for background, absorption, and self-shielding, and normalized to
vanadium.

Heat capacity measurements. Heat capacity measurements were performed on
compacted disks (~5 mg) following the relaxation method56 under no external
applied field within the temperature range of 2–300 K.

Transmission electron microscopy. TEM images were collected in a Jeol 2100
instrument at 200 kV of milled (powdered) samples deposited onto a
conventional grid.

Data availability
All data generated or analyzed during this study are included in this published article and
its supplementary information files.
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