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Electronic State of PuCoGas and NpCoGas as Probed by Polarized Neutrons
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By using single crystals and polarized neutrons, we have measured the orbital and spin components of
the microscopic magnetization in the paramagnetic state of NpCoGas; and PuCoGas. The microscopic
magnetization of NpCoGas agrees with that observed in bulk susceptibility measurements and the
magnetic moment has spin and orbital contributions as expected for intermediate coupling. In contrast,
for PuCoGas, which is a superconductor with a high transition temperature, the microscopic magneti-
zation in the paramagnetic state is small, temperature-independent, and significantly below the value
found with bulk techniques at low temperatures. The orbital moment dominates the magnetization.
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The isostructural intermetallic compounds of the RT X5
series with R = (Ce, U, Np, Pu), T = (Co, Rh, Ir, Fe, Ni)
and X = (Ga, In) show a wide range of interesting elec-
tronic and magnetic properties. Especially the discovery of
superconductivity in PuCoGas at the surprisingly high
temperature of 7,, = 18 K stimulated considerable re-
search into the interplay of magnetism and superconduc-
tivity of these compounds [1].

We report here on polarized-neutron diffraction experi-
ments [2]. Our measurements probe the spatial dependence
of the magnetization and reveal the microscopic magnetic
properties of the superconductor PuCoGas in the normal
state, as well as those of its neptunium-based homologue
NpCoGas. Important new insights emerge from such a
comparison.

NpCoGas shows longitudinal-modulated antiferromag-
netic (AF) order below Ty = 47 K characterized by a
propagation vector q = (0,0,1/2) [3]. In the ordered
state a moment parallel to the ¢ axis of u = 0.8 up
where wp denotes the Bohr magneton ug = eh/2m, =
9.2741072* J/T, and a magnetic form factor consistent
with a Np?* ion has been reported. The temperature de-
pendence of the magnetic susceptibility is shown in Fig. 1.
In the paramagnetic state at high temperatures a Curie-
Weiss-like behavior is observed. Recent NMR experiments
[4] in the paramagnetic state indicate a crossover from
localized behavior at high temperatures to itinerant mag-
netic properties below 100 K. Interestingly, the magnetic
excitation spectrum investigated by inelastic neutron scat-
tering suggests itinerant behavior in the antiferromagneti-
cally ordered state [5].

No magnetic order has been found down to 1 K in
PuCoGas [6]. Initial bulk susceptibility measurements [1]
are shown in Fig. 1. Subsequent experiments, at ITU as
well as at Los Alamos National Laboratory [7], on vari-
ous single crystalline samples, both **PuCoGas and
242PuCoGas, have given a significantly lower value of the
susceptibility. These differences are not understood, but
may be attributed to impurities, possible additional phases,
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and difficulties in measuring small susceptibilities on en-
capsulated samples. Measurements performed at ITU us-
ing a SQUID magnetometer with the same 2**PuCoGas
sample as used for the neutron experiments, and the field
applied in the same direction, are shown also in Fig. 1.
PuCoGas and NpCoGas crystallize in the P4/mmm
tetragonal structure with similar lattice parameters a =
42 A and ¢ = 6.8 A and the actinide atoms in the la
special position [6]. For our neutron scattering experiments
a NpCoGas single crystal of m = 126 mg was grown from
a melt of the elements. Because of its high neutron absorp-
tion cross section, the most common isotope 2*°Pu is not
optimum for neutron diffraction. The present experiments
were performed on a 160 mg 2*?PuCoGay sample. The use
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FIG. 1 (color online). Magnetic susceptibility (1 emu/mole =
1.79 ug/T) of NpCoGas and PuCoGas as a function of tem-
perature with B || a. Blue open diamonds: NpCoGas [3]; red
closed diamond: NpCoGas deduced from the neutron form
factor (this work); dashed line: PuCoGas as previously published
[1]; open black circles: measured at ITU on the same single
crystal of 2*?PuCoGas as used for the neutron experiments; green
closed circles: deduced from the neutron form factor (this work).
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of this isotope also avoids effects from radiation damage
over the time scale of these experiments. The crystal was
grown from the melt using *?PuSb instead of metallic
239Pu as starting material leading to traces of Sb (<1%)
in the crystal. The observed superconducting transition
temperature is slightly reduced to about 7y, = 15 K with
respect to previous material, but other properties are simi-
lar to those reported [6,7]. Both crystals were oriented and
encapsulated in a double wall container with a horizontal
b-c scattering plane.

