Observation of surface magnons and crystalline electric field shifts in
superantiferromagnetic NdCu, nanoparticles
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An ensemble of superantiferromagnetic NdCuz nanoparticles has been produced to perform a
detailed analysis of the magnetic excitations using inelastic neutron scattering. Neutron Diffraction
measurements indicate a mean nanoparticle size of (D) & 13 nm, where the bulk commensurate
antiferromagnetic structure is retained at the nanoparticle core. Magnetic measurements evidence
the interaction among the magnetic moments located at the nanoparticle surface to be strong enough
to establish a spin glass behavior. Specific heat analyses show a broad Schottky contribution,
revealing the existence of crystalline electric field. Inelastic neutron scattering analyses disclose that
the splitting of the crystalline electric field levels associated with the Nd3* ions, as well as the spin—
wave excitations that emerged below the Néel transition (Tx ~ 6 K) in polycrystalline NdCus [1]
are maintained in the nanoparticle state. We have been able to isolate the scattering contribution
arising from the nanoparticle surface where both crystalline electric field splitting and the collective
magnetic excitations are well-defined despite the symmetry—breaking. Quantitative analyses of this
surface scattering reveal that finite—size effects and microstrain lead to a partial inhibition of the
transitions from the ground state to the first excited level, as well as a positive shift (~15 %) of the
energy associated to collective magnon excitations.

I. INTRODUCTION

Research on magnetic nanoparticles (MNPs) has
already become mature [2, 3] and the ensuing technol-
ogy transfer, especially in data storage, sensing and
biomedicine, has boosted a broad interest in the last
two decades [4-7]. Although the influence of the MNP
size and/or shape [8] in the magnetic properties have
been thoroughly studied in 3d core/shell MNPs [9],
some subtleties have remained hidden until recently.
These are the effects of the magnetic anisotropy [10]
or the magnetic disorder and interparticle coupling in
super spin glass (SSG) and superferromagnetic systems
[11, 12]. Even more, ferromagnetically—coupled entities,
rather than magnetic moments within nanoparticles (the
so—called supraferromagnetic correlations, [12]) have
been revealed in clusters of MNPs [13]. All these mani-
festations of magnetism are intricately connected to the
presence of defects, which are intrinsic to nanocrystalline
materials, already considered a new class of disordered
solids [14]. The existence of defects, strained lattices
and surfaces in MNPs has crucial consequences in the
magnetic static arrangements and moment dynamics.
This is not surprising, considering that very recent stud-
ies underline the role of interfacial zones (boundaries)
in which a change of atomic periodicity gives rise to
unexpected electric and/or magnetic behaviors [15-17].

In the last decades, RXy; MNPs (where R stands
for rare-earth) have revealed the advantages to easily
tune the magnetic coupling (ferro— or antiferromagnetic)
by simply changing R or the non-magnetic metal (X)

[18, 19]. When it comes to collective excitations, only a
few studies have shown direct evidence of the presence
of spin—waves in ensembles of MNPs of hematite and
maghemite [20-22] by inelastic neutron scattering (INS),
even if the propagation of spin—waves is attracting a
lot of attention nowadays [23, 24]. However, little is
known about the crystalline electric field (CEF) effects
in 4f-MNPs, apart from nanocrystalline pure Tb [25],
non—periodic ThCdg quasicrystals [26], and multilayers
[27]. The influence of particle size, microstrain, and
surface effects on the CEF and the magnetic excitations
in general remains essentially unexplored.

To fill in this gap, in this work, we have studied the
CEF excitations in the paramagnetic state and the
magnetic excitations in the magnetically ordered phase
of an ensemble of superantiferromagnetic (SAF) MNPs
of NdCuy by using INS. These ensembles of MNPs
consist of small antiferromagnetically ordered entities
(cores) that get connected to each other via the spin
glass disordered surface, which is a result of the un-
compensated AF moments in the vicinity of the surface
and taking into account the random anisotropy model
[28, 29]. It is worth mentioning that the determination
and understanding on how the bulk collective excitations
develop at the nanoscale is of basic interest in condensed
matter physics. Moreover, it is a must to define the
role that the core and the surface/interface part of the
MNPs are playing in the moment dynamics. This is
at the basis of several problems concerning quantum
magnetism (e.g., [30-32]). In addition, the findings for
these 4f MNPs will complete those previously studied



in ensembles of Fe-oxides MNPs [20, 33, 34].

II. EXPERIMENTAL DETAILS

Polycrystalline pellets of NdCus 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 pressure (99.99%) and nanoscaled
via ball milling (high—energy planetary Retsch PM
400/2). We have selected milling times ¢ = 2 and
5 hours, as our previous experience indicates these t
to be enough to achieve NP sizes (D) around 10 nm
[18, 35, 36]. Although size dispersion is inherent to the
milling route, the aforementioned works have reported
size dispersion values that are always less than 15% [37],
which is, for the aim of this work, more than enough.
In this way, this work aims to track the changes that
take place in the nanoparticle state compared to the
bulk situation, i.e., not to focus on a particular MNP
size. Therefore, a size dispersion does not hamper the
main results provided in this work. On the contrary,
the use of this grinding technique is crucial to the
need to access the sufficient amount of MNPs (~ 12 g
MNPs for each milling time) required for measurements.

