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Abstract
The physical and chemical properties at low temperatures of hexavalent disodium neptunate
a-NapNpOy are investigated for the first time in this work using Mossbauer spectroscopy,
magnetization, magnetic susceptibility, and heat capacity measurements. The Np(VI) valence
state is confirmed by the isomer shift value of the Mdssbauer spectra, and the local structural
environment around the neptunium cation is related to the fitted quadrupole coupling
constant and asymmetry parameters. Moreover, magnetic hyperfine splitting is reported
below 12.5 K, which could indicate magnetic ordering at this temperature. This interpretation
is further substantiated by the existence of a A-peak at 12.5 K in the heat capacity curve,
which is shifted to lower temperatures with the application of a magnetic field, suggesting
antiferromagnetic ordering. However, the absence of any anomaly in the magnetization and
magnetic susceptibility data shows that the observed transition is more intricate. In addition,
the heat capacity measurements suggest the existence of a Schottky-type anomaly above
15 K associated with a low-lying electronic doublet found about 60 cm ™! above the ground
state doublet. The possibility of a quadrupolar transition associated with a ground state
pseudoquartet is thereafter discussed. The present results finally bring new insights into the
complex magnetic and electronic peculiarities of a-Na;NpOy.

Keywords: sodium neptunate, Mossbauer spectroscopy, magnetic susceptibility,
magnetization, heat capacity
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1. Introduction

The ternary oxides of uranium, neptunium, and plutonium
formed with sodium metal have been studied extensively
since the 1960s because of their technological relevance for
Sodium-cooled Fast Reactors (SFRs). In case of a clad breach
of the stainless steel cladding, although extremely rare during
normal operation, the sodium metallic coolant can come into
contact with the (U,Np,Pu)O; fast reactor fuel, leading to the
formation of sodium actinide oxide phases at the fuel-clad-
ding interface [1, 2]. The latter phases show a lower density
and lower thermal conductivity than the fuel [3—-5], and there-
fore can induce local swelling and temperature increase in the
fuel pin. The potential products of interaction are numerous,
i.e. NaAnO3;, NaAnOsj;, Na;AnO4, Na,AnO4, NasAnOs,
Na;An,O7, NasAnOg (An = U,Np,Pu) [6-10], and the safety
assessment of the fuel-sodium interaction therefore requires a
comprehensive knowledge of their structural, thermomechan-
ical, and thermodynamic properties.

In addition, the alkali metal and alkaline earth ternary
actinide oxides have attracted in general a considerable
interest as these 5f systems have shown exciting electronic
and magnetic properties [11]. The 5f electrons of the acti-
nides have a large spatial extension, by contrast with the 4f
electrons of the lanthanides which are more core-like. The
5f valence shells are very close in energy to the 6d’s, and
are therefore more prone to participate in chemical bonding.
This specific feature allows on the one hand a wide range
of oxidation states, between +3 and +7, and on the other
hand the occurrence of various magnetic behaviours in these
compounds. The theoretical description of these systems
appears extremely challenging, however, as the crystal-
field interaction is usually of the same order of magnitude
as the spin—orbit coupling interaction, and electronic repul-
sion [12]. But in the case of the [Rn]5f" electronic configu-
ration, corresponding to pentavalent uranium, hexavalent
neptunium, or heptavalent plutonium, the contribution from
electronic repulsion is removed, which simplifies greatly the
interpretation.

One particularly interesting and intriguing phase is the
hexavalent disodium neptunate, a-Na,NpQOy, which was inves-
tigated in the present work using Mdssbauer spectroscopy,
magnetization, magnetic susceptibility, and heat capacity
measurements at low temperatures. a-Nap,NpQy, isostruc-
tural with a-Na,UQOy, [13], has orthorhombic symmetry, in the
space group Pbam, with lattice parameters a = 9.715(3) A,
b=5.732(3) A, ¢ = 3.459(3) A according to powder x-ray dif-
fraction studies [6]. Kanellakopulos and co-workers performed
magnetic susceptibility measurements on this compound in
1980, which suggested an anomalous behaviour below 120 K,
the magnetic interactions being likely antiferromagnetic [14].
The reported data showed an unexpected shape, however,
which stimulated us to investigate more thoroughly the crystal
chemistry and physical properties of a-Na,NpO, at low
temperatures.

