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Magnetic properties of the two allotropic phases of PuGa;
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PuGaj; crystallizes in either a trigonal structure type (R-3m) or in the hexagonal DO19 type (P6s/mmc). The
magnetic properties of both allotropes were investigated by magnetization, specific heat, and electrical resis-
tivity measurements down to low temperatures and under magnetic fields and high pressures. Both phases
order magnetically; the trigonal modification corresponds to a soft ferromagnet below 7-=20 K with a satu-
rated moment of 0.2 ug/Pu, whereas the hexagonal one exhibits antiferromagnetic order below Ty=24 K
which undergoes a metamagnetic transition at ugH,;~6.1 T (at T=5 K). In the paramagnetic state, the effec-
tive magnetic moment inferred from a modified Curie-Weiss law amounts to u.;=0.78up for both phases,
indicative of the occurrence of a Pu’* charge state. The values of the electronic specific heat coefficient y
~110 and 220 mJ/mol K? for the trigonal and hexagonal allotropes, respectively, indicate a moderate heavy
fermion character. Comparisons with related compounds PuCoGas, UGas, and NpGas suggest a strong ten-

dency toward 5f delocalization.
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I. INTRODUCTION

The unusual properties of plutonium make it one of the
most complex and interesting elements in the periodic table.!
As illustrated by its six different allotropic phases, plutonium
is extremely sensitive to changes in temperature, pressure, or
chemistry. As a consequence, its reactivity allows the forma-
tion of many compounds, which show interesting chemical
and physical properties. Recently, the discovery of supercon-
ductivity in the intermetallic compounds Pu7Gas with T
=Co (Ref. 2) and Rh (Ref. 3) raised a great interest amongst
the scientific community. The structural similarities with the
unconventional Ce-based compounds CeMIns (Refs. 4 and
5) and the binary pressure-induced superconductor Celn,
(Ref. 6) show the importance of the structural parameters. A
comparison of the results obtained on the CeCo,_,Rh,Ins and
PuCo,_,Rh,Gas (Ref. 7) series, reveals a similar linear varia-
tion of T, versus c¢/a, with in both cases a dInT./d(c/a)
~ 100, indicating a common underlying physics and high-
lighting the importance of anisotropy in the occurrence of
superconductivity in these structures.

Attention has focused on the rich Pu-Ga binary phase
diagram' in recent years with regards to the stability of &
Pu and its possible decomposition into a-Pu and Pu;Ga. The
Pu-Ga phase diagram based on the work of Ellinger et al.® or
Cheboratev et al.,’ reveals the existence of 10 intermediate
binary compounds. Ellinger et al.,} have evidenced a struc-
tural phase transition at 922 °C in PuGas;. The crystal struc-
ture of the lower temperature modification was established to
be isostructural to the Ni3Sn structure type, also known in
the Strukturbericht designation as DO19. One year later, Lar-
son et al.'® showed that the higher temperature modification
corresponds to a trigonal unit cell (SG, R-3m) with its own
structure type. In 1975, Chebotarev et al.” reinvestigated this
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system and found a second allotropic modification at 400 °C
confirming the Ni3Sn crystal structure for the intermediate
phase, suggesting that the trigonal crystal structure reported
previously by Larson et al.'? actually corresponds to the low-
est temperature modification below 400 °C.

Low temperature specific heat measurements of the hex-
agonal PuGa; (DO19 structure) phase revealed a rather large
v value of 225 mJ/mol K2.!" However, no magnetic mea-
surements have been reported yet on these binary phases. To
shed more light on the nature of the Pu 5f electrons in &-
Pu and also in the PuTGas compounds, we have carried out
detailed investigations of the thermodynamic, magnetic, and
transport properties of the two allotropic phases obtained for
PuGa;.