The structural characterization has been performed
by employing X-ray diffraction (XRD) and neutron
diffraction (ND). The former were performed at room
temperature in a Bruker D8 Advance diffractometer
using Cu-Ka (A = 1.5418 A) radiation. The ND patterns
were collected at G4.1 instrument (LLB, France) using a
wavelength A = 2.426 A at several temperatures between
T = 1.5 K and 15 K. A measuring time of 8h for each
pattern has been used to assure a high signal-to—noise
ratio.

The magnetic characterization (static Mpe(T, poH)
and dynamic xac(T, f)) was performed in both Quan-
tum Design QD-PPMS and QD-MPMS (SQUID)
magnetometers, within the temperature range of T =
2-300 K and magnetic fields goH < 5 T. The dynamic
xac(T, f) behavior was analyzed using an oscillating
field poH = 0.313 mT and frequencies (f) ranging from
0.1 kHz to 10 kHz in the 2-10 K range. No DC-bias
field was applied during the measurements.

Heat capacity measurements were performed on
compacted disks (~ 5 mg) following the relaxation
method [38] under no external applied field within the
temperature range of 2 — 300 K. This technique has
allowed us to achieve more information on how the
short—range collective excitations, that were already
present in the bulk alloy, do survive in the nanoparticle
state.

INS measurements were made on 5-h milled NdCusy

MNPs, using the neutron time—of-flight spectrometer
(IN4, ILL, France) with incident energies of Ep =
8.8, 16.7, and 66.7 meV. We have focused on two
temperature values, "= 10 and 1.5 K, which, according
to the magnetic characterization, correspond to the
paramagnetic and magnetic state, respectively.  All
spectra were corrected for background, absorption, and
self—shielding, and normalized to vanadium.

III1. RESULTS AND DISCUSSION

Bulk NdCus crystallizes in the orthorhombic CeCuy—
type structure with space group Imma (No. 74). The
magnetic ion presents a 4f pancake-like electron cloud
and below Ty = 6.5 K, antiferromagnetic order, with
complex metamagnetic transitions [39]. The CEF
description of polycrystalline bulk NdCugy was originally
evaluated by Gratz et al. [1], providing values for the
nine crystalline field parameters B;" (I =2, 4, 6 and
m =0, 2, 4, 6 with m < [), with numerical values
in the range between 1.2 x 105 and 0.134 meV [1].
These are going to be taken as the reference values
to check whether they become altered or not in the
nanoparticle state. To accomplish this, we will provide
first the structural and magnetic characterization, as
well as the specific heat cp analyses used to access more
information regarding short-range correlations. These
results are grouped in a section labelled preliminary
characterization. Then, the inelastic neutron scattering
data and analyses are provided to unveil the propagation
of collective excitations in the nanoscale.

A. Preliminary characterization
1. Structural characterization

According to the crystallographic characterization
(XRD included in [40]), values of mean MNP size and
microstrain are obtained as (D) = 18.3(1.0) nm and
n = 0.62(7)% for t = 2h and (D) = 13.0(5) nm and
n = 0.59(1)% for t = 5h-milled NdCuy MNPs, respec-
tively. As it can be seen, the 7 values lie below 1% in all
cases, which ensures the good degree of crystallinity of
the MNPs, in spite of the existence of a certain degree
of microstrain. This distortion affects the whole MNP,
although it gets, of course, stronger at the MNP surface,
where interfaces are formed.

Fig. 1 includes the measured ND patterns together
with the Rietveld refinements (Thompson-Cox-Hastings
equations, [41]). There, for the paramagnetic (PM)
region [see Figs. 1(a) and 1(c)], the Rietveld refinements
give a mean MNP size of (D) = 16.5(4) nm (Bragg factor
Rp = Y, | — If¢|/ Y, || = 2.6%) for 2h-milled
MNPs and (D) = 12.7(1) nm (Rp = 2.4%) for 5h-milled
MNPs. These values are in good agreement with the
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FIG. 1. Neutron diffraction patterns (A = 2.426 A) and Rietveld refinements for (a),(b) NdCus 2h-milled and (c),(d) 5h-milled
MNPs measured at (a),(¢) T = 15 K and (b),(d) T = 1.5 K, which correspond to the PM and magnetic ordered regions
respectively. The inset in (a) shows the reduction of the unit cell volume with decreasing temperature. The position of the Néel
transition is marked by the gray arrow. The inset in (c) shows the progressive disappearance of the magnetic peak located at
Q =~ 0.55 A~! with size reduction. The insets in (b) and (d) allow to observe in closer detail the broadening of the magnetic

reflection within the range 18.5° < 26 < 24°.