The crystal structure was refined already by the Rietveld
method [6], but the Np(VI) valence state in this phase, and

therefore [Rn]5f! electronic configuration, was never con-
firmed. *’Np Mossbauer spectroscopy is a very powerful
technique for this purpose, which was used herein to verify the
charge state. Mossbauer spectroscopy gives a direct insight
into the electronic and local structural environment around
the investigated nucleus, as well as the magnetic field acting
on it [15]. The local structural properties around the neptu-
nium cation as inferred from the x-ray diffraction refinement
were hence related to the fitted Mossbauer parameters, i.e.
quadrupole coupling constant and asymmetry parameters. In
addition, magnetic hyperfine splitting was observed below
12.5 K, which could indicate magnetic ordering at this
temperature. The magnetization and magnetic susceptibility
results obtained herein show the interpretation is intricate,
however. Finally, the heat capacity measurements revealed
a A-peak at 12.5 K and the occurrence of a Schottky-type
anomaly above 15 K. The associated electronic entropy
contributions were derived, and explanations for those fea-
tures suggested.

2. Experimental methods

2.1. Sample preparation and powder x-ray diffraction

a-Na,NpO,4 was prepared as described in [16] by solid state
reaction between neptunium dioxide (237Np02, ORNL, Oak
Ridge) and sodium oxide (Na,O 80% + Na,O, 20%, Alfa
Aesar) mixed in stoichiometric amounts. The sample purity
was checked using x-ray diffraction and ICP-MS analysis.
The x-ray diffraction measurements were performed using
a Bruker D8 x-ray diffractometer mounted in the Bragg-
Brentano configuration, with a curved Ge monochromator
(1 11), acopper tube (40kV, 40 mA), and equipped with a
LinxEye position sensitive detector. The data were collected
by step scanning in the angle range 10° < 26 < 120°, with an
integration time of about 8h, a count step of 0.02° (26), and
a dwell of 5 s/step. Structural analysis was performed by
the Rietveld method with the Fullprof2k suite [17]. No sec-
ondary phases were detected with this technique. The ICP-MS
analysis moreover yielded a sodium to neptunium ratio of
(2.01 £0.04)%, indicating a mass fraction purity >0.99.

2.2. Méssbauer spectroscopy

The >’Np Mossbauer spectroscopy measurements were car-
ried out in transmission using an *' Am metal source (~108
mCi) with a sinusoidal driving mode. The effect was mea-
sured with a photon energy of 59.54 keV. The powder sample,
encapsulated in three concentric aluminium containers, was
measured in the temperature range 4.2—-50 K, while the source
was kept at a constant temperature of 4.2 K inside an indepen-
dent chamber in the stainless steel cryostat. The velocity scale
was calibrated with respect to NpAl.

© The uncertainty is an expanded uncertainty U = k.u, where u, is the com-
bined standard uncertainty estimated following the ISO/BIPM Guide to the
Expression of Uncertainty in Measurement. The coverage factor is k = 2.
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Figure 1. (a) Crystal structure of a-Na,NpOy4 (Na atoms in yellow, O atoms in red, NpOg octahedra in gray) showing the edge-sharing of
the NpOg octahedra along the c-axis. (b) NpOg octahedron in a-Na,NpO, with the neptunyl type of coordination.

2.3. Magnetization and magnetic susceptibility measurements

Magnetization and magnetic susceptibility measurements
were performed using a SQUID magnetometer (Quantum
Design MPMS-7), at poH = 0 to 6 tesla for 7= 3.5, 4.2, 5,
10, 19.3, 50, and 100 K, as well as from 3.5 to 301 K, in a
field of pyH = 0.1, 1, and 5 tesla, respectively. The magnetic
susceptibility data were corrected for diamagnetism of the
constituents (by subtracting (—Mnaonpo4/2 - 107® emu-mol !
from the collected data, Mnaonpos being the molar mass of the
material).

The magnetic susceptibility curve x)(T') was fitted with a
modified Curie—Weiss law (equation (1)):

B
T— 6

where X, is the molar magnetic susceptibility (in emu-mol 1),

(@) = xp + (1)

x¢* a temperature independent contribution to the magnetic
susceptibility, C”" the Curie constant of the material, and 0p the
Weiss constant.

The experimental parameters y¢* and C* were renormalized
according to Amoretti and Fournier [18]. The effective moment
was derived from the relation g g(pp) = 2.828(C)"?, where
the renormalized Curie constant C and temperature inde-
pendent contribution X equal:

(C* — bex)’
C*

C = (2)

~ Xo(C* = Opxy)

Xo C 3)

2.4. Low temperature heat capacity

Low temperature heat capacity data were collected with a
PPMS (physical property measurement system, quantum
design) instrument, in the temperature range 2.1-301 K in
the absence of a magnetic field, and in the temperature range
7-30 K with a 7 and 14 tesla magnetic field. This technique
is based on a relaxation method, which was critically assessed

by Lashley et al [19]. The measurements were carried out on
17.83(5) mg of a-Na,NpO4 material encapsulated in Stycast
2850 FT, and the heat capacity contribution of the Stycast sub-
tracted from the recorded data. A more detailed description of
the experimental procedure, which is particularly well adapted
to the study of radioactive materials, was given in [20]. The
contribution of the sample platform, wires, and grease was
also deduced by a separate measurement of an addenda curve.
Based on the experience acquired on this instrument with stan-
dard materials and other compounds [19, 20], the uncertainty
was estimated at about 1% in the middle range of acquisition
(10-100 K), and reaching about 3% at the lowest temperatures
and near room temperature.