II. EXPERIMENT

The polycrystalline ingots were obtained by arc melting
stoichiometric amounts of the constituent elements under an
atmosphere of high purity argon on a water-cooled copper
hearth, using a Ti-Zr alloy as an oxygen/nitrogen getter.
Starting materials were used in the form of commercial 3N
gallium pieces, and by LANL 3N-plutonium metal. In order
to ensure homogeneity, the arc melted buttons were turned
over and remelted three times, with total weight losses below
0.5%. The samples were characterized by x-ray powder dif-
fraction data (CuKa radiation) collected on a Bragg-
Brentano Siemens D500 diffractometer using a 26 step size
of 0.02 degrees. The diffraction patterns were analyzed by a
Rietveld-type profile refinement method using the FULLPROF
program.'? Single crystal x-ray diffraction data were col-
lected on an Enraf-Nonius CAD-4 four-circle diffractometer
using monochromated Mo K« radiation. The data processing
was carried out using the Molen package.!?
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The magnetization was obtained from a Quantum Design
MPMS-7 SQUID in fields up to 7 T and in the temperature
range from 2 K to 300 K, using =17 mg and =31 mg poly-
crystalline samples for the high and low temperature phases,
respectively. The specific heat was measured on =4 mg and
~6 mg stycast-encapsulated'* polycrystalline samples by the
relaxation method on a QD-PPMS-9 system in the tempera-
ture range 2—300 K and in magnetic fields up to 9 T. The
self-heating effects (=2.2 mW/g in the case of the isotopic
composition of the Pu batch used in this study) arising from
the radioactive isotopes’ decay prevented measurements be-
low 4 K. The ambient pressure electrical resistivity data
were measured with an ac four-probe technique in a QD
PPMS-9 (up to 9 T) on a ~8—10 mg polycrystalline sample.
The high-pressure electrical resistivity measurements were
performed on small crystals of typical dimensions ~500
X 100 X 40 um?, extracted from polycrystalline ingots. The
resistance under pressure was measured by a dc four-probe
technique with typical applied current of 1 mA. The sample
and a thin foil of lead used as a manometer'®> were mounted
in a pyrophyllite gasket and pressurized using steatite as
pressure transmitter. The low sample masses (m <100 ug)
allowed measurements down to 1.5 K for all pressure points,
and down to 0.4 K at the maximum pressure achieved
(7.0 GPa) for the trigonal structure.

III. RESULTS
A. Crystal chemistry

The x-ray powder patterns of both the as-cast and the
water-quenched from 1020 °C samples of PuGas, were suc-
cessfully indexed using the trigonal unit cell reported in the
literature.'” In agreement with both reported binary phase
diagrams,3? the x-ray powder patterns of annealed sample at
800 °C were refined in the hexagonal Ni3Sn structure type
(S.G., P6s;/mmc). The x-ray crystallographic data of the
crystal structure determinations are summarized in Tables I
and II, with the main interatomic distances.

Finally, the second allotropic transformation reported by
Chebotarev et al.’ could not be confirmed in the present
study. Even after 2 months annealing at 380 °C of the
800 °C annealed sample, the XRD powder pattern revealed
no other diffraction lines than those arising from the hexago-
nal structure. This result reveals either very slow kinetics of
this transformation, or an erroneous interpretation of Chebo-
ratev experiments, who observed this transformation by heat-
ing the fast quenched sample at 400 °C. It may be worth
mentioning that whatever the heat treatment performed on
PuGas, the cubic AuCus-type structure adopted by Celns and
UGaj; could not be obtained in the present experiment.

In the following, the high temperature phase crystallizing
in the R-3m space group will be called the “trigonal phase,”
and the low temperature phase crystallizing in the P65/mmc
space group (DO19 phase, or NisSn structure type) will be
called the “hexagonal phase.”

