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a b s t r a c t

The specific heat of NpGa3 has been measured for the first time. The magnetic transitions and more
generally the full magnetic phase diagram have been re-established precisely. The Sommerfeld coefficient
and the magnetic entropy point to a rather localized system, in agreement with previous studies, in
particular high pressure Mössbauer and resistivity. The comparison with other NpX3 suggests that NpGa3

is the most localized member of the series.
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. Introduction

The actinide compounds AnX3 (An = U, Np, Pu), where X is an
lement from Group IIIA or IVA, mostly crystallize into the cubic
uCu3 structure. They are characterized by an actinide–actinide

nteratomic distance far above the Hill limit, therefore 5f–ligand
ybridization is the main mechanism responsible for the delocal-

zation of the 5f electrons. The systematic of this hybridization
as been well demonstrated for the UX3 compounds, which either
o not order magnetically (X = Al, Si, Ge, Sn) or exhibit antiferro-
agnetism (X = Ga, In, Tl, Pb). It was concluded that the 5f–ligand

ybridization increases as one moves up a column of the periodic
able or moves from a Group IIIA element to a Group IVA element
1,2].

Although data on corresponding Np intermetallics are much
ess documented, a similar trend was noticed. However, it is clear
hat the Np-based compounds are more “magnetic” than their ura-
ium analogues, which is consistent with the general picture that
he hybridization decreases as one substitutes a heavier actinide.
ndeed, all NpX3 compounds (X = Al, Ga, In, Sn) order magnetically

t the exception of NpGe3 and NpSi3 [3–5]. In the plutonium series,
agnetic order was observed only in PuGa3 [6], whereas PuIn3 [7]

nd PuSn3 [8] are paramagnets. PuAl3, PuGe3, PuTl3 and PuPb3 have
een reported, but their physical properties are not known [9]. It

∗ Corresponding author. Tel.: +49 0 7247 951 442; fax: +49 0 7247 951 599.
E-mail addresses: eric.colineau@ec.europa.eu, ecolineau@ec.europa.eu
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is worth noting that several PuX3 (X = Al, Ga, Tl) crystallize into
non-cubic structures.

The AnX3 (An = U, Np, Pu) series, with its generally simple
crystallographic structure and rich magnetic and electronic prop-
erties, allows a systematic study of the dual character of the 5f
electrons. The knowledge of specific heat behavior at low tempera-
ture is an important aspect to understand these systems. Several
UX3 systems (X = Al, Ga, In, Sn, Pb) present enhanced specific
heat at low temperature, in particular USn3 (� = 170 mJ mol−1 K−2)
and UPb3 (� = 110 mJ mol−1 K−2). The highest value was found in
PuGa3 where the values of the electronic specific heat coefficient �
amounts to ∼110 and ∼220 mJ mol−1 K2 for the trigonal and hexag-
onal allotropes, respectively [6]. In the neptunium analogues, only
NpSn3 (� = 88 mJ mol−1 K−2) [10], NpIn3 (� = 72 mJ mol−1 K−2) [11]
and NpGe3 (� = 34 mJ mol−1 K−2) [12] have been investigated so far.

NpGa3 exhibits antiferromagnetic ordering (k = (1/2 1/2 1/2))
below TN ≈ 65 K, but ferromagnetic order with an ordered moment
�Np ≈ 1.5�B is stabilized below TC ≈ 50 K [3,13,14]. The high pres-
sure behavior of NpGa3 suggests a rather localized character of the
5f electrons [15]. We report here for the first time the specific heat
properties of NpGa3.

2. Experimental

The NpGa3 sample was prepared by arc melting of stoichiometric amounts of

neptunium and gallium metal in dry argon gas. X-ray-diffraction patterns obtained
with a Debye–Scherrer camera showed a pure cubic AuCu3 phase (space group
Pm3m) with a lattice parameter a = 4.255 Å. The specific heat experiments were per-
formed using a 14.171 mg NpGa3 polycrystalline sample by the relaxation method
in a Quantum Design PPMS-14 within the temperature range 1.8–300 K and in mag-
netic fields up to 14 T.

dx.doi.org/10.1016/j.jallcom.2010.09.109
http://www.sciencedirect.com/science/journal/09258388
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Fig. 2. Specific heat of NpGa3 in applied magnetic fields up to 14 T.

Cel + Cph = �T + ˇT3 (3)

Below 5 K, we notice an increase of the C/T value (Fig. 4), which
indicates the presence of another contribution to the specific heat,
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ig. 1. Specific heat of NpGa3 as a function of temperature. The inset ‘a’ shows
closer view of the magnetic transitions. Inset ‘b’ shows an entropy-conserving

onstruction to determine precisely the Néel temperature.

