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We report on the magnetic properties of the neptunium based ferromagnetic compound NpAl2. We used
magnetization measurements and 27Al NMR spectroscopy to access magnetic features related to the
paramagnetic and ordered states (TC¼56 K). While very precise DC SQUID magnetization measurements
confirm ferromagnetic ordering, they show a relatively small hysteresis loop at 5 K reduced with a
coercive field HCo�3000 Oe. The variable offset cumulative spectra (VOCS) acquired in the paramagnetic
state show a high sensitivity of the 27Al nuclei spectral parameters (Knight shifts and line broadening) to
the ferromagnetic ordering, even at room temperature.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Accessing ground state properties of transuranium compounds
is an important challenge from both theoretical and application-
related perspectives. Indeed, expanding the knowledge data base
on basic properties of nuclear fuels and related compounds is
needed to elaborate reliable safety assessment models with pre-
dictive capabilities. A wide range of macroscopic and microscopic
techniques are available for investigating structural, thermo-
dynamic and electronic properties of nuclear materials, but in
many cases the unavoidable presence of lattice defects created by
self-irradiation damage hinders establishing unambiguous corre-
lations between microscopic and macroscopic behavior. This is a
common feature of actinide-based compounds, for which further
difficulties are introduced by the intrinsic dual nature of the
electrons with 5f parentage. Being at the verge of an instability
between a localized and a delocalized regime, 5f electrons are
indeed extremely sensitive to varying parameters such as pressure,
temperature, magnetic field, or doping [1,2].

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful
technique for the investigating of magnetic and electronic prop-
erties in solid-state matter. For the actinide series two nuclei are of
practical use, namely 235U [3,4] (I¼7/2) and 239Pu [5] (I¼1/2), but
unfortunately only at very low temperatures because the very fast
spin-lattice relaxation rate makes the signal vanish quickly with
B.V. This is an open access article u

tel).
increasing temperature (e.g. no signal was detected above 14 K for
235U). Few installations exist around the world where NMR studies
can be carried out on nuclear materials [5–10]. Here, we focus on a
model compound and examine its magnetic properties by mag-
netization, susceptibility, and low-temperature NMR measure-
ments. Neptunium dialuminide, NpAl2, is a transuranium inter-
metallic compound exhibiting the cubic Laves phase crystal
structure (space group Fd�3m), and showing long-range ferro-
magnetic order below its Curie temperature TC¼56 K [11,12]. It
contrasts to its isostructural actinide dialuminides, UAl2 and PuAl2,
which have been extensively studied as prototypes of spin fluc-
tuator systems [13] with a not yet confirmed magnetic order at
�3.5 K in the case of PuAl2 [14]. Due to its large localized magnetic
moment [11,15] corresponding to an hyperfine magnetic field of
330 T at 4.2 K, NpAl2 is a well-known reference material for ve-
locity calibration in Mössbauer spectroscopy [16,17]. An NMR re-
port on 5f-electron localization in the actinides published by Fra-
din in 1976 barely mentioned NMR of NpAl2 suggesting a strongly
localized system due to large variations of the NMR parameters
(Knight Shift) with temperature [18]. It is interesting to notice that
insertion of palladium into its crystallographic structure leads to
the formation of the only known Np-based superconductor,
namely NpPd5Al2 (body-centered ZrNi2Al5-type tetragonal struc-
ture, with space group: I4/mmm) [19–21].
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2. Experimental

2.1. Synthesis and characterization

The sample were synthesized by arc melting stoichiometric
amounts of constituent metals (Np 3N, Al 5N) in a high purity
argon atmosphere on a water cooled copper plate, using a Zr metal
button as an oxygen getter. The sample was annealed at 800 °C for
24 h to remove any effect of radiation damages. The homogeneity
of NpAl2 was checked by powder X-ray diffraction (XRD) using a
dedicated Bruker D8 Advance diffractometer (Cu Kα1 radiation,
40 kV, and 40 mA), installed in a radioactive glovebox and equip-
ped with a curved Ge monochromator (1, 1, 1) and a Lynxeye linear
position-sensitive detector. Powder diffraction patterns were re-
corded using a step size of 0.0197° spanning the angular range of
10°r2θr120°. About 20 mg of powder was loaded in an epoxy
resin to prevent dispersion. The results showed a single well-
crystalized with temperature with room temperature lattice
parameter a¼0.77909 (7) nm, very close to the value reported in
the literature (0.7785 nm, Aldred et al. [11]).