B. Magnetization

For the trigonal phase, the magnetization curve displays a
ferromagnetic transition at T-=20 K (Fig. 1). There is little
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difference between the zero-field-cooled and field-cooled
curves, even at relatively low magnetic fields, indicating that
little energy is required to realign the magnetic domains.
Figure 2 clearly shows that the magnetization is already
close to saturation (g, =0.21ug) for fields as low as uoH
=0.25 T. From the hysteresis loop, a weak coercive field
MmoH.~-0.08 T is inferred. In the paramagnetic state, as
shown in the inset of Fig. 1, the susceptibility obeys a modi-
fied Curie-Weiss law. A fit of the data yields a positive para-
magnetic Curie temperature ¢,~15.6 K, close to the order-
ing temperature as expected for a ferromagnet, and an
effective moment p.;=0.77ug, close to the value expected
for Pu** (configuration 5¢°) in the Russel-Saunders coupling
(ter=0.84 ). The term y,~ 175X 107% emu/mole is rela-
tively modest, suggesting a limited hybridization of the 5f
orbitals.

Magnetization measurements of the hexagonal phase, dis-
played in Figs. 3 and 4, show different behavior. The mag-
netization data versus temperature (Fig. 3) show first an an-
tiferromagneticlike transition at 24 K. Upon increasing the
applied magnetic field (see inset), the AF transition progres-
sively broadens, whereas a metamagnetic transition slowly
appears at low temperature above 6 T and shifts to higher
temperature with increasing field. The magnetization versus
applied field curve (Fig. 4) is linear and reversible below 6 T
at 4.2 K, which confirms the AF like nature of the transition
at 24 K. Above 6 T, the metamagnetic transition is clearly
observed but does not reach saturation. At 5 K and 7 K, the
metamagnetic transition is still observed, at higher magnetic
fields, whereas at 10 K it is no longer visible below 7 T. On
the other hand, as shown in the inset of Fig. 4, the metamag-
netic transition is again visible at 20 K and 22 K. In the
paramagnetic state, the susceptibility obeys a modified
Curie-Weiss law. The paramagnetic Curie temperature 6,
~11.3 K is positive but lower than that observed for the
trigonal modification. The effective moment p.;=0.79 up is
similar and corresponds to the value expected for Pu**. How-
ever, the value x,=~442X 107 emu/mole, is significantly
higher and suggests a higher hybridization of the 5f orbitals
in the hexagonal phase than in the trigonal phase. The tenta-
tive magnetic phase diagram, represented in Fig. 5, summa-
rizes the results obtained from the magnetization data (full
circles).

C. Specific heat

The specific heat C(T) of both structural modifications of
PuGa; are displayed in Fig. 6.

Trigonal phase: The magnetic phase transition is reflected
in a well-pronounced anomaly around 7-=20 K. The transi-
tion temperature remains almost unchanged in magnetic
fields up to 9 T. The magnetic entropy shifts clearly towards
higher temperatures, indicating ferromagnetic order, in
agreement with the magnetization data. The 7y coefficient of
the electronic specific heat derived from the C/T plot at low
temperatures, gives a value of y=(100+10) mJ/mol K? (see
inset in Fig. 6).

Hexagonal phase: The onset of antiferromagnetic order at
Ty=24 K is confirmed by a clear peak, barely affected by
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TABLE 1. X-ray crystallographic data of the as-cast
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PuGa; sample, atomic parameters, and interatomic

distances.
Method of refinement Single crystal (Molen) Powder (Fullprof)
Space group R-3m, No. 166
Lattice parameters a=6.180(1) A a=6.1911(2) A
¢=28.035(5) A ¢=28.089(1) A
V=927.2(5) A3 V=932.45(6) A3
deye=9.63 g cm™ deye=9.58 g cm™
Z=12 Z=12
M=4482 ¢ M=4482 ¢
Scan range 2°<H<30° 20°<260<110°
Wavelength (A) Mo Kal CuKa
Reflection used in the refinement 311(I>30) 373/2
Secondary extinction coefficient g=7.7x1077
corr.=1/(1+gl.)
Reliability factors R 0.044 Rp 0.080
Ry 0.066 Ry 0.054
GOF 1.944 R, 0.124
R, 0.161
Atom parameters from single crystal refinement
Atom Site X y z Toce
Pu(l) 6¢ 0.0 0.0 0.1296(1) 1
Pu(2) 6¢ 0.0 0.0 0.2879(1) 1
Ga(1) 18h 0.4792(2) -X 0.1243(1) 1
Ga(2) 18h 0.5007(2) -X 0.2913(1) 1