The neutron diffractometer D9 of the ILL, Grenoble,
France,[8] was used in normal beam geometry to measure
about 600 nuclear reflections with a wavelength of A; =
0.84 A as well as about 1000 nuclear reflections at A, =
0.43 A to determine the crystallographic parameters of
PuCoGas at T = 25 K. The crystallographic parameters
are consistent with those reported in the literature [6] and
were used in the treatment of the polarized-neutron experi-
ments, together with the relevant corrections for absorption
and extinction.

The polarized-neutron experiments on both compounds
were performed on the ILL diffractometer D3 [9]. A seg-
mented cryomagnet equipped with a dedicated insert for
transuranium samples was used to apply a vertical mag-
netic field of B = 9.6 T parallel to the a axis. We measured
flipping ratios R = I /I~ at a selection of nuclear Bragg
peaks, where /™ and I~ are measured with the incident
neutron beam polarized (at 93%) parallel and antiparallel
to the magnetic field, respectively. The selected reflections
cover various directions in reciprocal space with different
(stronger and weaker) nuclear structure factors. In compar-
ing the data taken on the two samples using different
neutron wavelengths, only reflections with structure fac-
tors |Fy| = 0.25 X 1072 cm/f.u. were found reliable.
During the experiment, many different equivalent reflec-
tions were measured. For PuCoGas we performed most of
our measurements at 7 =25 K and A, = 0.84 A and re-
tained 18 nonequivalent reflections. At 7T = 50 Kand T =
100 K three reflections (1 0 0), (0 0 2), and (0 0 4) were
measured. For NpCoGas the experiment was performed at
T =52K and two wavelengths A, = 0.84 A (34 non-
equivalent reflections) and A, = 0.54 A (10 nonequivalent
reflections). To extract the magnetic structure factors from
the measured flipping ratios all relevant corrections have
been applied [9]. Within the statistics of our measurements
contributions from Schwinger scattering are not significant
and are neglected.

We first report the experimental results on NpCoGas.
Since all analysis methods used to reconstruct the magne-
tization density map indicate that the only significant
magnetization is associated with the neptunium atom, we
can examine the results in a more transparent way by
plotting the observed structure factors as a function of Q =
47rsin(®)/ A (Fig. 2). We then fit the data points to a curve
with a Np** form factor such that F, = wrom((o) +
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FIG. 2 (color online). Magnetic structure factors of NpCoGas
plotted as a function of Q/47 = sin(®)/A at T = 52 K with a
magnetic field B = 9.6 T applied parallel to the a axis. The data
are taken with two different wavelengths A; = 0.84 A (closed
diamonds) and A, = 0.54 A (open diamonds). The dashed line is
a fit to a Np form factor as discussed in the text.

C,(j,)) using the dipole approximation [10]. Assuming
intermediate coupling [11] C, = 2.11 [3,10]. The radial
integrals (j;) are calculated from Dirac-Fock solutions of
the 5f single-electron wave function, and are well known
[10]. The fit is shown in Fig. 2 and by extrapolation to Q =
0 gives a total induced moment pry, = 0.091(1) ug for
an applied field of B = 9.6 T. This value in the forward
direction should correspond exactly to the susceptibility as
measured by bulk techniques [3]. We find a value of
9.5(1) muy/T, which is marked by the red diamond in
Fig. 1. Considering the methological differences and the
required extrapolation to Q = 0, this is in good agreement
with the susceptibility of 10.3 mug/T as measured with
bulk techniques. The Pearson correlation coefficient,
Rpmcce, which ranges from O for uncorrelated data points
to 1 for perfect correspondence, is 0.94. Further efforts to
refine the data with the inclusion of an induced suscepti-
bility at the Co site and to change C, do not result in any
significant improvement of the fit. We therefore conclude
that the magnetic structure factors observed for NpCoGas
are well described by a Np** form factor within an inter-
mediate coupling scheme. These results are consistent with
those for other Np intermetallics and in good agreement
with recent work on the elements defining the need for
intermediate coupling for Np [11]. Nevertheless, they do
not exclude hybridization and band effects in such materi-
als as inferred from NMR [4] and inelastic neutron scat-
tering [5] results.

We now turn to the results on PuCoGas. The 18 mea-
sured magnetic structure factors F; are plotted as a func-
tion of sin(®)/A in Fig. 3. The smaller value of the sus-
ceptibility, 1 order of magnitude less than NpCoGas, see
Fig. 1, implies worse statistics. Moreover, when dealing
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FIG. 3 (color online). Magnetic structure factors of
242PuCoGas plotted as a function of Q/47 = sin(@)/A at T =
25 K with a magnetic field B = 9.6 T applied parallel to the a
axis. The data are taken with A; = 0.84 A. The dashed, dotted,
and solid lines are different fits to a Pu form factor as discussed
in the text.

with such small induced moments the diamagnetic contri-
butions [12] of the core electrons of all elements are
relevant. Diamagnetic contributions amount to y =
—15 X 107 emu/mole and y = —40 X 10~° emu/mole
[13] for the argon (on the Co and Ga sites) and radon (on
the Pu site) core electrons, respectively, and lead to
changes of =10% in the position of the data points in
Fig. 3.

