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Abstract

Single crystals of plutonium compounds PuRhGas and Puln; are successfully grown. For PuRhGas, anisotropy of the superconducting upper
critical field was found and analyzed by the anisotropic mass model, consistent with quasi-two-dimensional electronic states predicted by band
calculations. On the other hand, the de Haas—van Alphen oscillation was observed in Puln;. By comparing with the band calculations, it is concluded

that 5f electrons are itinerant in Pulns.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The discovery of the superconductivity in plutonium com-
pounds PuCoGas [1] and PuRhGas [2] has attracted attention
because of their high-superconducting transition temperature 7t
and possible magnetically mediated superconductivity inferred
from several experimental results such as Curie—Weiss behavior
in magnetic susceptibility, large specific heat jump and existence
of line-nodes on the superconducting gap [1,3,4], similar to the
isostructural heavy fermion superconductor CeColns [5].

Existence of the quasi-two-dimensional Fermi surfaces in
PuCoGas is predicted by the band calculations based on the
itinerant 5f electron picture, which might explain high Tt in this
compound [6,7].

In the actinide compounds, the 5f-itinerant band model was
successfully applied to many U compounds[8]. Such itinerant
characteristics, observed in the U and Np compounds, might not
be valid in heavy actinides. The wave function of 5f electrons of
actinide metals shrinks with increasing the number of 5f elec-
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trons. Namely, the Wigner—Seitz radius steeply decreases from
Th to Np as in transition metals, has a minimum in Np, and in-
creases with further increase in the number of 5f electrons[9].
The Wigner—Seitz radius of Am is close to the localized 4f-
electron radius, and thus the radius of Pu has an intermediate
value between those of Np with the 5f-itinerant nature and Am
with the 5f-localized nature.

In this paper, we present the anisotropic superconducting
properties of PuRhGas and the itinerant 5f electronic states ob-
served in Pulns.

2. Experimental

Single crystals of PuRhGas and Puln; were grown by the Ga-
and In-flux methods, respectively [10,11]. All the sample preparations
were performed in argon-circulated glove boxes to avoid the oxidiza-
tion of Pu metal. In the present study 94% enriched 2**Pu metal was
used. The starting materials as well as excess flux were inserted into
an alumina crucible. It was then put into a tungsten-heater furnace
in argon atmosphere. The crucible was heated up to 1100 °C, main-
tained at that temperature for 2 h and then slowly cooled to room tem-
perature over 12h. Large single crystals with typical dimensions of
2.5mm x 1.5mm x 0.9 mm were then extracted from the melt. The


mailto:haga.yoshinori@jaea.go.jp
dx.doi.org/10.1016/j.jallcom.2006.11.206

Y. Haga et al. / Journal of Alloys and Compounds 444—445 (2007) 114-118 115

Fig. 1. Single crystals of (a) PuRhGas and (b) Puln3 used for present study, and (c) encapsulation.

lattice parameter as well as the orientation of the single crystal sam-
ple were determined by the X-ray diffraction method, where the lattice
parameters agree with the reported values.

Fig. 1 shows single crystals of PuRhGas and Puln; used in the
present study.

In order to perform the low-temperature experiments, special care
was taken in cooling the radioactive sample, where the self-heating ef-
fect due to the a-decay was 6.9 uW for the present PuRhGas sample
of 16.3 mg. In order to attain good thermal contact between the sam-
ple and the cryostat, the sample was fixed on a copper or silver disk
which directly contacts with 3He—*He mixture. With this setup, the
temperature deference between the sample and the mixture is estimated
to be about 10 mK at the base temperature of 30 mK. It was inserted
into a polyimide tube and filled with stycast epoxy. The magnetization
was measured using a commercial SQUID magnetometer up to 55 kOe
(Quantum Design MPMS-5). The ac susceptibility and dHVA measure-
ments were performed using the field modulation technique under high
magnetic fields up to 150kOe in a dilution refregerator.