3. Results and discussion

3.1. Méssbauer spectroscopy

The crystal structure of a-Na,NpO, is made of infinite chains
along the c-axis of edge-sharing NpOg octahedra (figure 1(a)).
The sodium atoms are located in between the chains and bind
them together. Moreover, the NpOg octahedra show a nep-
tunyl type of coordination, with two short Np-O; bonds at
1.762(5) A in the axial direction, and four long Np-Oy; bonds
at 2.086(5) A in the equatorial plane [6] (figure 1(b)). The
intrachain and interchain Np-Np distances are 3.459(5) A and
5.640(5) A, respectively. The neptunyl type of configuration is
also found in $-Na,NpOy (orthorhombic symmetry, in space
group Pbca), but in no other composition among the series of
sodium neptunate phases [6]. However, it is quite common
among hexavalent alkali metal actinide oxide phases [21]. It is
found in K,UOy [22] and K,NpOy [23] (tetragonal symmetry,
in space group [4/mmm), in BaUO, [22] and BaNpOy [24]
(orthorhombic symmetry, in space group Pbcm).

Mossbauer spectra of a-Na,NpO, were collected at several
temperatures between 4.2 and 50 K. Figure 2 shows selected
Mossbauer spectra. The spectrum at 20 K consists of a single
quadrupolar split pattern centered at —37.3 mm-s~!, which
corresponds to an isomer shift value as 6;g = —50.9(3) mm-s !
relative to the standard NpAl, absorber. The latter lies in the
range —32 < 615 < —62 mm-s~!, which confirms the Np(VI)
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Figure 2. Mossbauer spectra of a-Na,NpOy collected at selected temperatures and fit to the data.

charge state, corresponding to a [Rn]5f" electronic configura-
tion, as displayed in the correlation diagram in figure 3. The
Np ion in this structure is therefore a Kramers ion with a 2Fs)y
ground state manifold, and 2F,, first excited state arising from
spin—orbit coupling.

Fitted Mossbauer parameters are valuable information that
can be related to the local structural environment around the
neptunium cation. In particular, the absence of an asymmetry
parameter for this structure, i.e. n =0, is directly related
to the axial symmetry of the NpOg octahedra. Moreover,
the large value of the quadrupole coupling constant, i.e.
‘equ‘ =170.6(3) mm-s~ !, comes from the (NpO,)>* neptunyl
type of ions, and is attributed essentially to the contribution
of the bonding electrons to the electric field gradient [26].
Quadrupole coupling constant values around 100 mm-s~!
were also reported for Ko;NpOy [23], and 3-Na,NpOy [21]. By
contrast, Nay;NpOs and Li4JNpOs, which contain slightly elon-
gated octahedra in a ‘reverse’ neptunyl type of configuration
(with two long distances in the axial direction, and four short
bonds in the equatorial plane), show much smaller values
of the quadrupole coupling constant (around 15 mm-s~!)
[8, 21, 27].

Jové et al pointed out the existence of a linear relation-
ship between the average neptunium-ligand distance and
isomer shift for hexavalent neptunium compounds [21, 27].

The values reported herein for a-Na,NpO, do not fit into
this trend, however, as shown in figure 4. The mean Np-O
distances for LisNpOs [30], Ko;NpO4 [31], 5-Na,NpOy4
[6, 13], and Ba;CoNpOg [34, 35] have been updated in this
figure compared to the figure of Jové et al [27]. In addition, the
negative value of the quadrupole coupling constant e’gQ (see
table 1) is also very surprising, as hexavalent neptunium com-
pounds usually show a positive value [21, 27]. a-NayNpOy
presents a structural peculiarity, which is worth pointing
out. Considering uranate phases with an uranyl ion, i.e.
K>UO, (U-20; = 1.913(6) and U-40y; = 2.1661(1) A [22]),
-Na,UO,; (U-20; = 1.913(2), U-20y = 2.178(3) A, and
U-20y = 2.180(3) A [13]), a-Na,UO, (U-20; = 1.903(2) and
U-40y = 2.191(1) A [13]), and BaUO, (U-20; = 1.872(12),
U-20y = 2.196(6) A, and U-20y; = 2.223(6) A [36]), itappears
that a decrease of the axial U-Oy distance leads to an increase
of the equatorial U-Oy; distances. By contrast, in a-Nay;NpOQOy,
a decrease in the axial Np-Oy distance leads to a decrease of
the equatorial Np-Oy; bond length. The isomer shift value,
which stands outside of the linear trend, and the negative
value of the quadrupole coupling constant could be related to
this particularity.