XRD characterization. It is worth noting the occurrence
of a magnetoelastic effect, as the unit cell volume V
contraction is affected by the magnetic state of the
MNPs. In this way, the decrease rate % is &~ 42 times
and 33 times greater for ' < Ty than for 7' > Ty (PM
state). This magnetoelasticity, that is common in RCus
intermetallics [1, 42], softens for ¢ =5 h milled MNPs due
to the reduction of the number of AF—coupled magnetic
moments, driven by the increase of the lattice mismatch
[43, 44].

Figures 1(b) and 1(d) concern the magnetic state
(T = 1.5 K). For both ensembles of MNPs, the emer-
gence of magnetic Bragg peaks associated with an
AF structure can be observed, especially in the region
18.5 < 20 < 24 (see the insets). Given that the magnetic
unit cell (~ 43 A) is slightly smaller than the MNP
core radius (~ 45 A), an AF arrangement for the
magnetic moments within the core is, then, expected
[45]. Both the sharpness and the scattering intensities
of these magnetic peaks are reduced with respect to
the bulk as a result of finite—size effects. Our magnetic
Rietveld refinements indicated that the nuclear size,
(Dn) = 16.5(4) nm (Rp = 2.4%), whereas the magnetic
one is (D,,) = 15.5(3) nm (Rp = 6.64%) for 2h-milled
MNPs. 5-h milled MNPs display (Dy) = 12.6(6) nm

(Rp = 1.56%) and (D,,) = 12.4(3) nm (Rp = 4.7%).
The fact that (D) is always close to but slightly smaller
than (Dy) is due to the presence of a disordered moment
arrangement, which is connected to the existence of
interfaces. The rise in the magnetic scattering intensity
observed in the low—@Q region (2° < 20 < 15°, ie.,
Q < 0.665 A1, [see inset of Fig. 1(c)]) is indicative for
interparticle correlations, which are triggered by dipolar
interactions among MNPs [18, 37]. The reduction in
the AF-coupled magnetic moments with size reduction
is also supported by the gradual removal of the intense
bulk magnetic peak located at Q ~ 0.55 A=l ie.,
20 =~ 12.4°, as this peak gets progressively broaden and
displaced to higher @ values with the size reduction.

The magnetic structure of the MNP cores can be fitted
according to a commensurate square—up modulation,
in the same way as polycrystalline bulk NdCuy [46].
Each magnetic moment, which is oriented along the
b—direction, is ferromagnetically aligned in the b—c
plane, and separated by a/2 with respect to each other.
The propagation vectors are 7 = (6/10,0,0) and the
harmonic associated with 37. Given that Nd3*t ions
are J = 9/2, i.e., Kramers—type, a modulation in the
intensity is expected [47]. To account for this modu-
lation, we have employed the following Fourier series:



= pir sin(2r7R;/a + ¢1) + pzr sin(6rTR;/a + ¢3),
where R; = 0,a/2,q,...,5a (sine-wave modulation),
which results in magnetic moments of p, = 2.76(6) up
(2h-MNPs) and p, = 2.64(6) pup (5h-MNPs) associ-
ated with the first harmonic and p3, = 0.94(3) up
and pz, = 0.98(3) wp with the third 37 = (0.2,0,0)
(Rp = 10.7% for 2h-MNPs and R = 6.7% for 5h—
MNPs). These values give My = /4 - u, = 2.2(1) up
and My = /4, = 2.0(5) pp magnetic moments values
for 2h and 5h—MNPs, respectively, and are smaller than
the maximum theoretical magnetic moment of 3.27 up.
This finding, which has also been observed previously in
the bulk alloy [1], can be understood by CEF influence
on the Nd®" ions [48]. The decrease of the magnetic
moment value with the MNP size confirms the reduction
of the AF—coupled entities.

2. Magnetic characterization. Dynamic xac (T, f)

The magnetic character of the NdCuy MNPs needs to
be defined. The static magnetic behavior is presented
in the Static M(T,uoH) characterization section in
[49]. The outcome of the analyses is the presence of a
disorder state, which may coexist with AF within the
MNPs cores. In order to access more information on this
disorder state, dynamic susceptibility results are shown
hereunder.

Dynamic susceptibility xac(T,f) measurements
corresponding to the in—phase x'(7, f) (top pannel) and
out—of-phase x”(T, f) components (bottom) are plotted
in Figure 2. Left—side panels ((a) and (b)) correspond to
NdCus 2h—milled MNPs and the right—side ones (c) and
(d), to 5h-—milled ones. A maximum in x'(7, f) occurs
at around 7" =~ 5.6 K for 2h and T ~ 5.5 K for 5h-milled
MNPs. This maximum, which evidences dissipation in
X" (T, f), reduces its value and shifts towards higher
temperatures when increasing the frequency, which is a
characteristic behavior of freezing transitions [19, 50]. As
the magnetic moments located within the core retain the
bulk AF state (see ND section), there are the magnetic
moments located at the MNP surface the ones responsi-
ble for this SG-like state. In addition to this SG—cusp,
a maximum in x'(7, f) corresponding to the AF Néel
transition should be observed at T' = T. The fact that
we only observe one single broad peak in /(T f) is
a consequence of the proximity of both Ty and T values.