To start the quantitative analysis an induced paramag-
netic moment on the plutonium site is assumed. The
dashed line in the figure is the best fit when using a free-
ion form factor for Pu>™ with an intermediate coupling
scheme, e.g. C, = 3.8. This Pu?" form factor [10,14] has a
characteristic maximum at Q > 0, but gives a poor fit and
this is confirmed with Rpycc = 0.28. We next fix C, = 0,
which corresponds to a model with spin-only, i.e., no
orbital moment, and this is shown as a dotted curve. The
fit is again poor, with Rpyicc = 0.36. Allowing C, to vary
gives the solid curve fit with C, = 1.3(3), which is a
considerable improvement and significant with Rpyice =
0.78. The inclusion of additional parameters such as an
induced paramagnetic moment on the Co site gives no
significant improvement in the fit.

The extrapolation of the best fit leads to a susceptibility
of 0.74(5) mup/T at T = 25 K on the actinide site, which
is marked as a solid green point in Fig. 1. All possible
values of the intercept in Fig. 3 are considerably (by about
50%) below the value of the susceptibility as measured by
bulk magnetization on the same sample. The neutron value
represents the contribution from the periodic moment ar-
rangement in PuCoGas only, and is insensitive to impuri-
ties. To investigate further the discrepancy between the
microscopic induced moment and the induced magnetiza-

tion from bulk measurements we measured some flipping
ratios at 50 and 100 K. Within the precision of these
measurements, no significant temperature dependence is
observed; the extrapolation assuming the same form fac-
tor as at 25 K, ie., C, = 1.3, gives 0.81(10) and
0.87(10) mup /T at 50 and 100 K, respectively. This small,
temperature-independent, value is a major result of our
experiment, and puts into question current models of the
normal state in PuCoGas.

Our experiments establish significant differences in
the microscopic magnetic properties of NpCoGas and
PuCoGas: the paramagnetic form factor of Np in
NpCoGas is consistent with a Np>* form factor expected
for intermediate coupling and is similar, as expected, to the
form factor observed in the ordered state [3].

The situation is different for PuCoGas. At 25 K, just
above T, the microscopic magnetization as deduced from
the neutron measurements appears to be =50% of that
found with bulk measurements on the same crystal. Only
the latter shows a temperature dependence, the measured
bulk and neutron values agree at higher temperatures. The
absolute value of the susceptibility observed with neutrons
[0.74(5) mug/T = 0.41(3) X 107> emu/mole at T =
25 K] is close to the values found in Pu metal (0.50 X
103 emu/mole) [15] and PuTe (0.30 X 10~3 emu/mole)
[16]. Both these materials show an almost temperature-
independent susceptibility, as found also for PuCoGas with
neutrons, and neither have localized 5f states or order
magnetically.

The value of C, = +1.3(3) derived here may be directly
related to the ratio of orbital (w; ) to spin (i g) moments, as
C, = (wp)/(wp + wmg). The value of C, greater than one
shows that w; and ug are antiparallel. A simple derivation
suggests that w; /g = —4. A dominant orbital moment is
found also for PuTe,[13] where C, = 1. PuTe is under-
stood as an intermediate-valence system, either on the ba-
sis of atomiclike 5f states [16] or within a band picture in
which the 5f and conduction electrons (mostly 6d) are
strongly hybridized [17]. Thus, from a discussion of the C,
coefficient, a model of localized 5f states in PuCoGas is
incompatible with the neutron form factor as shown in
Fig. 3.

As expected given the wide interest in the RT X5 com-
pounds, there have been many theoretical papers published
describing the electronic state of Pu in PuCoGas. Most
theories have at least started from the local spin-density
approximation (LSDA) model [18] and find that the
dominant contribution to the Pu state comes from the 5 f°
manifold (i.e. trivalent Pu3"). Adding Coulomb correla-
tions to the model (LSDA + U) [19,20] then starts to
include other manifolds, in particular, the 5£° (i.e., divalent
Pu") state, which is nonmagnetic, and the result is a
partial quenching of the magnetism. Whereas all these
theories calculate photoemission spectra close to those
observed, they all have the Pu ion close to magnetic order.
In addition, in the one calculation giving possible C, values
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[19], the value is predicted to be negative, a situation never
found in neutron experiments on any f-electron system.

