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Abstract Actinide materials play a special role in condensed matter physics, span-
ning behaviours of itinerant d-electron and localized 4f-electron materials. This
duality of the 5f electrons confer to actinide-based intermetallic compounds a
broad variety of physical properties such as magnetic or multipolar ordering, heavy
fermion behaviour, quantum criticality, unconventional superconductivity...*’Np
Mossbauer spectroscopy is a unique microscopic tool for gaining information on the
electronic and magnetic properties of Np systems.
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1 Introduction

Superconductivity was first reported in 1942 for uranium metal («-U) [1] and in 1958
for U compounds [2]: UCo, UgMn, UgFe, and UgCo, with critical temperatures T,
of 1.7,2.3,3.9, and 2.3 K, respectively. A new class of U superconductors emerged in
the early 1980’s with the discovery of U heavy fermion (HF) superconductors (SC):
UBey3 (T. =0.85K) [3], UPt; (T, = 0.53 K) [4], URu,Si, (T, = 1.5K) [5] or UPd,Al;
(T = 1.9 K) [6]... Furthermore, in most of these systems, the SC phases coexist
with antiferromagnetic (AF) correlations which have characteristic temperatures,
usually the Néel temperature Ty, that are typically one order of magnitude larger
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than the corresponding SC critical temperatures T.. SC was even shown to co-exist
with ferromagnetism in e.g. UGe, (T, =~ 0.8 K, T¢ ~ 30 K at p ~ 1.2 GPa) [7] and
URhGe (T, = 0.25 K, Tc = 9.5 K) [8]. HF-SC still remain a major challenge for
condensed matter physics. The existence of HF-SC and its coexistence or proximity
with magnetic order suggests that the conventional mechanism of phonon-mediated
SC is inappropriate and that alternative mechanisms, like spin fluctuations, should
be considered for Cooper pairing.

Beside the large number of U superconductors, it is worth noticing the lack
of transuranium superconductors: neither Np nor Pu metals are SC and, until a
decade ago, no Np or Pu-based SC was reported (with the exception of Np Chevrel
phases NpjxMogSes (T, = 5.6 K) [9], where 5 f electrons are thought not to be
SC). The recent discovery of 5 f electrons HF-SC in PuCoGas [10], PuRhGas [11]
and NpPdsAl, [12] has therefore been a major advance. Furthermore, their critical
temperatures—T. &~ 18.5, 8.7 and 4.9 K, respectively—are the highest of all f-
electron systems.

Mossbauer effect can be observed in a number of actinide isotopes, however
only the 60 keV electric dipole (E1) transition of the 2’Np isotope is suitable
for systematic investigations, combining reasonable experimental constraints and
exploitable output parameters [13]. Indeed, the excellent Mossbauer resonance of
the 2’ Np nucleus makes it a unique microscopic tool for gaining information on the
electronic and magnetic properties of Np systems [14]. One consequence, however,
of the rather high energy of the 2’Np Méssbauer transition, is the experimental
limitation to fairly low temperatures, where the Lamb-Mossbauer factor is large
enough to observe a sizeable effect.

In this paper, we review >’Np Moéssbauer spectroscopy (MoS) studies of the Np
analogues of selected actinide superconductors: U heavy fermions, Pu “1:1:5” and
the only Np-based SC known so far, NpPdsAl,.

2 Neptunium analogues of uranium heavy fermion superconductors
2.1 AHBCB

UBe,3, one of the rare U-based HF-SC that does not show any AF ordering in the
normal state, has a cubic crystal structure, a critical temperature T, = 0.85 K, and a
huge Sommerfeld coefficient of the specific heat y &~ 1,100 mJ mole ! K2 [3].