Interatomic distances (in A)
Central atom, Pu(1)

Central atom, Pu(2)

Ligand atom Distance Ligand atom Distance
3Ga(1) 3.0204 3Ga(l) 2.9760
3Ga(2) 3.0314 3Ga(2) 3.0513
6Ga(1) 3.1093 6Ga(2) 3.0963
Pu(1) 4.1295 3Pu(2) 4.2914

magnetic fields up to 9 T, with a slight shift of magnetic
entropy to lower temperatures. The extrapolated 7y coefficient
from data below 10 K (see inset in Fig. 6) amounts to y
=(205+10) mJ/mol K2, in agreement with the value re-
ported in the literature [y=(225+20) mJ/mol K* (Ref. 10)].

D. Electrical resistivity

Trigonal phase: At ambient pressure, the resistivity shows
a plateau at high temperature, followed by a sharp decrease
below T-~20 K (Fig. 7). In agreement with magnetization
and specific heat data, no field dependency of the resis-
tivity was observed for the trigonal phase (not shown).
Applying pressure, the residual resistivity ratio [RRR
=R(300 K)/R(4.2 K)~ 1.5 to 2] are similar to that observed
on the bulk sample at ambient pressure, confirming the ho-
mogeneity of the samples (Fig. 8). A change of regime ap-
pears around 75 K but is not related to any magnetic struc-

ture change in the material. The ferromagnetic transition can
still be observed around 21 K for small applied pressures,
but the resistivity decrease, already at 0.1 GPa, is much more
progressive and distributed over the whole temperature range
than at ambient pressure. Indeed, the almost temperature-
independent behavior (plateau) in the paramagnetic domain
observed for the bulks (ambient pressure) is replaced by a
more pronounced “s-shape” curvature. This suggests that this
material may display strong anisotropy. The Curie tempera-
ture slightly increases with pressure at a rate of
+0.45 K/GPa (see inset of Fig. 8). Above 4 GPa, the Curie
temperature can no longer be determined.

Hexagonal phase: At ambient pressure, the curve is simi-
lar to the trigonal phase, with R(300 K)/R(4.2 K) ~ 1.6, but
the change of slope at the transition is more progressive and
a small kink is observed at Ty~ 24 K (Fig. 9). The metamag-
netic transition is clearly evidenced by magnetoresistance
curves (inset of Fig. 9) recorded at different temperatures
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TABLE II. X-ray crystallographic data of the 800 °C annealed
PuGa; sample, atomic parameters, and interatomic distances.

Method of refinement Powder (Fullprof)

P63/mmec,
No. 194, DO19
a=6.3148(2) A
c=4.5239(1) A
V=156.23(1) A3

deye=9.53 gcm™

Space group

Lattice parameters

zZ=2
M=4482 ¢g
Scan range 20<26<140
Reflection used in 152/2
the refinement
Reliability factors Ry 0.073
Ry 0.051
R, 0.090
R, 0.116
Atom parameters
Atom Site X y V4 Tocc
Pu 2c 1/3 2/3 1/4 1
Ga 6h  0.8524(1) —x 1/4 1
Interatomic distances (in A)
Central atom, Pu
Ligand Distance
atom
6Ga 2.8948
6Ga 3.1482
2Pu 4.2797

which allow one to confirm and complete the magnetic phase
diagram (Fig. 5). It should also be mentioned that the 2 K
curve (inset of Fig. 9) exhibits hysteresis arising from the
competition between the antiferromagnetic and ferromag-
netic exchange interactions in this material.

