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Abstract

69Ga nuclear magnetic resonance (NMR) line shift (69K) and nuclear spin–lattice relaxation rate (69T1
−1) are measured for Pu0.95Ga0.05 alloy,

stabilized in �-phase, in the temperature range 10 and 650 K at magnetic field of 9.4 T. The shift and 69T1
−1 are determined correspondingly by

the static and fluctuating-in-time parts of the local magnetic fields arisen at Ga due to transferred hyperfine coupling with the nearest f electron
environment of more magnetic Pu. At T > 200 K, the temperature dependent part of the shift 69K(T) scales macroscopic magnetic susceptibility χ(T),
following the Curie–Weiss law, and the product (69T1T) increases with temperature proportionally (T + 255)1.5(1). Both of the NMR observations
are typical of the incoherent spin fluctuation regime of f electrons in nonmagnetic 3D Kondo lattice. An estimate of the effective magnetic moment
μeff,5f(ge = 2) = 0.15(5)μB per Pu atom points out a strong suppression of the spin magnetism in the alloy.
© 2006 Elsevier B.V. All rights reserved.
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The rich phase diagram of plutonium [1] presents six poly-
morphous transitions. The unique structural, transport and
magnetic properties are determined by the degree of itinerancy
for 5f electrons in each of the Pu allotropes. Many efforts are
undertaken to elucidate the ground state of the f electron system
in �-Pu, in the stabilized �-phase alloys, and magnetic state of f
electrons in �-Pu is a problem of real challenge in the fundamen-
tal physics of actinides. The very narrow (�W ∼ 700 K) peak,
observed in density of states near the Fermi energy [2], the large
value of the Sommerfeld coefficient (γel ≈ 60 mJ K−2 mol−1)
[3] indicate, that an effective mass of carriers in conducting
band is greatly increased at low temperature in this mate-
rial. In addition, an abnormal temperature dependence of static
spin susceptibility χs, displayed by 69Ga NMR shift [4],
and magnetic instability, arisen due to self-damage in �-Pu
alloy at low temperature [5], suggest to consider this mate-
rial approaching in electronic properties to the heavy-fermion
compounds.
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The NMR technique is an appropriate local tool for study-
ing the peculiar electron instability, emerging with temperature
in the stabilized �-phase plutonium alloys. From 27Al [6] and
69,71Ga [4,7] NMR studies, it was found that magnetic part of the
NMR line shift (the Knight shift, K) and the nuclear spin–lattice
relaxation rate (T1

−1) are determined by local magnetic fields
that arise at the NMR probe nucleus due to the spin polariza-
tion transferred from the f electron shells of the neighboring Pu.
In particular, for the Pu0.95Ga0.05 alloy, the temperature depen-
dence 69K(T) was found to be nonmonotonic with a maximum
at T ∼ 150 K [4]. Its temperature-reversible behavior points out
that, as T decreases, the electron spectrum of the �-phase devel-
ops an instability, which is accompanied by a decrease in the
spin contributions to the susceptibility of the alloy below 150 K.
However, the NMR data obtained in the limited temperature
interval 5–350 K [4] were insufficient to clear up the magnetic
state of f electrons in the high-temperature region.

In this report the temperature dependence of spin susceptibil-
ity and spin dynamics of f electrons are discussed on the basis of
the 69Ga NMR and static magnetic susceptibility measurements
performed in a wide temperature range for the Pu0.95Ga0.05
alloy, stabilized in �-phase. The 69Ga NMR measurements were
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Fig. 1. Magnetic susceptibility (a) and Ga NMR shift (b) vs. T in Pu0.95Ga0.05

alloy.

performed in the temperature range (10–650) K at magnetic field
H0 = 94 kOe using a sample of alloy, prepared as a set of electro-
chemically polished plates ∼200 �m in thickness. The details of
the NMR technique and sample preparation are described in Ref.
[8]. The macroscopic magnetic susceptibilityχ(T) was measured
in 10–350 K temperature range and H0 = 10 kOe. The macro-
scopic magnetic susceptibility χ(T) was measured in 10–350 K
temperature range and H0 = 10 kOe. These measurements allow
us to estimate the spin contribution of f electrons to static mag-
netic susceptibility of the alloy and to clear up their magnetic
state in the high-temperature region as an incoherent regime of
spin fluctuation, observed in the nonmagnetic 3D Kondo lattice.

The temperature dependence of the NMR line magnetic shift
69K(T) measured in Pu0.95Ga0.05 alloy is shown in Fig. 1b. At
T > 200 K, the 69K(T) data set is well fitted with an expres-
sion in the form of the Curie–Weiss law: K(T) = K0 + C/(T + θ)
with the parameters K0 = 170(20) ppm and θ = 280(40) K. The
corresponding fitting curve is drawn by dotted line in Fig. 1b.

It was shown [4] that the NMR line shift of Ga is mainly deter-
mined by the Knight shift 69Ks due to the hyperfine interactions
of the nuclear spin I with its electron environment. The con-
tact Fermi interaction with the electrons of the conduction band
γh̄AISc forms a temperature-independent contribution Ks,0. An
additional uniform spin polarization of conduction electrons
due to indirect electron–nucleus interactions γh̄I(ri)BSf(rj) with
stronger localized spins Sf of f electrons is taken into account
in the form of an additive contribution Kf to the total Knight

Fig. 2. Parametric dependence 69K(χ) and the results of separating the contri-
butions to the spin susceptibility of the Pu0.95Ga0.05 alloy. The dotted line shows
the linear fit of 69K(χ) data, measured in the T-range (200–350) K.

shift:

69Ks(T ) = Ks,0 + Kf(T ) = Aχs,c + Bχs,5f (T )/NA, (1)

where the constant B is assumed to be isotropic and has a phys-
ical meaning of the effective hyperfine field produced at the Ga
nucleus by the 5f electrons of the 12 nearest Pu atoms in the
fcc structure of �-Pu, the constant A characterizes the Ga on-
site contact hyperfine coupling, NA is the Avogadro number,
and χs,5f is the molar spin susceptibility of 5f electrons of Pu
in the alloy. It is necessary to note here, that at the nominal
concentration of gallium, CGa = 0.05, more than half plutonium
atoms in the alloy contribute to the second term in Eq. (1). For
the high-temperature region one should expect, that magnetic
shift of the 69Ga NMR traces variation with temperature of
macroscopic spin susceptibility: 69Ks(T) ∼ χs,5f(T). As shown
in [9], macroscopic magnetic susceptibility of the alloy does not
depend on external magnetic field reflecting the bulk properties
of the material. Above 200 K its slight decrease with temperature
increasing (Fig. 1a) is consistent with negative slope (�χ/�T)
<0 observed in χs,5f(T) for Pu0.94Ga0.06 alloy [10] with nearly
the same concentration of gallium.

The linear shift increase portion observed in the paramet-
ric dependence 69K(χ) (Fig. 2) evidences in favor, that Eq. (1)
can be applied to describe spin magnetism of 5f electrons in
the alloy above 200 K. The extrapolation T to infinity gives an
estimate of the temperature-dependent contribution χs,5f, whose
value ∼0.08(1)χ is small and it corresponds to the effective
spin magnetic moment of the f shell of a Pu atom in the alloy:
μeff,5f(ge = 2) = 0.15(5)μB. It follows from the estimated χs,5f,
that above 200 K the dominant contribution to macroscopic
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