In order to obtain more information about the
freezing dynamics, we have analyzed the frequency
dependence by determining both J¢-shift parameter,
§ = InTy/log(2nf) + k, and the critical slowing down

T-T;o\ ¥ o .
law (Tgo) , as it is common practice [50-52].

First, 5-shift parameter values are 0.0218(7) for 2h
and 0.0301(3) for 5h—milled MNPs, respectively. These

values are larger with respect to the ones reported for
canonical spin glasses [50], which is not surprising for
MNP ensembles, where the concentration of magnetic
ions is larger. Nevertheless, the obtained J—shift pa-
rameter values are still below the upper limit of SPM
ensembles [53], which allow us to ensure the SG nature
underlying the freezing dynamics of NdCuy. These
values are smaller than the ones corresponding to SAF
TbCUQ [35} or SAF Tb0,5LaO,5Cu2 MNPs [18}, which
suggests a more interacting SG ensemble in NdCus
MNPs. Second, the f-shift of the T} values scales
up with the aforementioned dynamic critical slowing
down law (see insets in Fig. 2 (a) and (c)). Fitting
parameters of Tro = 5.36(3) K, 7o = 9.88(8) -1071!
s and zv = 5.87 (3) for 2h-milled MNPs and Ty, =
5.05(1) K, 7o = 1.0(1) -1071% and zv = 5.05(1) for
5h—ones are obtained. These values are close to the
ones reported for TbgsLagsCus SAF MNP ensembles
[18, 35] and lie within the expected range for SG freezing
transitions [54]. Finally, given the slight increase of
0—shift parameter, 79 and zv, together with the slight
decrease of the Tt o as the MNPs get smaller, a decrease
in the interaction among the magnetic moments with
the size reduction can be stated. This finding has
already been observed for SAF GdCus MNPs [36], where
it has been shown how the disappearance of the AF
RKKY interactions harms the interactions among the
magnetically disordered moments, resulting in a weaken
SG state. It may be possible that, if a further reduction
of mean size in the nanoparticles is studied (via an
increased milling time), the magnetic structure might
result in an overall spin glass state, as was discussed
in detail in ref. [36]. Finally, no trace for the bulk
reorientation temperature (Tg ~ 4.5 K) is found at
the nanoparticle state. Bearing in mind both ND and
magnetic measurements, a SAF state should be then
ascribed for ¢ = 2h and ¢t = 5h milled MNPs.

3. Specific heat measurements

Heat capacity measurements are a useful tool that pro-
vides an initial guide to unveil the magnetic excitations.
Following the common practice [1, 55, 56], the specific
heat cp has been assumed to be formed by the sum of a
phononic cpy, electronic c.; and magnetic cpag contribu-
tions, as:

Cp = Cph + Cer + Cmag (1)

the former two contributions are usually grouped in
a single term, cjastice- Given that there exist two dif-
ferent local coordination and symmetry environments
within the MNPs, here we propose a more subtle anal-
ysis, where we have calculated two different cjagtice cON-
tributions, one that gives account for the MNP core and
a second one that is responsible for the MNP surface,
where the reduced symmetry and enhanced distortion
soften the phonon modes [18, 57]. Both contributions
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FIG. 2. In-phase X'(T, f) (top panel, (a) and (c)) and out—of-
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phase X"/ (T, f) (bottom panel, (b) and (d)) components of the

dynamic susceptibility xac (T, f), measured applying an oscillating field h =3.13 Oe, for t = 2h (left, (a) and (b)) and ¢ = 5h
(right, (c) and (d)) NdCuz MNPs. The shift of the maximum associated with the SG state with the frequency of h is marked
with dark blue arrows. Insets exhibit in closer detail the 7 = 1/(27f) vs. Ty dependence, where a scaling to a dynamical critical
slowing down behavior (power law) is recovered, confirming the freezing (SG) nature of this transition. x”' (T, f) component

displays dissipation associated with the SG state.

have been weighted, as & 30 % of the magnetic moments
are located within the MNP core for a (D) ~~ 13 nm,
assuming a 2 nm-thickness shell (see the Estimating the
core—to—volume ratio section in [58]). This value for the
shell thickness has been chosen based on several stud-

J

Clattice = Nc

where a differentiation between the core and the
surface is made. Accordingly, the values for y°™ and
f°°*¢ have been obtained from the analysis of the cp
of the bulk alloy, as the magnetic results point to a
bulk-like behavior of the magnetic core moments. In
this way, we obtain y°°™ = 12.14(13) mJ(molK?)~! and
0%re = 224.7(6) K, values that are in good agreement
with the ones reported in [1]. On the other hand, we
have obtained ~suface = 22.82(2) mJ/(molK?)~! and
gsurface — 281(4) K. These fittings are shown in the right
inset of Fig. 3, put into (right panel).