The Mossbauer spectrum recorded at 4.2 K is very different
from those collected above 12.5 K. This can be accounted
for by diagonalization of the full magnetic plus quadrupole
Hamiltonian in the effective field approximation. The isomer
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Figure 3. Isomer shifts versus NpAl, of Np(IV), Np(V), Np(VI), and Np(VII) compounds after [25]. The present result for a-Na,NpOy is
shown in green together with that for NazNpOy (red) [9], NayNpOs (green) [8] and NasNpOg (blue) [8].
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Figure 4. Isomer shift versus mean neptunium-ligand

(Np-L) distance for selected hexavalent neptunium compounds

in coordination (CN) 6. *When not available, the mean (Np-L)
distance was approximated with the mean (U-L) distance reported
by Jové et al [21] and was corrected for the difference in ionic
radius between Npﬁo+ and U%* according to Shannon’s tabulated
data [37],1.e. 0.01 A.

shift, quadrupole coupling constant, and asymmetry para-
meters are very close to the ones at 20 K. The magnetic field
amounts to 105.3(3) T, a value in the same order of magni-
tude (~100 T) as reported for other 6-fold coordinated ternary
oxides [21, 27]. The magnetic field is moreover found to be
in the basal plane (§ = 90(2)°), i.e. it makes an angle of 90°
with respect to the principal axis of the electric field gradient
which is along the axis of the (NpO,)** ion. This orientation
is uncommon. Indeed, in Np(VI) neptunyl complexes, the field
is usually found to be collinear with the neptunyl axis as the
(NpO,)** ions are essentially isolated. The magnetic aniso-

tropy is mainly determined by the second order Bg crystal

(ligand) field term which is negative, and the ground state is
close to a pure| + % > state [38]. Higher crystal field terms (i.e.
Bg) come into interplay in the neptunates, however, and the
magnetic anisotropy can be either along the neptunyl axis as in
KyNpOQOy, or perpendicular to it as in the case of a-Na,NpOa.
Here again, the peculiar bonding properties of the latter com-
pound, as shown by the anomalous isomer shift and negative
€%qQ, seem to be responsible for the observed anisotropy.
Figure 5 shows the temperature dependence of the magn-
etic hyperfine field By fitted with a Brillouin function
(J = 1/2). These data show a critical temperature of 12.5 K,
defining the limit between the temperature range where magn-
etic hyperfine splitting is observed (below 12.5 K), and the
temperature range where only quadrupolar split spectra are
observed (above 12.5 K). A priori, this particular feature can
be explained in two ways: either the occurrence of a magnetic
ordering transition at 12.5 K, or the indication of a slow elec-
tron spin relaxation phenomenon in a paramagnetic system
[39]. However, the latter scenario can be ruled out as it implies
an uncommon sudden collapse of the relaxation time at the
critical temperature, i.e., a transition from a slow to a fast
relaxation regime above 12.5 K. Moreover, the temperature
dependence of Byy is typical of those observed for an exchange
split Kramers doublet. In addition, if the ground state dou-

blet, as suggested below, is a |§, + % > state, the relaxation is

expected to be fast (AJ, =+ 1).
Finally, the fitted hyperfine field corresponds to an ordered

moment (m) at 4.2 K of ~0.5 pg (Byi/m = (215T),u;7 [40]).

The magnetic moments associated with a |§,i% > and

" The original simple relation which holds between the hyperfine field (Bys)
and the ordered moment (m) determined by neutron diffraction was updated
for the new value for the ground state nuclear moment i, = 2.5, [28, 29].
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Table 1. Structural and Mossbauer parameters for some alkali hexavalent neptunates.
o SNpAL €0

Phase Bond lengths (A) Reference (mm-s ) (mm-s~ 1) n By(T) 0 (°) Reference

NajNpOs  Np-O;=2.06( x 4) [8] —53.5(3) 10.5(3)¢ 0 — — (8]
Np-Oy=2.31( x 2)