Its isostructural homologue NpBe;; also displays a huge quasi-particle mass
enhancement y ~ 900 mJ mole~! K=2, but orders AF at 3.4 K and is not SC down to
0.080 K [15]. 2’ Np Méssbauer measurements have shown that the low-temperature
properties were sensitive to Be content: samples with excess Be were not magnetic,
whereas optimal samples had Ty ~ 4.9 K [16]. In the ordered state, the fit of the
Mossbauer spectra requires two sites with different hyperfine fields (Byps = 241 and
208 T) corresponding to Np ordered moments of 1.12 and 0.97 ug, respectively
[17], and an intensity ratio ~2:1. These boundary conditions provided by MoS
then allowed combined neutron diffraction experiments to determine the complex,
modulated magnetic structure of NpBe;; with wave vector q = (1/3,0,0), moments
perpendicular to the propagation direction, and two sublattices with moments per-
pendicular to each other. The wave vector of the structure gave new information
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on where to search for magnetic correlations in UBe;3 [18]. However, subsequent
investigations have revealed AF short-range magnetic correlations in UBe,3 situated
at q = (0.5,0.5,0) [19].

2.2 AHRU2Si2

URu,Si, is a HF-SC with T, = 1.5 K and y ~ 180 mJ mole~' K2 that has a
mysterious ground state below Ty = 17.5 K [5] with a dipolar moment my = 0.03 pg.
The order parameter has not been identified yet, and the phase has been called
“hidden order” (HO). With pressure, the ground state switches from the HO phase
to an AF phase (my = 0.4 pg), whereas SC is suppressed [20]. The application of
high magnetic fields restores the HO phase [21].

It is worth noticing that U MoS measurements have been performed on
URu,Si, [22]. However, this rotational electric dipole (E2) transition leads to a
vanishing isomer shift ;s — 0 and broad line width that severely limit the access
to hyperfine interactions and the information gained. It is nonetheless worthwhile
noticing that the hyperfine magnetic field observed at the U site is one order of
magnitude higher than expected for such a small magnetic moment.

Combined *’Np MoS and neutron diffraction have shown that the NpRu,Si,
counterpart (tetragonal, like URu,Siy) is ordering at Ty = 27.5 K into an in-
commensurate structure (q = (0,0,0.86)) with a maximum moment myx, = 1.5 pp
aligned along the c-axis, and partial squaring at low temperatures [23]. The sizeable
quadrupolar interaction (e?’qQ & —66 mm/s) contributes to make the Mdossbauer
pattern asymmetric and complex.

The intermediate systems (U;_xNpx)Ru,Si, have also been studied and no SC
has been detected by electrical resistivity measurements down to 1.5 K for all
samples [24]. 2"Np MoS have revealed very similar patterns for all concentrations
from x = 0.9 down to 0.05: §is, equ and By are nearly insensitive to x. It is also
worth mentioning the rapid squaring of the Np moments modulation as x decreases:
already for x = 0.9, only two distinct hyperfine fieds are observed and the main site
represents 94% of the total intensity [25]. Finally, resonant x-ray magnetic scattering
[26] have measured the ratio of the U and Np magnetic moments for x = 0.1 and
x = 0.5 and, using my, from Mdossbauer experiments, estimated my ~ 0.4 ug.
This value corresponds to the moment observed in the AF phase of the pure
URu,Si, under pressure [27], although doping with Np might be considered as
applying a “negative pressure” since it increases the lattice parameters. However,
the substitution of U by Np introduces a strong molecular field at the U sites as a
result of the large moment of 1.5 pg carried by Np. This molecular field acts on the
U moment of 0.02 pug to increase it by one order of magnitude. Figure 1a shows the
ZINp Méssbauer spectra obtained for x = 0.05. Due to the very low amount of Np
in this alloy, the spectrum required a full month recording and still displayed poor
statistics, but the clear hyperfine magnetic splitting shows that the magnetic moment
carried by Np is still 1.5 pg at such a low Np concentration.