. Results

Fig. 1 shows the temperature dependence of the specific heat
n NpGa3 over the whole temperature range investigated. The
oom-temperature value (C ≈ 100 J mol−1 K−2) corresponds to the
ulong–Petit limit, as expected for a heavy intermetallic system
here 6 degrees of freedom are available for each of the 4 atoms:

= 4 × 6 × kBNA

2
(1)

ith kB the Boltzmann constant and NA the Avogadro number.
When the temperature decreases, we observe two anomalies

inset Fig. 1). First, a lambda-type anomaly occurs at 66.5 K that
orresponds to the onset of antiferromagnetic ordering established
y previous studies [13]. The Néel temperature can be precisely
etermined using an entropy conserving construction (inset b). At
1.1 K, a remarkably intense and narrow peak emerges from the
urve, indicating the magnetic phase transition from antiferromag-
etism to ferromagnetism. This sharp peak confirms the first-order
ature of the transition, as previously revealed by the thermal varia-
ion of the magnetic moment measured by Mössbauer spectroscopy
nd neutron diffraction [13].

The application of an external magnetic field affects both tran-
itions in different ways (Fig. 2): the Néel temperature is slightly
hifted to lower temperature, before the antiferromagnetic order
s destroyed above 4 T. On the contrary, the peak corresponding to
he antiferromagnetic/ferromagnetic transition is largely shifted to
igher temperatures, until it meets and absorbs the lambda-type
nomaly. The topology of the peak evolves from a first-order like,
harp peak to a second-order like transition through a possible
ricritical point.

From these observations, we can reconstruct the magnetic phase
iagram of NpGa3, which is in agreement with the previously
stablished one [13,14]. However, due to a higher density of exper-
mental data, we improve here the accuracy of the diagram (Fig. 3).

Several effects contribute to the specific heat of NpGa3, that can
e considered as the sum of the following components:
= Cph + Cel + Cmag (2)

here Cph is the phonon contribution, Cel is the electronic part and
mag the magnetic specific heat.
Fig. 3. Magnetic phase diagram of NpGa3 precisely re-built from specific heat data.

At low temperatures, the phonon part can be approximated by
a T3 law and we obtain:
Fig. 4. Low-temperature specific heat of NpGa3. The experimental data (open
circles) of C/T are reproduced assuming a constant electronic term, a quadratic tem-
perature dependence of the phonon contribution and a nuclear Schottky anomaly
(solid line, see text).
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Fig. 6. Magnetic entropy of NpGa3. The value at the onset of magnetic ordering is
indicated by a dotted line.
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system. In comparison, the magnetic entropy at TN of the itinerant
antiferromagnet UGa3 is barely 0.14 Rln2 [16].
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ontributions to the specific heat of NpGa3. The inset shows the magnetic specific
eat.

scribed to a nuclear hyperfine Schottky term due to the splitting
f the nuclear ground state level (I = 5/2) of the 237Np nuclei by the
yperfine field:

N = R/3(�Bhf/kBI)2I(I + 1)
T2

= C2T−2 (4)

ith R the molar gas constant, kB the Boltzmann constant, � the
uclear moment of the 237Np ground state (2.5�N), I the nuclear
pin of the 237Np ground state (5/2) and Bhf the hyperfine magnetic
eld measured by Mössbauer spectroscopy (Bhf = 335 T [14]).

Fig. 4 shows the dependence of C/T vs. T2 below 80 K2 (T ∼ 9 K)
nd a fit involving the electronic, phonon and nuclear terms
escribed above. The magnetic term may also contribute to the spe-
ific heat in this temperature region but is estimated to less than
mJ mol−1 K−1 below 10 K (around 1 mJ mol−1 K−1 at 5 K, using a

imple T3/2 dependence). Moreover, it would influence mainly the
lope of the observed dependence. We cannot thus relate the ˇ
btained from the fit exclusively to phonons, but the � coefficient
haracterizing the electronic contribution can be estimated with
easonable precision to � = 38(4) mJ mol−1 K−2.

The global magnetic contribution to the specific heat can be
xtracted from the data by subtracting the other components. The
uclear and electronic specific heat have been estimated from the

ow-temperature region. The general phonon contribution can be
ell estimated by a fit of the non-magnetic region using 3 acoustic

ranches (Debye model, first term) and 6 optic branches (Einstein
odel, second term):

ph = 9R
(

T

�D

)3
∫ �D/T

0

x4ex

(ex − 1)2
dx + R

6∑
i=1

(
�Ei

T

)2
e�Ei/T

(e�Ei/T − 1)2
(5)

ith R the gas constant, �D and �E the Debye and Einstein temper-
tures, x = E/kBT.

The main contributions to the specific heat of NpGa3 are plot-
ed in Fig. 5. The inset shows the magnetic component around the
ransitions. It can be observed that the magnetic specific heat con-
ributes significantly between 30 and 70 K.