3. Superconducting properties of PuRhGas

Fig. 2 shows the temperature dependence of the inverse mag-
netic susceptibility x for the magnetic field along the [100]
and [00 1] directions. Both measurements were performed on
the same sample, where the direction of the magnetic field was
changed by rotating the sample tube around its axis, in order
to minimize the anisotropy of back ground. Here we note that
the background susceptibility due to the sample holder was al-
most independent of temperature, and was subtracted from the
experimental data.
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Fig. 2. Temperature dependences of inverse magnetic susceptibility of
PuRhGas.

The susceptibility increases with decreasing temperature, but
clearly includes a large value of the temperature-independent
term xo. Namely, the susceptibility is expressed as x = xo +
C/(T + 6p), where xo = 4.3 x 107 and 4.5 x 10~* emu/mol
for H || [100]and [0 0 1], respectively. From the Curie term, we
obtain an effective magnetic moment pefr = 0.85up/Pu above
100 K for both directions, which is approximately equal to the
free ion value of Pu>*, as shown by solid lines in Fig. 1. It is not
clear at present whether 5f electrons are localized at high temper-
atures. Itis most likely necessary to measure the susceptibility at
much higher temperatures. Below 100K, the susceptibility de-
viates from the Curie—Weiss law, indicating a smaller effective
moment.

An important finding in Fig. 2 is that anisotropy of the mag-
netic susceptibility is very small, which contrasts with relatively
large anisotropy of the susceptibility in CeColns [12]. The steep
drop of the susceptibility below about 9 K, shown in Fig. 2, is
due to superconductivity.

Fig. 3 shows the temperature dependence of ac susceptibil-
ity at 1 and 50kOe for H || [100]. The magnetization and ac
susceptibility decrease below T, = 8.6 K at 1 kOe, as shown by
an arrow, at which the superconducting transition temperature is
defined. The transition temperature shifts to a lower temperature
T. = 7.0K at 50kOe, as shown by the arrow.

We also carried out these measurements for H || [00 1]. Fig.3
shows the temperature dependence of the upper critical field H.
The slope of He; at T, —dH>/dT, is obtained as —dH, /dT =
35 and 20kOe/K for H || [100] and [00 1], respectively.

To further clarify the anisotropy of the upper critical field,
we measured the angular dependence of H., at 5 K by rotating
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Fig. 3. Temperature dependences of ac susceptibility of PuRhGas at 1 and
50kOe along [100].
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Fig. 4. Temperature dependence of upper critical field H.; in PuRhGas. Solid
lines indicate guidelines. Inset: angular dependence of H; at 5 K.

the sample, as shown in the inset of Fig. 4. Large anisotropy
is observed: Hy, = 130kOe for H || [100] and 66kOe T for
H || [001] at SK. This field dependence is well described by
the anisotropic mass model. The solid line in Fig. 4 is the result
of fitting using the following function [13]:

He (0 =90%)
\/sin2 0 + (m}/m¥) cos? 6

Heo(0) = ey

where m; /m is the mass anisotropy ratio for the [00 1] (c) and
[100] (a) directions, and 6 is the field angle measured from
[001]to [100]. m}/m}; = 3.9 is similar to m}/m} = 5.6 ob-
tained for CeColns [14]. The quasi-two dimensional character-
istics of the Fermi surfaces [6,7] are most likely reflected in
anisotropy of the upper critical field, as in CeColns [14]. To
confirm this point, Fermi surface studies by means of dHvA
experiment are desired.

From the anisotropy of H.,, the quasi-two-dimensional elec-
tronic state is most likely realized in PuRhGas, as in CeColns.
Using the present sample, the ®*Ga-NQR spin-lattice relaxation
rate 1/T was measured recently, indicating no coherent peak
at T, and following a T3-dependence below T, which results in
an unconventional superconductor with a line node [4].
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4. Fermi surfaces of Pulns

As mentioned above, quasi-two-dimensional Fermi surfaces
are expected for PuTGas. Our first attempt to observe dHVA
oscillations to confirm this point was, however, unsuccessful
because of its high superconducting upper critical field: dHVA
amplitudes generally significantly diminish in the superconduct-
ing mixed state.