Under pressure, at 2.5 GPa, the resistivity curve is still
very similar to ambient pressure, with a lowest RRR (Fig.
10). Then, for higher pressures, dramatic changes are ob-
served. A decrease of the resistance with pressure is observed
with a drastic increase of the RRR ratio from 1.3 at ambient
pressure up to 25 at the highest pressure achieved (6.7 GPa).
The shape of the curve evolves to a metallic behavior in the
temperature range 300 K—-20 K. Below 20 K, a 7° behavior
is observed in the high pressure domain (p>4 GPa). The
Néel temperature decreases rapidly with pressure at
—2 K/GPa (inset of Fig. 10). At pressure higher than 4 GPa,
we no longer observe any anomaly, and PuGa; shows the
metallic aspect in all the temperature range.

IV. DISCUSSION

The discovery of unconventional d-wave superconductiv-
ity induced by AF spin fluctuations in the CeTlIns family*>

PHYSICAL REVIEW B 72, 064438 (2005)

0.20 2500
= 2000} H=7T

= £
T 015 | %’ 1500}

m
2 £ yo000!
S o
010 2 500f
N -
b 04 T T
5 0 50 100 150 200 250 300
g 0.05 [ Temperature {K)

H=1T

O'OOO 50 100 150 200 250 300

Temperature (K)

FIG. 1. Zero-field cooled (triangle down) and field-cooled (tri-
angle up) magnetization of the trigonal PuGa; versus temperature at
H=1 T and inverse susceptibility at H=7 T (circles, in inset) fitted
by a modified Curie-Weiss law (line).

and the cubic binary system Celn; (Ref. 6) emphasizes the
dominant role of crystal and magnetic dimensionality in the
establishment of magnetically mediated superconductivity.”
In the Pu-Ga system, the cubic structure was not observed in
the present study, but the two PuGa; crystal structures de-
scribed above display strong similarities with the cubic
AuCu; type, considering in particular the nearest-neighbor
environment of the plutonium sites. The An-ligand nearest
neighbor interaction seems to be crucial in these systems, as
the interactinide distances exceed the Hill limit and no direct
f-f overlap is expected. The uranium binary phase, UGa,
(AuCus type),'® where the U-Ga distances are equal to
2.99 A at ambient pressure, is considered as a pure itinerant
5f antiferromagnet system with strong hybridization between
the U-5f and Ga-4p states.'” In contrast, the neptunium
counterpart NpGa; (AuCu, type, Np-Ga distance 3.01 A),
shows AF/FM behavior,'® and a model of localized magnet
with only slight 5f hybridization is proposed.!® Table III
shows that the Pu-Ga interatomic distances of the PuGa;
phases are 3.02 A and 2.89 A for the trigonal and the hex-
agonal phases, respectively. This difference would infer
stronger 5f hybridization in the latter. Indeed, the physical
measurements also suggest stronger 5f delocalization in the
hexagonal phase of PuGa; that displays higher values of x,
and 7 values than the trigonal phase. The 7y values in both
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FIG. 2. Magnetization of the trigonal PuGa; versus magnetic
field at 5 K and 50 K.
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FIG. 3. Magnetization versus temperature under an applied field
of 5T and 7 T of the hexagonal PuGas. The inset is a zoom dis-
playing a more detailed measurement under different applied field.

phases of PuGa; (100 and 225 mJ/mol K?) are considerably
higher than in UGa; where a 7y value of 52 mJ/mol K was
reported.?’ This suggests a rather delocalized character of the
5f electrons in the PuGa; systems. Unfortunately, no y value
is available for NpGas, which prevents a complete compari-
son. The vy values obtained in PuGa; are also significantly
higher than that found in PuCoGas (y=77 mJ/mol K?),? in-
dicating a high degree of sensitivity of the electronic struc-
ture with the Pu-Ga interatomic distances. Finally, it should
be mentioned that the PuGas; neighboring phase PuGa, (Ref.
21) adopts the hexagonal AIB,-type structure, exhibits AF
ordering below Ty=75 K, and shows some hints for partial
5f localization, similarly to its uranium counterpart UGa,.
Although the Pu environment is different in PuGa,, it has in
common with PuGa; to be surrounded by 12 Ga atoms, with
a larger interatomic distance (3.2 A), and specific heat mea-
surements showed small vy value of 12 mJ/mol K2.