The cmag contribution is then obtained following equa-
tion Eq. (1) by simply subtracting cjattice from the ex-
perimental cp. Fig. 3 shows the resulting cpae (blue
spheres), together with the contribution to the specific
heat arising from the CEF, ccgr (pink line), which has

x
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ies performed on diverse ensembles of MNPs, where the
surface thickness has been found to be around ~ 2 nm
[37, 59, 60]. Accordingly, the cpattice contribution has
been fitted following:

T /T zt e
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been calculated as:

2
1
COBF = 177 - > Efpi— <Z Eipi> (3)
i i

e~ Bi/kT

J
should be kept in mind that this contribution gives
account for the CEF, thus, it does not include the
A—anomaly arising from the magnetic part.

being p; = the Boltzmann factor. It

Beginning from the low temperature region, it is
worth noting how the A—anomaly (zoomed in the green-
shadowed bottom inset), associated with the core AF
state, remains at the same Ty = 6.2(1) K than the bulk
one. Interestingly, no trace for the moment reorientation
is observed at Tgr ~ 4.5 K which supports the idea of



the weakening of the AF coupling in the MNPs. The
reduction of the ¢y, value at Ty in the MNP state
further backs this enfeeblement.

Above Ty, a broad peak, located between 10 K <
T < 80 K is found. This peak, that corresponds to
the Schottky anomaly, is caused by the splitting of
the energy levels driven by the CEF. This finding is of
fundamental interest to the interpretation of collective
excitations, as it could be indicating that the CEF
level schemes remain almost unaltered in spite of the
size reduction and the microstrain of the MNPs. If
we compare the experimental cmae With the calculated
CCEF, it can be seen that the temperature value at which
the maximum Schottky contribution is found shifts up
to higher temperatures for the experimental data, as
Texp — Teale = 8 K. This mismatch between the experi-
mental and the calculated contributions to the specific
heat was also detected for the bulk parent alloy, being
indicative of the existence of temperature-dependent
interactions, such as magnetoelastic effect and/or short—
range correlations among Nd3*, also reported in [1]. In
order to access more information, we have removed these
temperature—-dependent interactions by normalizing
both experimental and calculated contributions to their
respective temperature value for which the Schottky
anomaly is maximum (T/Ty,e,) (see Fig. 3). The
measured cpag falls to zero above the Schottky anomaly
faster than expected according to the calculated ccpp
(pink line). This indicates that the crystalline electric
field |9/2) multiplet is poorly defined, as its contribution
to the specific heat is smooth. This macroscopic insight
of the CEF schemes agrees well with the INS results (see
below). The possible cmag contribution stemming from
the SG—coupled moments is too small compared to the
one triggered by the CEF (see, for instance, [48], where
the canonical CuMn SG gives a cmag contribution that
is 20% the one calculated for the NdCus cogr).

The dependence of the magnetic entropy Smag With
the temperature (Fig. 3, top inset) shows that the
theoretical value SX'¢° (300 K) = R[In(2J + 1)] =19.14

mag
J/mol-K? is not reached, as Sgi? = 17.1(1) J/mol-K>.
The S&TP is also reduced with respect to the bulk alloy

mag
value of S&P = 18.9 (1) J/mol-K? (not shown), which
is explained by the decrease of the AF—coupled magnetic
moments. The fact that four out of five energy levels
are populated at T' ~70 K leads the Sp,as to reach 90%
of its maximum value already at this temperature. In
the vicinity of Tn, S, ~ 3.85(1) J/mol-K?, which is
also below the expected value S5i? (Tv) = R[in(2)] =
5.76 J/mol -K? for a completely removal of the two—fold
moment degeneracy of the CEF ground state doublet.
Short—range correlations effects, already argued in
polycrystalline NdCuy [1] or CeCuy [61], are at the

origin of this finding.

All in all, the cp analyses provide initial insight to the
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FIG. 3. Magnetic specific heat of NdCuz—5h milled MNPs,
where the AF A-anomaly is found at 7" ~ 6 K (zoomed in
green—bottom inset). This ¢mag contribution has been ob-
tained by subtracting the cjattice contribution to the measured
cp (right inset). The pink line corresponds to the calculated
contribution arising from the CEF, ccer. Left top inset corre-
sponds to the Smag(T") dependence, where a maximum value
of S¢¥P = 17.1 (1) J/mol-K? is obtained.

CEF schemes of the NdCuy; MNPs, and the, the presence
of the CEF energy level scheme can be anticipated, in
spite of the size reduction and the microstrain of the
MNPs.

B. Inelastic Neutron Scattering

The scattering function S(Q,%w) for the 5Sh—milled
NdCuz; MNPs is shown in Fig. 4 as a function of
wave vector () and energy transfer Aw. In the PM
state at T = 10 K, the excitations corresponding to
energy transfer from the ground state to the four
excited levels can be distinctly seen for all the measured
temperatures in the contours of the scattering function
S(Q, hw) [see Figs. 4(d)—4(f)]. The data collected at
the higher incident energy FEy = 66.7 meV [Figs. 4(c)
and 4(f)] show that the total splitting ~13.5 meV is
lower than that of bulk NdCus, ~14.1 meV. Spectra
collected at lower incident energies of 8.8 and 16.7
meV show the different dispersionless excitations from
the ground state to the first three excited CEF lev-
els (~2.8, ~5.0, and ~7.3 meV). These levels are the
same as in bulk NdCus within experimental precision [1].