We have succeeded in observing dHVA effect in a cubic
AuCus-type plutonium compound Pulnz [11]. Pulns is ex-
pected to be iso-electronic to a hypothetical reference com-
pound “cubic-PuGaz” of PuTGas, because the crystal struc-
ture of PuTGas consists of a stacking of PuGaz and TGay
layers. However, “cubic-PuGaz” is not stable but crystalizes
in either hexagonal (low-temperature phase) or trigonal (high-
temperature phase) structure [15].

Puln; is reported as a paramagnetic with an enhanced elec-
tronic specific heat coefficient of about 100 mJ/K? mol. Recent
photoemission studies for this compound revealed a 5f compo-
nent near the Fermi energy [16].

We carried out the dHVA experiment for magnetic fields
in both {100} and {110} planes, but the dHVA signal was
observed only around the (111) direction. Fig. 5 shows the
typical dHVA oscillations for the magnetic field tilted by 64°
from (100) to (1 10) in the {1 1 0} plane and their fast-Fourier-
transformed (FFT) spectra at 30 mK. Two sets of experiments,
Ex 1 and Ex 2, were performed, where Ex 2 was carried out 9
days after Ex 1.

Two kinds of dHVA frequencies were observed: F = 2.1 x
107 Oe named y and F = 5.5 x 10° Oe, where the dHVA fre-
quency F(= chSg/2me) is proportional to the extremal (max-
imum or minimum) cross-sectional area of the Fermi surface
Sr. The dHvVA amplitude of branch y is extremely reduced as
a function of time, namely at Ex 2, which is due to point de-
fects produced by a-decay of 2*°Pu [17]. One a-decay event
produces an « particle and a 233U recoil atom. The latter makes
2200 Frenkel-type defects per event, causing a severe scattering
of conduction electrons. Although 90% of those defects recovers
due to lattice vibrations at room temperature, they are accumu-
lated at low temperatures. On the other hand, the dHvVA ampli-
tude of F = 5.5 x 10° Oe is approximately the same between
Ex 1 and Ex 2, being unaffected by the radiation damage. The
angular dependence of the dHvVA frequency of this branch does
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Fig. 5. Two kinds of dHVA experiments Ex 1 and Ex 2, and their FFT spectra in Pulnz for magnetic field tilted by 64° from (1 00) to (1 10) in {1 10} plane, where

Ex 2 was performed 9 days after the Ex 1.
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Fig. 6. Temperature dependence of dHVA amplitude in Pulnz. Solid line shows
the fit corresponding to the effective mass of 4.8 my.

not follow the cubic symmetry. From these experimental results,
we conclude that the branch with F = 5.5 x 10° Oe is not due
to the branch in Puln3z but due to a dHVA signal of impurities,
most likely In, which might be included in sub-grain boundaries
of the Pulnj single crystal sample.

We determined the cyclotron effective mass i and the Din-
gle temperature Tp(= h/2mkpg ) which is inversely proportional
to the scattering lifetime t of conduction electrons, from the
temperature and field dependences of the dHvA amplitude A,
respectively, as shown shown in Figs. 6 and 7. A relatively large
cyclotron mass of m} = 4.8mq was detected in branch y from
the slope of the mass plot in Fig. 6, where the cyclotron mass of
branch with F = 5.5 x 10° Oe was not determined, most likely
less than 0.5 my. This is also the reason why this branch is based
on the dHVA signal of In, as mentioned above. The Dingle tem-
perature of branch y was determined from a slope of the Dingle
plotin Fig. 7 as Tp = 0.87 K for Ex 1 and Tp = 1.31 K for Ex
2. From the relations Sg = rrkp2, hkr = m¥vr and [ = vrt, we
can estimate the mean free path of / = 860 A for Ex 1 and 570
A for Ex 2, where kg is the Fermi wave number and vf is the
Fermi velocity.

Fig. 8 shows the angular dependence of the dHvA frequency.
Branch y was observed only around (1 1 1). Three solid lines in
Fig. 8 indicate the results of 5f-itinerant band calculations. The
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Fig. 7. Dingle plot in Pulnz.
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Fig. 8. Angular dependence of dHvA frequency in Pulnsz. Solid lines indicate
the results of 5f-itinerant energy band calculations.

electronic band calculations are performed using a relativistic
linear augmented-plane-wave method [18]. In the iteration pro-
cedure, the 565 s 6p6, 6d! and 7s2 electrons in the Pu site, and the
4d10, 552 and 5p1 electrons in the In site are treated as valence
electrons. The core electrons are considered in the same manner
as the self-consistent calculation of atoms. The potentials are
defined within the local-density approximation [19]. The exper-
imental lattice parameter is used in the present calculations.