The theoretical problem of treating the electronic state
of Pu in PuCoGas appears to be similar to that encountered
in Pu metal [21]. Starting with a localized model with five
5f electrons may not, in fact, be a good first approxima-
tion, as shown by our experiments.

In summary, the experiments reported here have shown
that the normal state of PuCoGas is substantially different
from that anticipated from a conventional Pu** ion, which
would exhibit Curie-Weiss-like behavior in the normal
state. Instead, the susceptibility is small, temperature-
independent, and dominated by orbital effects. These con-
straints on the model for the normal state are vital input for
theory. In the superconducting state, which is not addressed
by our experiments, current models [22,23] involve
d-wave pairing but the nature of the mediating bosons
has not been established [24]. Since our measurements
probe q = 0, as does the magnetic susceptibility, we are
insensitive to any antiferromagnetic fluctuations, and
therefore our results do not address directly this issue.
However, the absence of a sizeable paramagnetic moment
on the Pu sites is a new fact that must be considered by
theories assuming Cooper pairing mediated by spin-
fluctuations. The itinerant system UGa; develops an or-
dered AF state from an almost temperature-independent
susceptibility and with a value of C, = 1 in the paramag-
netic state [25]. Therefore it is still possible that super-
conductivity develops out of AF fluctuations, perhaps
orbital in nature, within the itinerant ground state of
PuCoGas. This needs to be substantiated by experiments,
and further measurements to probe the strongly hybridized
[21] or intermediate-valence [26] nature of this fascinating
material are urgently required.

We thank the health physics and the technical services
of the ILL for their help. We acknowledge P.J. Brown,
N. Kernavanois, G.J. Mclntyre, M.T. Fernandez-Diaz,
E. Leliévre-Berna from the ILL, J. A. Paixdo from the
University of Coimbra, and E. Ressouche from CEA/
Grenoble for their help with the experiments and analysis.

Discussions with P. Oppeneer and J.D. Thompson are
much appreciated. The high purity neptunium and pluto-
nium metal required for the fabrication were made avail-
able through a loan agreement between Lawrence
Livermore National Laboratory and ITU, in the frame of
a collaboration involving LLNL, Los Alamos National
Laboratory, and the U. S. Department of Energy.

[1] J.L. Sarrao et al., Nature (London) 420, 297 (2002).

[2] Preliminary polarized-neutron data on PuCoGas have
been presented previously: A. Hiess et al., J. Magn.
Magn. Mater. 310, 709 (2007).

[3] N. Metoki et al., Phys. Rev. B 72, 014460 (2005).

[4] H. Sakai et al., Phys. Rev. B 76, 024410 (2007).

[5] N. Magnani et al., Phys. Rev. B 76, 100404(R) (2007).

[6] E.D. Bauer et al., Phys. Rev. Lett. 93, 147005 (2004).

[7] J.D. Thompson (private communication).

[8] http://www.ill.fr/YellowBook/D9/.

[9] http://www.ill.fr/YellowBook/D3/.

[10] G.H. Lander, in Handbook on the Physics and Chemistry
of Rare Earths, edited by K.A. Gschneidner et al.
(Elsevier, Amsterdam, 1993), Vol. 17, p. 635.

[11] K.T. Moore et al., Phys. Rev. B 76, 073105 (2007).

[12] C. Stassis, Phys. Rev. Lett. 24, 1415 (1970).

[13] G.H. Lander et al., Physica (Amsterdam) 146B+C, 341
(1987).

[14] G.H. Lander et al., Phys. Rev. Lett. 53, 2262 (1984).

[15] J.C. Lashley et al., Phys. Rev. B 72, 054416 (2005).

[16] P. Wachter et al., Phys. Rev. B 43, 11136 (1991).

[17] P.M. Oppeneer et al., Phys. Rev. B 61, 12 825 (2000).

[18] I. Opahle and P. M. Oppeneer, Phys. Rev. Lett. 90, 157001
(2003); 1. Opahle et al., Phys. Rev. B 70, 104504 (2004).

[19] A. Shick et al., Phys. Rev. Lett. 94, 016401 (2005).

[20] L. V. Pourovskii et al., Phys. Rev. B 73, 060506(R) (2006).

[21] J.H. Shim et al., Nature (London) 446, 513 (2007).

[22] K. Ohishi et al., Phys. Rev. B 76, 064504 (2007).

[23] N.J. Curro et al., Nature (London) 434, 622 (2005).

[24] F. Jutier et al., Phys. Rev. B 77, 024521 (2008).

[25] A. Hiess et al., Europhys. Lett. 55, 267 (2001).

[26] P. Wachter, Physica (Amsterdam) 453C, 1 (2007).

076403-4