LisNpOs Np-O1=2.00( x 4) [30] —58.9(3) 18¢ 0 — — [21,27]
Np-Oy=2.21( x 2)

a-Na;NpO;  Np-O;=1.762( x 2) [21] —51.03)* —-170.63) 0 105.3(3) 90(2) This work
Np-On =2.086( x 4)

KoNpOy Np-O;=1.84( x 2) [31] —56.9(6)* +88 0 122¢ 0 [21, 23]
Np-On=2.15( x 4)

BaNpO4 Np-01=1.86( x 2) [21,27] —54(2)° +105.34)  0.37(3) — — [32]
Np-Oy=2.19( x 2)
Np-Omr=2.22( x 2)

B-NapNpOs  Np-O;=1.90( x 2) 16, 13] —56.2(3)° 103.2(3)¢ 0 — — [33]

Np-Onr =2.16( x 2)
Np-Om =2.17( x 2)

418 value at 4.2 K.
b 1S value at 77 K.

¢ Updated value for the ground state nuclear moment p, = 2.5u, [28, 29].
4 Sign unknown.
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Figure 5. Variation of the magnetic hyperfine field By (o) as a
function of temperature. The red solid line is a fit of the data using a
Brillouin function (J = 1/2).

|§, + % > ground states are 2.14 p1p, and 0.57 pup, respectively.
The low moment value in a-Na;NpOy could therefore sug-
gest a |§, :I:% > ground state doublet. This is only a crude
approximation, however, since the intermultiplet mixing as

well as the covalency effects are not taken into account. The
actual ground state could be more intricate. Magnetization
and magnetic susceptibility measurements were carried out,
as detailed in the next section, in an attempt to obtain a better
insight into the origin of the anomaly observed at 12.5 K.

3.2. Magnetization and magnetic susceptibility

The magnetic susceptibility xy(7) of a-Na,NpO, exhibits
paramagnetic behaviour from room temperature down to 3.1 K
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=
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Figure 6. (a) Magnetic suceptibility of a-Na;NpOy (e) and inverse
susceptibility (M) as a function of temperature measured at pioH = 5
tesla. The pink line shows the modified Curie—Weiss fit on the

present data. Magnetic susceptibility data collected at p,H = 1tesla
(0), and corrected for the ferromagnetic contribution (®).

(b) Magnetic susceptibility of a-Na,NpOj collected below 50 K at
1oH = 5 tesla and fit to the data using the modified Curie—Weiss law.

(figure 6). Surprisingly, the collected data did not show
any anomaly around 12.5 K, as could be expected from the
Madssbauer results.

The compound’s magnetic susceptibility was already
measured in 1980 from 4.2 to 300 K by Kanellakopulos et al
[14]. The reported data show a very large and flat maximum
at about 50 K, a sharp minimum at 7 K, and an inflexion point
at 12 K [11, 14, 41]. The authors interpreted this anomalous
behaviour as a magnetic ordering transition, most probably of
the antiferromagnetic type. But, the shape of their anomaly is
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Figure 7. Magnetization curves recorded between 0 and 6 tesla for
various temperatures.

unusual, and could possibly come from reorientation of the
sample in the Faraday balance.

The magnetization curves recorded in the present work for
various temperatures as a function of the magnetic field did
not show any anomaly at 12.5 K either (figure 7). However, a
careful look at the data, especially those collected at 50 and
100 K, shows that the linear extrapolation of the corresponding
curves does not go through zero at p,H = 0T. This could indi-
cate the presence of a small amount of ferromagnetic impu-
rity. The associated magnetization is saturated at magnetic
fields above about 0.5 T. The value of the magnetization
(~0.03 p1) at 6 T and 3.5 K is much smaller than the ordered
moment (~0.5 pp) deduced from the Mossbauer hyperfine
field. This suggests that a-Na,NpQy, if ordered, would be an
antiferromagnet. The curvature of the magnetization curves
collected below 12.5 K could be due to a small canting of the
antiferromagnetically coupled moments or alternatively to the
presence of a small amount of paramagnetic moments (impu-
rities or Np moments which avoid antiferromagnetic cou-
pling). This latter possibility could explain why the intrinsic
antiferromagnetic behaviour is masked.