The largest ordered magnetic moment (my = 0.85 pg) in U HF-SC was observed in
UPd,Al; (Ty =14 K; T, =2 K, y ~ 140 mJ mole~! K2) [28]. 28U Méssbauer was
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Fig. 1 a >’Np Mossbauer spectra recorded at T = 4.2 K of (U;_yNpx)Ru,Sip for x = 0.05 and
x = 0.5. Notice the weak effect (~0.1%) for x = 0.05, one order of magnitude smaller than for
x = 0.5(~1%), scaling with Np concentration. Both patterns are similar and display similar hyperfine
parameters. The fit assumes a single magnetic site (single value of Byg). b Temperature dependence
of the magnetic moment in NpRhGas inferred from 2*’Np MoS. The lines are guides for the eyes.
The two magnetic transitions and the corresponding direction of the magnetic moments are indicated

also performed in this compound, but the magnetic transition is barely detectable
(the line width increases from 50 mm/s to 60 mm/s at Tx) [22]. The hexagonal
isostructural NpPd,Al; parent compound is not SC down to 1.2 K [29]. %'Np
Mossbauer show that NpPd, Al; orders at 38 K into a modulated magnetic structure
with a maximum moment my;, = 1.67 pp [30]. Measurements on (U;_xNp,)Pd>Als
solid solutions reveal that 85 and e?>qQ are insensitive to x, but myp and Ty are
much affected by chemical substitution: as x increases Ty first decreases from 14 K
down to 4.5 K, and finally increases dramatically up to 38 K [25]. Electrical resistivity
measurements [31] indicate the collapse of superconductivity when Np is substituted
to U: for x = 0.005, the critital temperature is significantly reduced (T, = 1.5 K) and
for x = 0.01 it is no more observed (down to 1.2 K).

2.4 AnRhGe

In the wake of UGe, [7] and ZrZn, [32], URhGe displays the intriguing coexistence
of ferromagnetism ((T¢ = 9.5 K), and superconductivity (T, = 0.25 K)—for the
first time at ambient pressure in a f-electrons system [8]. URhGe crystallizes
into an orthorhombic structure and has strongly correlated 5f electrons (y ~
160 mJ mole~! K—2).

On the contrary, no SC was observed down to T = 1.8 K in NpRhGe, but it orders
AF at Ty ~ 21.5 K [33]. In the paramagnetic state, *’Np Mossbauer spectra consist
of a broad line, revealing a weak quadrupolar interaction. At 4.2 K, the spectrum can
be analysed in terms of a unique set of hyperfine parameters, but the line broadening
as well as the enhanced intensity of internal lines and reduced intensity of external
lines are typical of relaxation effects. The value of the By corresponds to an ordered
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magnetic moment my;, = 1.14 pg and its Brillouin-like (J = 1/2) thermal variation
suggests that the ground state of the Np ion is a magnetic doublet [34].

3 Neptunium analogues of Plutonium superconductors
3.1 AnCoGas

The first Pu-based superconductor, PuCoGas, with a critical temperature T, ~ 18.5 K
and a critical field B, ~ 74 T, is unique among 5 f systems and has been proposed as a
bridge between two classes of spin-fluctuation-mediated SC: the known HF-SC and
the high-T, copper oxides [10].

Its Np counterpart NpCoGas was found to order AF at Ty = 46.5 K [35]. The
value of the magnetic moment inferred from the Mdossbauer By, amounts to myp
= 0.84 pg at 4.2 K. Its variation with temperature follows a J = 1/2 Brillouin
behavior, indicating that the ground state is a doublet, in agreement with the
magnetic entropy released at Ty (~R In2). The fact that e2qQ measured in the
ordered and paramagnetic states are about the same suggests that the Np moments
are aligned along the c-axis which is the main component of the electric field gradient
in the paramagnetic state (tetragonal symmetry). The value and direction of the
ordered moment were later confirmed by neutron diffraction and the wave vector
q = (0,0,!/2) determined [36].

3.2 AnRhGas

PuRhGas is a SC with smaller critical parameters (T, ~ 8.7 K and B, ~ 21 T) than
its Co analogue [11].