The hexagonal structure is adopted by a large group of
related intermetallic compounds with famous representatives
in the heavy fermion family like UPt; (y=450 mJ/mol K?)
(Ref. 22) and CeAl; (y=1600 mJ/mol K?).23> The 7y coeffi-
cient of the electronic specific heat is related to the density of
states at the Fermi level and the effective mass of the elec-
trons. Assuming a spherical Fermi surface, one can estimate
the Fermi wave vector

kp=(37°ZIO)"3

with () the volume cell, and the effective mass
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FIG. 4. Magnetization versus field at different temperatures of
the hexagonal PuGas. The metamagnetic transition is clearly seen at
2 K, then when increasing temperature it disappears and the inset
shows its reapparition at 20 and 22 K.
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FIG. 5. Magnetic phase diagram of hexagonal PuGa; (the full

circles display results deduced from magnetization measurements,

the triangles are from the electrical resistivity, and the squares from
the specific heat).

m" = W2k 2yl (ZIO)k,

which leads to an effective mass of 32 and 65 m (electron
mass) for the trigonal and the hexagonal PuGa; structures,
respectively.

The large spatial extension of the 5f wave function (com-
pared to the 4f one) implies that hybridization plays an im-
portant role in the determination of the ground state proper-
ties of an actinide-based compound. In such systems, the
weakening and destruction of magnetic order are driven by
the transition from local to itinerant (bandlike) state rather
than by the Kondo effect. The changes of magnetic proper-
ties induced by pressure give valuable information about the
mechanisms underlying the delocalization of these electrons.
Thus, according to Sheng and Cooper,?* the decrease of the
interatomic distances caused by pressure induces the 5f wave
functions to diffuse more outside the core region. This in turn
increases the hybridization between the 5f electrons and the
band states of the compound, which enhances the exchange-
coupling J and may thus strengthen magnetic order to a cer-
tain extent. In the weakly correlated ferromagnet UTe,> T,
first increases under pressure before decreasing. Pressure
measurements reveal a fast collapse of AF magnetic order in
the itinerant antiferromagnet UGa; (Refs. 26 and 27) while
magnetism of the quasilocalized NpGas is reinforced with an
increase of the ordering temperature under pressure.'” The
trigonal phase of PuGa; can be compared to NpGas, while
the hexagonal phase would rather compare to UGa;. Indeed,
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FIG. 6. Specific heat of both PuGa; structural modifications;
inset shows the low temperature part used to determine the vy
parameter.
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FIG. 7. Ambient pressure magnetoresistivity measurement of
the trigonal PuGa;.

in the trigonal phase of PuGas, resistivity measurements
clearly show a linear increase with pressure of the ferromag-
netic interactions, whereas in the more delocalized hexago-
nal phase pressure weakens magnetic order.

It is worth emphasizing that magnetic and superconduct-
ing transition temperatures are one order of magnitude
higher in the AnTGas compounds**’ compared to the
CeTlIns systems.>® The analogy of PuGa; with Celn;,° sug-
gests that we should observe a collapse of magnetism under
pressure toward a quantum critical point (QCP).® However,
in the trigonal structure, we observe a reinforcement of the
ferromagnetic interactions with pressure and the weak de-
pendency of the RRR with pressure indicates that we are far
away from a QCP. On the contrary, in the hexagonal phase,
the drastic change of the electrical resistivity curve displayed
in Fig. 10 and the collapse of magnetism around 3-4 GPa
are hints of approaching a QCP. However, precise analysis of
the low temperature resistivity (~77) does not fit with other
features of a QCP like the appearance of a Fermi liquid re-
gime (~7?).2% Moreover, the metallic regime at high pres-
sure is clearly different from magnetic fluctuations mediating
superconductivity like those occurring in Celny (Ref. 6) or
CePd,Si, (Refs. 28 and 29) and we do not observe any su-
perconducting signal down to 1.5 K. We conclude that, de-
spite very favorable ground state properties showing heavy
fermion features with high y and effective mass with a col-
lapse of AF ordering with pressure, magnetic fluctuations are
probably too strong to mediate superconductivity in the pres-
surized hexagonal structure.
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FIG. 8. Ambient pressure magnetoresistivity measurement of
the hexagonal PuGas. The inset shows the field dependency at vari-
ous temperatures.
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FIG. 9. Normalized curves R(T)/Rzq,  of the trigonal modifi-
cation of PuGa; at several pressures. Inset shows the evolution of
the ferromagnetic ordering temperature with pressure.