The data x,,(T) collected herein with an applied magnetic
field of 5 tesla were fitted with a modified Curie—Weiss law
(equation (1)) in the temperature range 3.5-301 K, yielding a
temperature independent contribution to the magnetic suscep-
tibility x, = 5.31(9) - 1074 emu-mol~!, C* = 5.61(8) - 1072
emu-K-mol~!, and p = —15.8(3) K. Although no anomaly is
observed in x(7T), the negative sign of the Weiss constant
suggests the presence of antiferromagnetic interactions. The
effective moment inferred from the data after renormali-
sation based on the method of Amoretti and Fournier [18],
tege = 0.77 pp, is smaller than the value expected for the
free Np®" ion (2.54 up in Russell-Saunders coupling using
the free-ion J-value of the ground 2Fs)y multiplet, g; = 6/7).
This is a general observation for alkali metal actinide ter-
nary oxides with a [Rn]5f' central ion, where ligand fields
effects are as important as spin—orbit effects. Repeating the
magnetic susceptibility calculations of Kanellakopulos et al
[14] (which reproduced very well their experimental results at
high temperatures) using the same spin—orbit and crystal-field

35
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Figure 8. Heat capacity of @-Na;NpOy in 0, 7, and 14 tesla
magnetic field.

parameters, but without accounting for covalency (i.e. using
k = k' = 1), yields for the ground state I*; doublet an effective
magnetic moment fi g = 0.81 pp. The good agreement with
our low temperature experimental data allows one to infer that
the ligand-field potential is largely responsible for the effec-
tive moment reduction.

It is interesting to compare the present results with those
obtained on K,NpO,4 by Nectoux et al [23] and Jové et al [42],
who performed Mdssbauer spectroscopy and magnetic sus-
ceptibility measurements [23]. The K,NpOy, structure is made
of a 2D network of infinite sheets with corner sharing NpOg
octahedra [22]. The Mossbauer studies revealed magnetic
hyperfine splitting at 19.5(5) K, with an associated hyper-
fine field of 122 tesla (table 1), corresponding to an ordered
moment of about 0.6 ;, while the magnetic susceptibility
curve did not show any anomaly in these ranges of temper-
ature. Nectoux et al interpreted the Mossbauer results in terms
of a first-order magnetic transition, probably associated with
Jahn-Teller deformation. But the authors also pointed to the
need for neutron diffraction data to confirm this hypothesis.

3.3. Heat capacity at low temperatures

The low temperature heat capacity data collected for
a-Na,NpO,4 show an anomaly at 12.5 K [43], which is shifted
to slightly lower values when a magnetic field is applied as
shown in figure 8. This critical temperature matches the one
found by Mdssbauer spectroscopy.

The excess electronic contribution to the heat capacity of
a-Na,NpO,4 was derived in this study in an attempt to obtain
a better insight into the origin of the anomaly. The lattice heat
capacity contribution was approximated with the one of a-
Na,UQ4 (which has electronic configuration [Rn]5f 0), as the
two compounds are isostructural and have very similar atomic
masses [44]. The difference between the two curves, shown
in figure 9, corresponds to the electronic excess heat capacity.

This electronic contribution could correspond to an insu-
lator-metal transition, a magnetic order-disorder transition,
or a Schottky-type transition associated with low-lying elec-
tronic levels. An insulator-metal transition is ruled out in
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Na;NpO, obtained by subtracting the data reported for a-Na,UOy
[44] (@), and comparison with the simulation for energy levels at
0 and 60cm ™! (blue line) using a Schottky function.

this case as a-NapyNpQy is a forest green insulating material.
For magnetic transitions, the electronic entropy, which is of
a configurational nature, corresponds to the maximum dis-
ordering from an ordered magnetic structure, where all spins
are oriented, to the disordered paramagnetic state, where all
spins are degenerate [45]. The latter contribution is equal to
ASmagn = RIn(2S + 1), where S is the total spin quantum
number [45].

The curve obtained with this method shows a super-
position of two different excess contributions. The
first one at 12.5 K resembles a sharp A peak associ-
ated with magnetic ordering, while the second one, with
a very broad shape between 15 and 85 K, looks more
like a Schottky-type anomaly. Above 100 K, the elec-
tronic heat capacity (C./T) reaches a constant value of
about 0.025 J-K~2.mol~!, although it should reach zero
(corresponding to the same lattice contribution at high
temperatures for the uranium and neptunium compounds).
But this discrepancy can be related on the one hand to the
uncertainty on our experimental results which increases
towards high temperatures using the PPMS technique,
and on the other hand to the correction for the Stycast
contribution.