In the magnetic state, at T = 1.5 K [Fig. 4(a)-4(c)],
the CEF excitations at low energies (< 3 meV) are
strongly modified by the magnetic ordering and the ex-
change interactions, leading to a dispersive propagating
transverse magnetic excitation [1, 62-64], which is seen
as a substantially broadened peak due to the powder
averaging in our polycrystalline samples. The CEF levels
that lie at 4.7 and 7.3 meV in the paramagnetic phase



move up in energy to 5.7 and 7.8 meV, respectively,
while higher lying levels are essentially unaffected by the
magnetic order.

1.  CEF level schemes for NdCus

In NdCusy, the Nd3* ions are located at Wyckoff posi-
tion 4e with point-group symmetry C5, and the crystal
electric field splits the ten-fold degenerate Hund’s rule
ground-state multiplet 41 /2 of the Nd3* ions with total
angular momentum J = 9/2 into five doublets. The next
multiplet state is located several hundreds of meV higher
in energy [65]. The CEF and exchange Hamiltonian of
Cs, symmetry takes the form:

LR SLTUICEED SR A
ij

i 4m

where the first term contains the CEF single—ion contri-
butions involving the terms ¢ = 2,4,6 and m = 0,2,4
and 6 with m < ¢, where O;" and B are the Stevens
operators and CEF parameters, respectively [66]. The
second term in Eq. (4) is related to the isotropic RKKY
exchange interaction, where [J;; are the exchange cou-
pling parameters and J; the total angular momentum
operator associated with the Nd3* ion located on site
1.  The magnetic dipole-dipole interactions are not
considered.

The CEF and exchange parameters in Eq. (4) were
determined from a joint analysis of specific heat,
magnetization, magnetic susceptibility, and inelastic
neutron-scattering measurements above Ty [1, 62-64].
These results suggest a doublet CEF ground state formed
by [0>=0.049 |£9/2>+0.891 F7/2>-0.373 [=5/2>-0.230
F3/2>+0.111 [£1/2> in the basis |J, M;>=M;>,
which is responsible for the uniaxial orthorhombic
easy—axis single—ion anisotropy. The first excited
state is | 1>=7F0.025 [1+9/2>+0.309 [F7/2>+0.306
I£5/2>40.284 [F3/2>7F0.854 |£1/2> located at an
energy of 2.9 meV and the second excited level is |
2>=-0.010 |1=9/2>+40.120 [F7/2>+0.724 [+5/2>-0.675
F3/2>+0.079[+1/2> at 5.0 meV [1]. The remaining two
J =9/2 levels lie at higher energies [see Figs. 4(a)—4(f)].
The latter are retained in the model calculations but are
of no relevance for the low—energy magnetic excitations
studied in this work or the ground-state properties [1].

Similar to the paradigmatic case of PrNiySis, [67-70],
we have used a numerical procedure to calculate the
magnetic excitations in the ordered phase within the ran-
dom phase approximation (RPA), where we treat Eq. (4)
in the mean—field approximation [71, 72]. As commented
above in Sec. IITA1, the magnetic periodicity is
taken into account using a long-period commensurate
propagation vector, 7 = (6/10,0,0) = (0.6,0,0.0). This

means that the magnetic unit cell is assumed to be ten
times the length of the body-centered orthorhombic
unit cell, corresponding to a period of 20 atomic Nd3+
layers along the a axis.

2. Neutron Scattering Intensity at the nanoparticle surface

The neutron-scattering intensity is given by:

1 1
71— exp(—hw/kgT) Q)

3 (gaﬂ _ ?aﬁiﬂ) m {2y (Qhw)} ()

aff

S(Q,hw) =

where @), are the Cartesian components of the neutron—
scattering vector Q, and f(Q) is the magnetic form fac-
tor of the Nd3* ions. Since the magnetic unit cell has
20 non-equivalent sites, n = 0,...,19, the corresponding
Fourier—transformed two-site Green’s functions are cou-
pled within the RPA theory through [71, 73]:

G (a,hw) =Gy (fiw) =Y G (hw) T (a-+57)Cs(q, Tw),

s=0

o
where q is the reduced wave vector and gy(fiw) is
the nth Fourier component of the single-site dynamic
magnetic susceptibility with negative sign calculated
from the mean-field levels of the magnetic system shown
in Fig. 5. The 20 equations of 3 x 3 matrices in Eq. (6)
are solved numerically after the introduction of a small
imaginary energy width e. The positions of the poles
or the excitation energies have also been determined
directly using the dynamical matrix-diagonalization
method implemented in the McPhase software package
[74]. This calculation is used to determine the neutron—
scattering intensity S.(Q,hw) of the Nd** magnetic
moments associated with the core magnetic moments of
the MNPs (see below).