By integrating the magnetic specific heat, we obtain the mag-
etic entropy, which is shown in Fig. 6:
mag =
∫ T

0

Cmag(T)
dT

T
(6)

A discontinuity is observed at TC, where the first-order transition
akes place. The magnetic entropy is close to Rln2, suggesting the
Fig. 7. Ordering temperature plotted as a function of the Sommerfeld specific heat
coefficient in AnX3 compounds (circles for U, squares for Np and diamonds for Pu).

occurrence of a doublet ground state (J = 1/2) and a rather localized
4 4.1 4.2 4.3 4.4 4.5 4.6 4.7 4.8

d(An-An) (A)

Fig. 8. Hill plot of the AnX3 compounds (circles for U, squares for Np and diamonds
for Pu).
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. Discussion

The analogue compound UGa3 has a Néel temperature
TN = 67 K) very close to that of NpGa3 (TN = 66.5 K) and shares
he same type II antiferromagnetic structure (wave vector
= (1/2 1/2 1/2)) [17]. These remarkable similarities contrast with
arked differences: in UGa3 two anomalies are observed by
agnetization, resistivity, thermopower and neutron diffraction

round 40 K and 10 K, but their nature still remains unexplained
18,19]. An itinerant nature of the 5f-electron antiferromagnetism
as been assigned to UGa3 on the basis of magnetic and specific heat
ata (reduced ordered magnetic moment (0.8�B), enhanced elec-
ronic specific heat coefficient (50 mJ mol−1 K−2)), strongly reduced

agnetic entropy (0.14 Rln2) [16], behavior under high pressure
20,21] and confirmed by further experimental data and band struc-
ure calculations [2].

Unlike NpGa3 where the application of pressure reinforces
he magnetic coupling and increases the Néel temperature up to
00 K at 15 GPa [15], UGa3 experiences a rapid collapse of TN that
anishes around pc = 2.6 GPa [21]. The latter could be close to a
uantum critical point since non-Fermi liquid behavior is observed
round pc, whereas a Fermi liquid regime appears at higher pres-
ures. Furthermore, at 1.5 GPa, the resistivity of UGa3 starts to
rop below 0.3 K and could be indicative of superconductivity
21].

The PuGa3 analogue crystallizes in either a trigonal structure
ype (R−3m) or in the hexagonal DO19 type (P63/mmc). Both phases
rder magnetically; the trigonal modification corresponds to a soft
erromagnet below TC = 20 K with a saturated moment of 0.2�B/Pu
hereas the hexagonal one exhibits antiferromagnetic order below

N = 24 K which undergoes a metamagnetic transition around 6 T
6]. They both exhibit highly enhanced values of the Sommerfeld
oefficient of 110 mJ mol−1 K−2 and 220 mJ mol−1 K−2, respectively.
nder high pressure, the Néel temperature of the trigonal PuGa3

6] increases, similarly to NpGa3 [12] or the parent compound
pCoGa5 [22], whereas the hexagonal modification behaves like
Ga3 [21] with a collapse of TN.

Fig. 7 shows the variation of the ordering temperature as a
unction of the specific heat � coefficient for the whole AnX3
eries. In the uranium and neptunium series, it appears clearly that
he ordering temperature collapses with increasing � , suggesting
hat the 5f–spd hybridization and concomitant 5f delocalization
ncrease from the rather localized NpGa3 to the weak antiferro-

agnet NpSn3 (�Np = 0.3�B) or from the antiferromagnet UIn3 to
he paramagnet USn3. The compounds with the lowest � are para-

agnetic. The trend is less clear in the PuX3 series, but it should be
oticed that only 2 (non-cubic) modifications of the same system
PuGa3) are available.

Although the An–An distance is far beyond the limit of 5f–5f
rbitals overlap (3.2–3.4 Å) in the AnX3 compounds, it is inter-
sting to look at a Hill plot (Fig. 8) to summarize the situation
nd observe some trends across the series. First we again notice
he similarity between NpGa3 and UGa3 with identical ordering
emperature and close � values. The Si and Ge samples exhibit
he lowest lattice parameters of the series and are paramagnetic.
learly, UGa3 is the only uranium-based compound with “short”

attice parameter that orders magnetically. This obviously suggests
strong 5f–ligand hybridization and explains the itinerant char-

cter of this magnet. UAl3 is a paramagnet whereas NpAl3 orders
agnetically. This is consistent with the general trend that nep-

unium compounds are more localized than uranium analogues,

ue to the smaller spatial extent of Np 5f orbitals compared to U.
owever, the trend is somehow contradicted by UIn3 that has the
ighest ordering temperature (TN = 88 K) of the AnX3 series and
pIn3 that has one of the lowest (TC = 13.5 K). Competing inter-
ctions (resulting in its complex magnetic phase diagram and

[

[
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magnetic structure) may explain the low ordering temperature of
NpIn3 [23].

5. Conclusion

The specific heat of NpGa3 has been investigated for the first
time. The magnetic phase transitions have been better charac-
terized and the magnetic phase diagram has been rebuilt more
precisely. The moderately enhanced Sommerfeld coefficient and
the magnetic entropy close to Rln2 point to a rather localized
system, which is consistent with previous studies, in particular
high pressure Mössbauer spectroscopy and high pressure electrical
resistivity. The comparison with other NpX3 suggests that NpGa3 is
the most localized member of the series. Whereas UGa3 and hexag-
onal PuGa3 behave like itinerant systems, NpGa3, trigonal PuGa3
and NpCoGa5 appear as rather localized systems.
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