In analogy, NpRhGas is an AF with lower Ty (37 K) [37] than NpCoGas.
However, the magnetic phase diagram of NpRhGas is more complex: it undergoes
a second magnetic transition at T* = 32 K, attributed to a reorientation of the
magnetic moments from the c-axis to the basal plane, as evidenced by 2*’Np MoS
(Fig. 1b).

4 Neptunium superconductor

Recently, SC involving 5 f electrons was observed for the first time in a Np com-
pound, the paramagnetic HF NpPdsAl, (T, = 4.9 K and y =200 mJ mole~' K—?) with
tetragonal symmetry [12]. This system thus represents a unique opportunity for the
Z3INp Mossbauer resonance. No magnetic hyperfine splitting is observed indicating
that the Np ions do not carry any magnetic ordered moments [38]. &is (—11.1 mm/s
vs NpAl) is close to the value expected for ionic Np**, but attributed rather to Np**
(configuration 5f*), considering the influence of conduction electrons. The spectra
recorded in the superconducting state are very similar to those taken in the normal
state. However, a small increase in both §is and e?>qQ is observed below T, indicating
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Table 1 23’Np hyperfine parameters inferred from MoS

Compound 818 e? qQ Bt Tn/Te Reference
(mm/s) (mm/s) (T) (K)
NpBejs 3.1 0 241/208 5 (AF) [18]
NpRu;Sip 0.5 64 321/258/69 27.5 (AF) [23]
NpPd,Alz 10.0 47 360/316/121 38 (AF) [30]
NpRhGe -2,5 9 245 21 (AF) [34]
NpCoGas 6.8 35 180 47 (AF) [35]
NpRhGas 94 13.4 206 37 (AF) [37]
NpPds Al —11.1 22.0 0 5(SC) [38]

By is given at 4.2 K, 815 and e2qQ are given in the paramagnetic state
d1s is given versus the standard absorber NpAl,
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that both the electronic density at the Np nuclei and the electric field gradient due to
the 5 f electrons are affected by the formation of Cooper pairs.

5 Summary

The hyperfine parameters inferred from 2*’Np MoS in all reviewed compounds are
summarized in Table 1. From the 415 values, it can be seen that all systems display the
electronic configuration 5f* corresponding to J = 4. The expected ordered moment
for the free Np**ion would be 2.75 ug (intermediate coupling), i.e. By = 591 T.
Kondo effect and crystal field effects have been invoked to explain the reduced
values of the magnetic moments in these compounds (see e.g. [35] and [38]).

It is clear from Fig. 2 that the Np systems show much larger ordering temperatures
than their U counterparts. This is in agreement with the general trend observed in
actinide intermetallics, attributed to the shorter spatial extension of 5 f orbitals in
Np compared to U and, consequently, the weaker hybridization/delocalization of 5 f
electrons in Np.

The x-dependence of the ordering temperature in (U;_xNpy)Pd,Al; is unusual,
with a minimum for x = 0.3 (see Fig. 2). Interestingly, UPd, Al; and NpPd,Al; have
different easy axis (my_L ¢ and my, // ¢) and, from x = 0.3 to x = 0, the magnetic
moment carried by Np is continuously rotating from the c-axis to the basal plane
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[26]. Magnetic frustration may then explain the T minimum observed at x = 0.3.
The Torq variation of (U;_xNpx)Ru,Si, appears smooth and almost linear, although
it should be noticed that for x = 0, the AF order vanishes and is replaced by the
so-called “hidden order”.

References

[ S ~NROS I S

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.
29.