The numerical integration of the (Cg/T) = f(T) curve in
the temperature range 2.1-15.3 K using the OriginPro soft-
ware yielded Sypeak = 1.1 J-K~'mol ™!, i.e. about 19% of the
expected order-disorder entropy for such a Kramers system
(Smagn = RIn2), and Sschouky = 5.5 J-K ''mol~! for the
Schottky-type anomaly integrated over the temperature range
15.3-88 K. The heat capacity data of a-Na,NpO4 and con-
sequently the electronic heat capacity showed a slight re-
increase below 3.7 K as visible in figure 11 and reported in
[43]. Self-heating effects coming from the radioactive decay
of 2’"Np were considered, but appeared negligible [43]. The
occurrence of a second transition below 2.1 K, possibly
of magnetic nature, could be possible. Alternatively, this
increase could arise from a nuclear Schottky effect due to the
splitting of the I = 5/2 nuclear ground level of >*’Np nuclei
by the hyperfine field and the quadrupolar interaction [43].
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Figure 10. Splitting of the 5f ' electronic state by (a) spin—orbit
coupling, (b) an O, symmetry crystal field, and (c) a D4, symmetry
crystal field [52].

The entropy contribution of this slight raise is negligible and
cannot explain the mismatch of Sypea With the expected R1n 2
value. The total excess entropy between 2.1 and 301 K was
estimated as 12.2 J-K~'mol~!, which is rather close to the
entropy expected for the full Np J = 5/2 Hund’s rule multiplet
RlIné6.

The A-type feature at 12.5 K seems to be directly related to
the magnetic hyperfine splitting observed at the same temper-
ature by Mossbauer spectroscopy. Moreover, as the A-peak is
shifted to lower temperatures with the application of a magn-
etic field, one is tempted to interpret it as an antiferromagn-
etic ordering transition. The experimental magnetic entropy,
i.e. 1.1 J-K 'mol™!, is much lower than expected, but this is
not uncommon for compounds where the 5f electrons partic-
ipate to the chemical bonding [43] or are of itinerant char-
acter as in some intermetallic compounds [46]. The absence
of any anomaly at 12.5 K in the magnetic susceptibility data
is puzzling, however. Neutron diffraction measurements are
required to confirm the existence of an antiferromagnetic state
at low temperatures and to solve these apparently contradic-
tory results.

As for the Schottky-type anomaly, this appears to be a
rather recurrent feature among the family of sodium acti-
nates with [Rn]5f! central ion. It was reported already for
NasNpOs [8] and NaUOj3 [47]. NasNpOs adopts a paramagn-
etic behaviour over the whole temperature range according
to Mossbauer spectroscopy and magnetic susceptibility data,
and its low temperature heat capacity shows a broad Schottky-
type anomaly between 3 and 15 K.

NaUO; was reported to be an antiferromagnet with a trans-
ition temperature at ~32 K as found in magnetic susceptibility,
electron spin resonance, and neutron diffraction experiments
[48-50]. Neutron diffraction measurements moreover indicated
an orthorhombic magnetic cell, and a G-type antiferromagn-
etic ordering [50]. Interestingly, Lyon et al, who performed
heat capacity measurements at low temperatures [47], found
two types of excess electronic contributions as in the present
case: a clear \ type anomaly associated with antiferromagnetic
ordering, and Schottky-type feature above the lambda transition.
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electronic entropy obtained by simulating energy levels at O and

60cm ™! (o) using a Schottky function.

In the [Rn]5f" electronic configuration of a-Nap,NpQy, the
2F;, ground state has a degeneracy of (2J + 1) = 6, and is
therefore split into three Kramers doublets (I} ground state,
and T, Ty excited states) by the crystal field effect in the
tetragonally distorted symmetry [11], as shown in the split-
ting scheme in figure 10. The 2Fy/, level is split into four
Kramers doublets. Volkovich et al assigned a Dy, crystal field
symmetry to the isostructural a-Na,UO4 compound using
Raman and infrared spectroscopy [51]. However, the optical
spectroscopy measurements and electronic level calculations
presented in the literature for a-Na,NpOy are based on a Dyj,
approximation [11, 14]. The present results have also been
interpreted considering a Dy, crystal field symmetry, which is
justified in view of the neptunyl type of arrangement around
the neptunium cation.

The entropy associated with the Schottky anomaly,
obtained after subtraction of the lattice contribution of
a-Na,UQy, was found very close to that of a two levels system,

i.e. Sgchottky = R ln(l + i—?) = R1In2[53]. The electronic levels

associated with the 2Fs/, ground state were subsequently sim-
ulated using a simple two levels Schottky function as written

in equation (4) [53]:
0s
exp( =
RSy s ©) )

:l' g 0 2
81 1

where 0 is the spacing between the two low-lying electronic
levels expressed in K, go and g; their respective degeneracy
(go/g, = lin this case). Os is related to the energy separation ¢
between the two levels via the formula 05 = &/kg, where kg is
Boltzmann constant equal to 1.380 6488-1072% J.K~!.