Figures 5(a) and 5(b) show S(Q, iw) as a function of
energy transfer for a wave vector of Q = 1.75+ 0.5 A~!
at T'= 10 and 1.5 K, respectively, obtained by combining
data sets taken at different incoming energies. In order
to isolate the surface contribution to the total scattering,
we have considered the scattering from the MNP state
to be a result of the sum of two distinct crystallographic
environments, i.e., the nanoparticle core and its surface.
Bearing in mind the preliminary characterization shown
earlier in this work, we have assumed the magnetic mo-
ments located within the core to behave in a way similar
to the bulk [39]. The results on the crystalline and mag-
netic microstructure provided by ND, together with the
magnetic characterization, especially, x ac (T, f) dynamic
scaling, are unambiguous to this respect. Furthermore,
the conservation of the bulk nature at the MNP core was
also reported for other RCuy MNPs [18, 36, 37]. Given
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this fact, we can then extract the surface contribution to
the INS, Ssurface(@, hw) as:

Ssurface(Qa hw) = S(Q, hw) - NScore(Qv hw), (7)

where the core contribution Seore(Q,hw) is calculated
using the known crystalline—electric—field parameters
from the bulk, and NV is a factor that weights the fraction
of atoms located within the MNP core. According to
the MNP size ((D) = 13 nm), simple approximations
lead to N = 0.3, as the core represents =~ 30% of the
MNP volume (see the FEstimating the core—to—volume
ratio section in [58]).

The resulting Ssurace(@, Aw) is shown in Figs. 5(b)
(T =10 K, PM state) and 5(d) (T = 1.5 K, SAF state).
There, both CEF (P1-P4) and collective magnetic
excitations can be clearly observed. This is stunning, as
it is indicating that the bulk CEF energy level schemes
and magnon excitations are well preserved even at the
surface of the MNPs. At this stage, it is worth empha-
sizing that, although we have tried different N values
to give account for this surface Ssurface(@,hw) (see the
Isolating the surface contribution from the total MNP
INS intensity section in [76]), these collective excitations
do not disappear for any of the chosen values. Hence, it
is reasonable to keep N = 0.3 as it is, according to the
aforementioned estimations, the most likely core/MNP
ratio for (D) =~ 13 nm.

Quantitative information can be obtained by inspect-
ing in closer detail both Ssurface(@,fiw) contributions.
First, concerning the paramagnetic phase (T' = 10 K,
Fig. 5 (b)), a left—shift of the energy transfer values
can be determined for transitions from the ground state

to the first and to the second excited levels. In this
way, CEF excitations are found at hwp; = 2.6 and
hwps =4.6 meV for the MNP surface, whereas they
were found at hwp; = 2.9 and Aiwps =5.0 meV for the
bulk state [39]. This fact reveals a softening of the CEF
splitting, which can be ascribed to the less symmetric
crystalline environment in the proximity of the MNP
interfaces. This softening may also affect the higher
energy excitations (P3 and P4). Nevertheless, the pres-
ence of phonon—scattering makes difficult to determine
precisely their energy transfer values. Particularly, this
scattering becomes rather strong in the energy range
from 9 to 14 meV (blue-shadowed region in Fig. 5),
which makes specially rough the determination of the
P4 position. This phonon—scattering has been confirmed
by measuring the INS in non-magnetic isostructural
YCus MNPs (see the YCus—phonon contribution to INS
spectra section in [75]). Additionally, the poor definition
of the |9/2) multiplet (i.e., P4 excitation) was already
foreseen by the specific heat analyses.

On the other hand, change of the relative peak areas
between P1 and P2 occurs at the MNP state (Figs. 5 (a)
and (b)). In this way, whereas an almost homogeneous
ratio between the peak areas P2/P1 was found in bulk
NdCusy [1], the value P2/P1 is almost 30% decreased
at both the surface and the whole MNP state. This
is revealing a partial inhibition of the transitions from
the ground state to the first excited level, which reveals
that the bulk local-symmetry environment is slightly
distorted at the MNPs. The structural microstrain 7 is
at the basis of this distortion. Even if minimal (n < 1%),
it slightly changes the cation distribution surrounding
the Nd3* ions, thus, provoking the decoherence of some
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CEF excitations. Of course, this distortion should also
be affecting P2-P4 transitions, but its effect is almost
not noticeable within the experimental resolution, given
that the distortion is very subtle (n < 1%). Therefore,
it can only be detected for the most intense excitation
(i.e., from the ground state to the first excited level,
P1). Given that this partial inhibition from the ground
state to the first excited level is close, but slightly
greater at the whole MNP S(Q, hw) than the one at the
Ssurface (@, fiw), both the core and surface microstrain
are definitely playing a role. Therefore, we can state that
the intermediate regions between the AF-ordered MNP
cores and SG—disordered surfaces in MNPs play the same
role as interfaces do in multilayers, where a modification
of both CEF level splittings and ground-state wave
functions was reported (e.g., in Fe-Nd multilayers [27]).

