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The excited δ-phase of plutonium
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and Jon B. Bettsa

In a recent PNAS paper (1) we explain the anomalous
temperature dependence of the elasticity in δ-pluto-
nium (δ-Pu) in terms of a first-principles model that
includes multiple energy configurations attributed to
spin fluctuations.

Our model (1) captures the highly unusual behavior
of decreasing elastic moduli with increasing tempera-
ture at constant volume. This is a falsifiable test that
any model must pass but none, other than the one we
present (1), has. This test is a difficult one, as usually
the smaller volume state required to keep volume
constant is elastically stiffer, contrary to measure-
ments. Our theory yields a modest decrease by about
15%, whereas experiments show a 40% decrease in
the 100–600 K range in δ-Pu. The thermal effect is thus
larger in our experiment, but the anomalous behavior
of negative temperature dependence is clearly cap-
tured by our parameter-free model. Certainly, one can-
not expect our simplemodel to agree perfectly with the
experiment because it ignores lattice vibrations.

We state (1) that the model is consistent with a
weakly temperature-dependent magnetic susceptibility
because the spin and orbitalmagnetic contributions coun-
ter each other. This result does not depend on a numer-
ically exact cancellation between these components, but
rather only that they are antiparallel and similar in magni-
tude, something that we now appear to agree upon (2).

The model by Niklasson et al. (3) predicts a spin mo-
ment of 4.76 μB in plutonium, and their speculation that
Kondo physics may play a role was thus not supported
by their own calculations but presumably motivated by

the lack of experimental observation of magnetic mo-
ments in δ-Pu [this has of course changed (4)].

We also point out that our theory does not
address a nonmagnetic “ground state” of δ-Pu but
targets excitations and spin fluctuations through con-
strained calculations (5) that include restrictions on
crystal structure, magnetic structure, and magnetic-
moment magnitude.

We believe it is obvious that conclusions from the
earlier experimental report (6) are inconsistent with
the latest neutron-scattering experiments (4), as well
as comments made in Janoschek et al. (2). Ref. 6 is
entitled “Absence of magnetic moments in plutonium”

and reports: “We maintain that there is no evidence
whatsoever that magnetism either ordered or disor-
dered exists in δ-Pu.” This statement is not reconcilable
with the two statements by Janoschek et al. in ref. 4:
“The combination of our neutron spectroscopy and
DMFT [dynamical mean-field theory] results unambigu-
ously establishes that the magnetism in δ-Pu is not
‘missing,’ but dynamic,” and in ref. 2: “the DLM [disor-
dered local moment] approach of Migliori et al. (1) is
not in accord with the experimentally determined mag-
netism in δ-Pu.”
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