2.2. Magnetic properties

Magnetic susceptibility measurements were carried out in the
temperature range 2�300 K, with an external magnetic field up to
7 T on a 66.1 mg sample using the MPMS-7 SQUID from Quantum
Design (QD). For these DC magnetization measurements, the
sample was encapsulated in a Plexiglas container contributing a
low magnetic signal. Subtraction of the background and calibra-
tion were performed following a standard procedure.

2.3. NMR

The 27Al spectra were recorded on a Bruker NMR spectrometer
at the frequency of 104.3 MHz (static field of 9.4 T). Due to its high
radiotoxicity, the NpAl2 sample used for the NMR experiments was
encapsulated in a double container (Fig. 1A). In addition, the in-,
out-helium gas flow valves, and the security exit valve of the static
7 mm Bruker NMR cryoprobe were all connected to the environ-
ment gas lines by absolute filters (Fig. 1B and C).

Due to their broadness, spectra were acquired using a variable
offset cumulative spectrum (VOCS) technique [22]. A total of 96
individual Hahn echo spectra with frequency offsets in step of
16.5 kHz were required to obtain the full spectrum (i.e. central and
satellite transitions) at room temperature. At lower temperatures,
only the central line and the first satellite transitions were ac-
quired. The NMR spectra were reconstructed and analyzed using
the DMfit software [23].
Fig. 1. Bulk NpAl2 encapsulated in a double container used for the NMR experi-
ments, (A). Modified low temperature NMR probe with in- and out-helium gas flow
valves, and the security exit valve with their absolute filters (B). The filters are
indicated by red arrows. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
3. Results and discussions

3.1. Magnetization

The normalized magnetic susceptibility, χ¼M/H, of NpAl2, is
presented in Fig. 2, together with the inverse susceptibility χ�1,
obtained in the paramagnetic state as the ratio H/M between ap-
plied field and magnetization. The magnetic order is determined
by the peak observed on the ZFC curves of magnetic field at very
low field. Inset of Fig. 2 shows the measurements at 100 Oe,
confirming the ordering temperature TC¼56 K. Above 80 K, χ�1(Τ)
(determined with an applied field μoH¼7 T) can be well fitted (see
inset in Fig. 2) by a Curie–Weiss law [24], χ�1¼(T–θP)/C, yields a
paramagnetic Curie temperature θP �72 K, which is comparable to
ΤC and in good agreement with the results of Aldred et al. [12]. The
effective magnetic moment deduced from the Curie constant C,
μeff�2.1 μB/Np, is also consistent with previous studies [25]. This
value is smaller than that calculated for the free ion Np3þ in
Russell-Saunders coupling (2.68 μB/Np). This reduction of μeff with
respect to the free ion value has been attributed to the crystal field
interaction [12]. Fig. 3 presents magnetic hysteresis loops, ob-
tained at 5 K in the ordered state. The coercive field is relatively



Fig. 2. NpAl2 magnetic susceptibility, χ¼M/H (left), and inverse magnetic sus-
ceptibility, 1/χ, (right) with its corresponding Curie–Weiss law fit from 100 to 300 K
(red line) determined at 70 kOe. Inset shows the ZFC magnetic susceptibility de-
termined at 100 Oe, showing the magnetic order at 56 K. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 3. Magnetization curves of NpAl2 measured at 5 K. The magnetization is not
completely saturated at 70 kOe at this temperature. The figure shows the first
magnetization curve (1) and those recorded with decreasing (2) and increase after
(3) magnetic field. Inset: complete hysteresis loop curve at 5 K showing a small
coercive field (Hco�3000 Oe).