The band calculations predict three kinds of closed electron
Fermi surfaces named «, 8 and y, as shown in Fig. 9, indicating
an uncompensated metal. The Fermi surfaces named o and y
originate from the band-27 electron Fermi surface located at R
and I" points, respectively, while the Fermi surface named § at the
R point originates from the band-28 electron Fermi surface. The
dHvA frequency of the experimentally obtained branch named
y agrees well with the theoretically obtained band-27 electron
Fermi surface located at the I" point, with the smallest cross-
sectional area, as shown in Fig. 8.

Pulnz

(a) band-27 electron

(b) band-28 electron

Fig. 9. Three kinds of closed band-27 and 28 electron Fermi surfaces in Pulnz.
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Table 1
Theoretical dHvVA frequency F, band mass myp, and curvature factor
18> Sg/0k2|~"/2 in Pulns

F(x107 Oe) my(mo) |9 S/ 0k2|~1/2

H || {100)

@ 12.2 4.42 0.34

B 543 2.64 0.29

% 2.35 1.75 048
H |l (110)

@ 12.8 5.38 0.23

B 5.62 2.49 0.26

% 2.67 2.06 0.22
H{111)

o 13.2 3.84 0.27

B 4.88 231 0.89

% 2.18 1.56 0.68

The other two kinds of Fermi surfaces named o and 8 were not
observed experimentally. As shown in Table 1, the band mass of
branch y for H || (11 1) is the smallest in all the Fermi surfaces
and directions, and the curvature factor of |3°Sg/ 8k§|_1/ 2 in
the dHvA amplitude is also preferable for H || (1 1 1) compared
with other directions. This is the reason why only branch y
was observed around (1 1 1). For branch y, the relative dHVA
amplitude for H || (10 0) based on the parameters in Table 1 and
the ratio of the cyclotron mass to the band mass obtained below
is estimated to be 0.37. Experimentally, however, no signal was
detected for this direction. The reason is not clear.

The detected cyclotron mass of 4.8 m( in branch y is three
times larger than the corresponding band mass of 1.56 mg. A
relatively large cyclotron mass of 17 my might be expected for
branch o« along H || (1 10). On the basis of the results of the
band calculations, the contribution of the 5f component to Fermi
surfaces is approximately 50% for branches « and y, while it is
75% for branch B. Therefore, the ratio of the cyclotron mass
to the band mass is expected to be larger in branch § than in
branch y. The electronic specific heat coefficient is estimated as
39 mJ/K? mol, using the theoretical value of 12.7 mJ/K? mol and
the corresponding ratio for branch y. The difference between the
reported electronic specific heat 100 mJ/K? mol and the present
value might be attributed to the larger contribution from branches
o and B8 which were not observed in the present study.

It is interesting to note that the characteristics of the Fermi
surface of Pulns are similar to those of an enhanced Pauli para-
magnet YbAI3 with the same structure. In the case of plutonium
almost five electrons occupy j = 5/2 states remaining one hole,
while 13 electrons occupy j = 5/2 and 7/2 states in YbAl3 [20].

The mean free path of Pulnz estimated from dHvA effect
is only slightly smaller than those of YbAIl3 (1100-1500 A),
indicating that the quality of the ‘fresh’ Pulns is as good as
YbAlj.

5. Summary

Anisotropic H., was observed in PuRhGas which was ex-
plained by the anisotropic mass model. On the other hand, the
magnetic susceptibility does not show anisotropy in the param-
agnetic region, despite the tetragonal structure.

We have observed dHVA oscillation with an enhanced cy-
clotron effective mass of a plutonium compound, Puln3, for the
first time. One detected branch named y corresponds to a band-
27 electron Fermi surface based on a 5f-itinerant band model.
The detected dHVA amplitude is extremely reduced as a function
of time due to point defects produced by a decay of >3°Pu.
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