Second, the magnetically ordered phase (T' = 1.5 K,
Fig. 5(d)) shows the co—existence of collective mag-
netic excitations and CEF levels, which is actually
unprecedented, as the loss of periodicity at interfaces is

well-known to affect the magnetic interactions. Here,
the lowest energy excitation (peak labelled M) is found
at hw ~ 1.6 meV, whereas the bulk one appeared at
hw =~ 1.4 meV [1]. This represents a shift of ~ 15%.
Given the minor uncertainty associated with the mea-
sured energy transfer fiw (~3 %), this shift can be
considered unambiguous. The investigations carried out
by E. Gratz et al. [1] on the bulk state related this peak
to a transverse spin—wave mode generated from the AF
NdCus ground state. This positive shift may be ascribed
to an enhancement of the anisotropy constant, K, as
it has been shown, for instance, in [77]. In the case of
our MNPs, this enhancement could be ascribed to both
size—effects and microstrain.

IV. DISCUSSION

We have been able to produce a large quantity (~ 12



g) of NdCuy; MNPs by the ball milling route. Relatively
low milling times (¢ = 5 h) have been enough to achieve
13 nm-sized MNPs, in the same way as other RCuy
MNPs [18, 35-37]. The produced MNPs retained the
AF bulk structure at the core and a disordered SG state
for the magnetic moments sitting at the surface, which
is also common for nano-RCus or RAl, [18, 35-37, 78].

The experimental data (cp, INS) have shown the
occurrence of crystalline electric field and magnon collec-
tive excitations for the NdCus 13-—nm MNPs. Although
the general picture shows that the level schemes remain
very similar to the bulk situation, some subtle differences
are been disclosed thanks the evaluation of the surface
contribution to the total INS, which has been obtained
following Eq. (7). This allows to access quantitative
information regarding the CEF and magnon collective
excitations propagation at the MNP surface. One point
that should be addressed concerns the N value shown
in eq. 7. Although it has been estimated in a simplified
manner (see the section FEstimating the core—to—volume
ratio in [58]), the prevalence of collective excitations at
the surface does not dependent on the different NV values.
To ensure this, we have considered a wide variety of N
values (see some examples shown in the Isolating the
surface contribution from the total MNP INS intensity
section, [76]) and both the CEF and magnon excitations
did remain. In any case, this small uncertainty around
the N value is not a hindrance to the main conclusions
of this study.

Regarding the surface INS contribution, the loss of
long-range symmetry at the nanoparticle surface has
revealed not to be enough to rule out the CEF level
schemes. This fact reveals that the CEF is robust
against local symmetry distortions. Second, it turns out
that transitions to the first excited level at T'= 10 K are
partially inhibited with respect to the bulk landscape re-
ported in [1]. This partial inhibition is deduced from the
decrease in the intensity for transitions from the ground
state to the first excited level, and can be attributed
to a distortion of the local-symmetry environment
surrounding each Nd3t—ion. Nevertheless, it should
be kept in mind that the distortion of the crystalline
structure is below 1%, according to XRD (see [40]).
Therefore, this effect is weak, i.e., it is only detected
for the first excitation, which is the most intense one.
It cannot be discarded, of course, that this distortion
could be affecting the rest of the transitions, but as they
are less intense, its effect is not noticeable within the
experimental resolution. Further INS experiments using
different resolutions and/or other MNP ensembles may
be helpful to complete this statement.

At T = 1.5 K (magnetic state), a positive shift in
the energy associated with the spin—wave excitations
is found at the MNP state. The reason for this dis-
placement (~ 15%) might be ascribed to the enhanced
magnetic anisotropy at the nanoparticle state, which
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is supported by the M (T, H) characterization (see
the Static M(T,H) characterization section in [49]) .
Although our experimental evidence is unambiguous,
it holds true that this leaves an open path to further
INS experiments to be performed, where different MNP
sizes could be evaluated. We recall at this point that
it is challenging to perform INS in MNP ensembles
[20, 21, 33, 34].

V. CONCLUSION

Inelastic neutron scattering measurements on poly-
cristalline NdCus nanoparticles of (D) =~ 13 nm-size
have been successfully carried out. We have extracted
the surface contribution from the total scattering in-
tensity, being able to experimentally observe that the
crystalline electric field level schemes, as well as magnon
excitations, are well-defined at the MNP surface despite
the distortion of these outer atoms. In this way, the
reduction in the local coordination symmetry, as well as
the structural distortion and magnetic disorder of the
outer Nd®>* ions, do not affect significantly the CEF
Hamiltonian. Nevertheless, the results and analyses
presented in this work have allowed us to deepen inside
the subtleties concerning the propagation of collective
excitations in the MNP state. In this way, it has
been possible to determine a partial inhibition of the
transitions from the ground state to the first excited
level, as well as a slight positive shift (~15 %) of
the energy transfer corresponding to magnon excita-
tions. Both effects can be ascribed to finite—size effects
(local-symmetry coordination, dimensionality) and
microstrain. The present inelastic neutron scattering
observations in NdCuy pave the way for studies in which
interfaces between geometrically ordered and disordered
regions are present in the nanocrystalline materials.
In particular, it would be interesting to analyze the
excitations at higher energy using in similar ensembles of
4f nanoparticles, as well as to disclose the energy shift
of the magnon excitations using a neutron spectrometer
with better energy resolution.
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