Fig. 4. 27Al VOCS-NMR spectrum of NpAl2 obtained by summing 96 spectra at
room temperature.
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small for a ferromagnet (Hco�3000 Oe) stressing the absence of
strongly pinned magnetic domains in the material in the ordered
state. An estimation of the saturated magnetic moment, by taking
magnetization values at 5 K and 7 T, gives μsat�1.2 μB, which is
close to the saturation of the Np moment previously determined
by Aldred et al. [12] by magnetization and slightly smaller than the
ordered moment derived from neutrons diffraction and Mössbauer
spectroscopy. This reduction of the saturated/ordered moment
compared to the Np3þ free ion value of 2.4 μB expected for Rus-
sell-Saunders coupling could then arise from a partial delocaliza-
tion of 5f-electrons, as suggested by recent electronic structure
calculations [21] and in agreement with the observed value of the
effective moment.

3.2. NMR

Fig. 4 presents the full 27Al NMR spectrum acquired at room
temperature by summing 96 spectra. It is characteristic of a
quadrupolar perturbed powder pattern with its central and sa-
tellite transitions. While the satellite transitions present
singularities characteristic of a η¼0 symmetry [26], the central
transition does not present the expected characteristic singula-
rities observed for example in UAl2 and PuAl2 [13]. The nuclear
quadrupolar frequency, νQ, has been determined considering the
satellite transitions and using the second-order perturbation the-
ory for a spin 5/2 stating that the distance between the �3/
22�1/2 and the 1/223/2 transitions corresponds to νQ and the
distance between the �5/22�3/2 and the 3/225/2 transitions
corresponds to 2νQ (see Fig. 4). A value of 0.621 MHz (i.e. for I¼5/
2, CQ¼20νQ/3¼4.1 MHz) has been found. This value is similar to
that determined by Arko et al. [13] for UAl2 (CQ¼4.71 MHz,
νQ¼0.706 MHz) and PuAl2 (CQ¼3.78 MHz, νQ¼0.567 MHz)
[13,27,28], or to the isostructural rare earth antiferromagnetic
CeAl2 (CQ¼4.8 MHz, νQ¼0.72 MHz) [29,30] and ferromagnetic
GdAl2 (CQ¼4.67 MHz, νQ¼0.7 MHz) [31]. Nevertheless, the cen-
tral-band possesses a full width at half maximum (FWHM) of
113 kHz contrary to that of 3 kHz previously published for UAl2
and PuAl2. The first explanation for this larger FWHM is an elec-
tronic effect due to the oxidation state � III for Np in contrast to IV
for U and Pu. To our knowledge, only one NMR experiment, made
on skutterudite NpFe4P12 (Np4þ , 5f3), referred to the study of a
ferromagnetic neptunium-based compound [9,10] and our data
cannot unfortunately be compared to NpFe4P12 due to the differ-
ent oxidation state. The second explanation, is the possible sensing
by the 27Al nuclei of the ferromagnetic ordering already at room
temperature as this effect can be visible in the NMR spectrum well
above the ordering temperature [32,33]. Both propositions are
discussed later in the text.

Variations of the 27Al (�1/221/2) and (�3/223/2) transi-
tions spectra in the range 300–140 K are presented in Fig. 5. Our
experiments were performed in the paramagnetic state, as below
140 K the signal moves outside the frequency range fixed by our
commercial NMR probe. The νQ obtained considering the distance
between the �3/22�1/2 and the 1/223/2 transitions is con-
stant for the temperature range considered excluding the possi-
bility of lattice distortion with decreasing temperature. Fig. 6 and
its inset show the temperature dependence of the 27Al Knight shift
(27K) and its correlation with the magnetic susceptibility. Due to
the very important broadening previously discussed, the 27K was
determined using the gravity center position given by the DMfit
software. 27K increases very fast as the temperature decreases and
can be attributed mainly to transferred hyperfine fields from the
Np 5f-electrons on the 27Al nuclei. Therefore, the following equa-
tion can be considered [10,34]:



Fig. 5. Variations of the 27Al (�1/221/2) and (�3/223/2) transitions spectra
with temperature.