Figure 9 compares the experimental electronic heat
capacity with the one calculated for two low-lying Kramers
doublets with the same degeneracy at 0 and 60cm™! (i.e. 7.44
meV or 86.3 K). In figure 11, the heat capacity of a-Na;NpOy

CSchottky =

is moreover compared with the sum of the lattice contribution
of a-Na,UO, and excess electronic entropy calculated with
the Schottky function. The agreement is remarkably good
above the A transition. Our simulation therefore makes quite
a strong case for the existence of a Schottky-type anomaly in
the heat capacity.

Optical spectroscopy measurements on a-Na,NpO, were
performed by Kanellakopulos and co-workers in 1980, which
revealed transitions at 8130, 9 615, 10 310, 12 500, and 15
150cm™! [14]. The authors assigned them to the I'¢ and I'4
levels, and three nearest doublets of the 2F,, levels, respec-
tively. The hypothesis of a I'; doublet lying 60cm™! above
the I; ground state doublet would therefore require a com-
plete reevaluation of the spectroscopic data and calculations
of Kanellakopulos et al [54], according to which the I, ground
state is well isolated.

Supposing that the first excited doublet is much closer in
energy to the I; ground state than calculated by Kanellakopulos
et al [54] (an assumption which would naturally explain the
Schottky-type anomaly), we can suggest yet an alternative
explanation to the heat capacity and magnetic susceptibility
results obtained herein. In such a scenario, the transition at
12.5 K could be related to the ordering of electric quadru-
poles rather than magnetic dipoles. Several examples of quad-
rupolar transitions in lanthanide-based tetragonal systems
showing two low-lying Kramers doublets forming a quasi-
quartet have been reported in the literature [55, 56]. In the
case of a-Na,NpQy, the Oy, and the Oy, quadrupoles are active
when the two lowest I and I} doublets are populated. The
latter two Kramers doublets which compose a ground pseudo-
quartet cannot be split into singlets (as opposed to magnetic
order, which would break time reversal symmetry). This has
two consequences: firstly, the latter quadrupoles could drive
the phase transition without triggering magnetic dipoles as a
secondary order parameter, which would explain why no sign
of the phase transition is visible in the magnetic susceptibility
data; secondly, the entropy change associated with the trans-
ition should be much smaller than R In 2, which fits well with
our experimental results. However, it is difficult to explain
why no trace of the presence of a second, low-lying Kramers
doublet just above the ground state is visible in our Mossbauer
spectra above 12.5 K. It is also not clear how the quadrupoles
would affect the slow relaxation below the ordering temper-
ature. Complementary experimental investigations at low
energy and theoretical calculations are therefore needed to
elaborate on our results and to fully understand the nature of
this transition.

4. Conclusions

The present work has revealed very complex properties for
a-Na,NpO, at low temperatures. Mossbauer spectroscopy
measurements have firstly confirmed the Np(VI) charge state
and [Rn]5f" electronic configuration from the isomer shift
value 65 = —50.9(3) mm-s"/NpAlz. The local structural
environment around the Np cation has moreover been related
to the fitted Mossbauer parameters: n = 0 due to the axial
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symmetry in the NpOg octahedra, while the large value of the
quadrupole coupling constant, e’qQ = — 170.6(3) mm-s~ !, is
related to the (NpO,)** neptunyl type of ion. The Mssbauer
spectra collected below 12.5 K have shown magnetic hyper-
fine splitting, which could be related to a magnetic ordering
transition at this temperature. This hypothesis is substantiated
by the occurrence of a A-peak at 12.5 K in the low temperature
heat capacity data (Syagn = 1.1J K~ 'mol~1). But surprisingly,
the magnetic susceptibility curve did not present any anomaly
at 12.5 K, while the low temperature magnetization data could
suggest the occurrence of an antiferromagnetic ordering.
These results seem to indicate a rather exotic magnetic
ordering behaviour, and it would be extremely interesting to
collect neutron diffraction data to gain further insight into the
origin of the transition. Finally, simulations have made quite
a strong case for the existence of a Schottky-type anomaly
in a-Na,NpOy, with a low-lying electronic doublet 60cm™!
above the ground state doublet. Thereafter, the occurrence of
a quadrupolar ordering transition associated with a ground
state pseudoquartet has been postulated in this work to explain
our experimental observations as an alternative to magnetic
ordering. Such hypothesis would explain the small value of
the entropy associated with the A transition, the observation
of a Schottky-type excess component, and the absence of
any anomaly in the magnetic susceptibility data. However,
more refined spectroscopic measurements at low energy are
required to re-evaluate the Np(VI) crystal-field ground state
and to conclude on the complex behaviour of a-Na,NpOs.
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