. Aschermann, G., Justi, E.: Phys. Z. 43,207 (1942)

. Chandrasekhar, B.S., Hulm, J.K.: J. Phys. Chem. Solids 7, 259 (1958)

. Ott, H.R., Rudiger, H., Fisk, Z., Smith, J.L.: Phys. Rev. Lett. 50, 1595 (1983)

. Stewart, G.R., Fisk, Z., Willis, J.O., Smith, J.L.: Phys. Rev. Lett. 52, 679 (1984)

. Schlabitz, W., Baumann, J., Pollit, B., Rauchschwalbe, U., Mayer, H.M., Ahleim, U., Bredl, C.D.:

Z. Phys. B 62, 177 (1986)

. Geibel, C., Schank, C., Thies, S., Kitazawa, H., Bredl, C.D., Bohm, A., Rau, M., Grauel, A.,

Caspary, R., Helfrich, R., Ahleim, U., Weber, G., Steglich, F.: Z. Phys. B 84,1 (1991)

. Saxena, S.S., Agarwal, P., Ahilan, K., Grosche, F.M., Haselwimmer, R.K.W., Steiner, M.J.,

Pugh, E., Walker, L.LR., Julian, S.R., Monthoux, P., Lonzarich, G.G., Huxley, A., Sheikin, I.,
Braithwaite, D., Flouquet, J.: Nature 406, 587 (2000)

. Aoki, D., Huxley, A., Ressouche, E., Braithwaite, D., Flouquet, J., Brison, J.-P., Lhotel, E.,

Paulsen, C.: Nature 413, 613 (2001)

. Damien, D., de Novion, C.H., Gal, J.: Solid State Commun. 38, 437 (1981)
. Sarrao, J.L., Morales, L.A., Thompson, J.D., Scott, B.L., Stewart, G.R., Wastin, F., Rebizant, J.,

Boulet, P., Colineau, E., Lander, G.H.: Nature 420, 297 (2002)

. Wastin, F., Boulet, P., Rebizant, J., Colineau, E., Lander, G.H.: J. Phys.: Condens. Matter 15,

$2279 (2003)

. Aoki, D., Haga, Y., Matsuda, T.D., Tateiwa, N., Ikeda, S., Homma, Y., Sakai, H., Shiokawa, Y.,

Yamamoto, E., Nakamura, A., Settai, R., Onuki, Y.: J. Phys. Soc. Jpn. 76, 063701 (2007)

. Kalvius, G.M.: J. Nucl. Mater. 166, 5 (1989)

. Sanchez, J.P., Colineau, E., Vulliet, P., Tomala, K.: J. Alloys Compd. 275, 154 (1998)

. Stewart, G.R., Fisk, Z., Smith, J.L., Willis, J.O., Wire, M.S.: Phys. Rev. B 30, 1249 (1984)

. Gal, J., Litterst, F.J., Potzel, W., Moser, J., Potzel, U., Kalvius, G.M., Fredo, S., Tapuchi, S.: Phys.

Rev. B 36,2457 (1987)

. Dunlap, B.D., Lander, G.H.: Phys. Rev. Lett. 33, 1046 (1974)
. Hiess, A., Bonnet, M., Burlet, P., Ressouche, E., Sanchez, J.P., Waerenborgh, J.C., Zwirner, S.,

Wastin, F., Rebizant, J., Lander, G.H, Smith, J.L.: Phys. Rev. Lett. 77, 3917 (1996)

Coad, S., Hiess, A., McMorrow, D.F., Lander, G.H., Aeppli, G., Fisk, Z., Stewart, G.R., Hayden,
S.M., Mook, H.A.: Physica B: Condensed Matter 764, 276-278 (2000)

Hassinger, E., Knebel, G., Izawa, K., Lejay, P., Salce, B., Flouquet, J.: Phys. Rev. B 77, 115117
(2008)

Aoki, D., Bourdarot, F., Hassinger, E., Knebel, G., Miyake, A., Raymond, S., Taufour, V.,
Flouquet, J.: J. Phys.: Condens. Matter 22, 164205 (2010)

Tsutsui, S., Nakada, M., Nasu, S., Haga, Y., Honma, T., Yamamoto, E., Ohkuni, H., Onuki, Y.:
Hyperfine Interact. 126, 335 (2000)