Fig. 6. Evolution of the 27Al Knight shift (27K) as a function of temperature (inset)
and bulk susceptibility χbulk.

Fig. 7. Evolution of the line broadening (FWHM) against the 27Al Knight shift.
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where K0 is the Knignt shift at χ¼0, AHF is the hyperfine coupling
constant, NA is the Avogadro number, μB the Bohr magneton and χ
the bulk magnetic susceptibility. Using this definition, the AHF

value obtained is equal to 1.567 kOe/μB and the K–χ slope to 281
(mol emu�1). Moreover, at K0�0, therefore, there is no contribu-
tion of the spin operator to the Van Vleck term at the Al sites. Even
though the previously defined hyperfine coupling constant is the
real physical property used to define the effect of the hybridization
with the f-electrons, several definitions are used and we therefore
preferred to consider directly the value of the K–χ slope (α). Arko
et al. found α values of 2.9 and 11.2 (mol emu�1) for UAl2 and
PuAl2 respectively which are very small compared to that found in
NpAl2. By contrast, a value in the same range of order was found
for the metallic ferromagnetic UGa2 (290 mol emu�1) [35].

The other NMR parameter which strongly varies when
decreasing the temperature is the line broadening, FWHM, has
observed in inset of Fig. 7. For a better understanding of the origin
of the FWHM broadening with temperature, a plot with K has
been made. In fact, if a linear correlation is obtained, the variation
of NMR line width is caused by a distribution of internal static
fields at the Al sites due to the Np3þ magnetic moments [36,37].
The linear relation between FWHM and K clearly demonstrates
that the observed line broadening here mainly arises from the
magnetic dipolar interaction. Therefore, this important linear in-
crease of the central transition linewidth with temperature seems
to confirm the sensing of the ferromagnetic correlation already at
room temperature as mentioned above.

Finally, for the range of temperatures under study, a constant
spin-lattice relaxation time (T1) of about 1 ms was found. Addi-
tional experiments using NQR instead of NMR should be very re-
levant especially for the confirmation of the ferromagnetic fluc-
tuations with T1 or the study in the ferromagnetic state.
4. Conclusion

In this paper, we report the results of a renewed investigation
of the magnetic properties of the ferromagnetic NpAl2 compound
using magnetic susceptibility and 27Al NMR spectroscopy. The
magnetic transition is very well established at TC¼ 56 K. An ef-
fective moment of μeff¼2.1 μB/Np was obtained by magnetic sus-
ceptibility in agreement with previous work. The full 27Al NMR
spectrum of NpAl2 (i.e. central and satellite transitions) at room
temperature was determined for the first time. By lowering the
temperature, the 27Al NMR spectra show strong temperature de-
pendence of the Knight shift in the paramagnetic state suggesting
the presence of ferromagnetic fluctuations on the 27Al nuclei
above TC. No variations of νQ were observed with temperatures
excluding the possibility of lattice distortion. Besides, comparison
of the K–χ plot suggests higher s–f hybridization for NpAl2 than
UAl2 and PuAl2. The influence of the ferromagnetic fluctuations on
this parameter can nevertheless not be excluded. The origin of the
line broadening which strongly varied with temperature was at-
tributed to static distribution of K based on the linear variation of
the FWHM-K plot.

This low temperature NMR analysis of such highly radioactive
material is the first of a kind in JRC-ITU and therefore opens sev-
eral routes for magnetic studies of these unique and very intri-
guing 5f-bearing compounds.
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