Both PuGa; phases show similar effective magnetic mo-
ments, around 0.78uz/Pu atom, consistent with the Pu*
charge state. This result is somewhat surprising, taking into
account the differences between both phases discussed
above, but can be related to NpPd; (Ref. 30) for which simi-
lar behavior was observed with the high temperature phase
crystallizing in the AuCus type and the low temperature
modification showing the hexagonal D024 type.

As already mentioned, from the structural point of view
these two phases are related to the PuTGas ternary systems,
where actinide atoms are located in the octahedral site occu-
pied by Ga in PuGas. In fact T atoms can be considered here
as perturbing elements since they do not directly bond with
Pu, and that in the case of PuCoGas, the Co 3d states are
almost not at the Fermi levels. In PuCoGas, the Pu-Ga in-
teratomic distance 2.99 A is intermediate between those ob-
served for both PuGa; phases. Band structure calculations
using LSDA (Ref. 31) indicates stronger hybridization be-
tween Pu-5f and Ga-4p states in the vicinity of the Fermi
level. Moving from AnGas; to AnTGas systems seems to re-
sult in more delocalized 5f electrons. The itinerant antiferro-
magnet UGa; is to be compared to the mixed valence com-
pound UCoGas,*? and the quasilocalized NpGa; compared to
the moderately delocalized NpCoGas.** This trend is com-
patible with a moderately delocalized 5f character of the
magnetically ordered trigonal and hexagonal phases of
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FIG. 10. Normalized curves R(T)/R;, g of the hexagonal

PuGa; at several pressures. Inset shows the decrease of the AF
magnetic ordering with pressure.
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TABLE III. Magnetic properties of AnGaz compounds (An=U,Np,Pu).

An An-Ga Mo X0 0, A
Compounds polyhedral distance Density Meft (mep) T/ Te(K) (emu/mol) (K) (mJ/mol K?)
UGay Octahedral 2.99 9.69 0.8 Ty=67 K 52
(Pm-3m)
NpGaz Octahedral 3.00 9.66 1.5 Ty=65 K
(Pm-3m)
PuGa; % 3.02 9.60 0.77 0.21 Te=20 K 175 15.6 100(10)
(R-3m) Octahedral,
% trigonal
PuGa, Trigonal 2.89 953 0.79 Ty=24 K 442 113 205(10)
(P63/mcm)

PuGa; compared to a more delocalized 5f character of the
paramagnetic superconductor PuCoGas.

V. CONCLUSION

Contrary to its uranium and neptunium counterparts,
PuGa; does not crystallize with the cubic AuCus;-type struc-
ture. Depending on the annealing temperature, two distinct
structures, trigonal and hexagonal, both closely related to the
AuCuj; type, are observed. Despite some strong analogies
with Celns, in particular the hexagonal phase of PuGa; that
exhibits heavy fermion features and a collapse of antiferro-
magnetism under pressure, no superconductivity is observed
in both phases of PuGa; down to 1.5 K and up to 7 GPa.
Instead, these two allotropic phases order ferromagnetically
at To=21K (trigonal) and antiferromagnetically at Ty
=24 K (hexagonal) displaying high 7y values (100 and
225 mJ/mol K2, respectively) which classify them as moder-
ate heavy fermions. The pressure dependence of the mag-
netic interactions, showing a linear decrease of the antiferro-

magnetic interactions in one case and the reinforcement of
the ferromagnetic interactions in the other case, is a signature
of delocalized systems, and compressibility study should
provide useful information to confirm this behavior.
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