Bogé, M., Bonnisseau, D., Burlet, P., Fournier, J.M., Pleska, E., Quézel, S., Rebizant, J., Rossat-
Mignod, J., Spirlet, J.C., Wulff, M.: J. Nucl. Mater. 166, 77 (1989)

Wastin, F., Bednarczyk, E., Rebizant, J., Zwirner, S., Lander, G.H.: J. Alloys Compd. 262-263,
124 (1997)

Zwirner, S., Waerenborgh, J.C., Wastin, F., Rebizant, J., Spirlet, J.C., Potzel, W., Kalvius, G.M.:
Physica B 80, 230-232 (1997)

Lidstrom, E., Mannix, D., Hiess, A., Rebizant, J., Wastin, F., Lander, G.H., Marri, 1., Carra, P.,
Vettier, C., Longfield, M.J.: Phys. Rev. B 61, 1375 (2000)

Amitsuka, H., Sato, M., Metoki, N., Yokoyama, M., Kuwahara, K., Sakakibara, T., Morimoto,
H., Kawarazaki, S., Miyako, Y., Mydosh, J.A.: Phys. Rev. Lett. 83, 5114 (1999)

Dalichaouch, Y., de Andrade, M.C., Maple, M.B.: Phys. Rev. B 46, 8671 (1992)

Seret, A., Wastin, F., Waerenborgh, J.C., Zwirner, S., Spirlet, J.C., Rebizant, J.: Physica B 206&
207, 525 (1995)

Reprinted from the journal 555 @ Springer



E. Colineau et al.

30.

31.
32.

33.
. Colineau, E., Sanchez, J.-P., Wastin, F., Javorsky, P., Riffaud, E., Homma, Y., Boulet, P.,

35.

36.

37.

38.

Zwirner, S., Spirlet, J.C., Rebizant, J., Potzel, W., Kalvius, G.M., Geibel, C., Steglich, F.: Physica
B 681, 186-188 (1993)

Wastin, F., Bednarczyk, E., Rebizant, J.: J. Alloys Compd. 437, 271-273 (1998)

Pfleiderer, C., Uhlarz, M., Hayden, S.M., Vollmer, R., von Lohneysen, H., Bernhoeft, N.R.,
Lonzarichk, G.G.: Nature 412, 58 (2001)

Boulet, P., Colineau, E., Wastin, F., Rebizant, J.: J. Magn. Magn. Mater. 272-276, €327 (2004)

Rebizant, J.: J. Phys.: Condens. Matter 20, 255234 (2008)

Colineau, E., Javorsky, P., Boulet, P., Wastin, F., Griveau, J.-C., Rebizant, J., Sanchez, J.-P.,
Stewart, G.R.: Phys. Rev. B 69, 184411 (2004)

Metoki, N., Kaneko, K., Colineau, E., Javorsky, P., Aoki, D., Homma, Y., Boulet, P., Wastin, F.,
Shiokawa, Y., Bernhoeft, N., Yamamoto, E., Onuki, Y., Rebizant, J., Lander, G.H.: Phys. Rev.
B 72, 014460 (2005)

Colineau, E., Wastin, F., Boulet, P., Javorsky, P., Rebizant, J., Sanchez, J.-P.: J. Alloys Compd.
386, 57-62 (2005)

Gofryk, K., Griveau, J.-C., Colineau, E., Sanchez, J.-P., Rebizant, J., Caciuffo, R.: Phys. Rev. B
79, 134525 (2009)

@ Springer 556 Reprinted from the journal



	237Np Mössbauer studies on actinide superconductors and related materials
	Abstract
	Introduction
	Neptunium analogues of uranium heavy fermion superconductors
	AnBe13
	AnRu2Si2
	AnPd2Al3
	AnRhGe

	Neptunium analogues of Plutonium superconductors
	AnCoGa5
	AnRhGa5

	Neptunium superconductor
	NpPd5Al2

	Summary
	References



