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Constraints on 5 f -electron magnetism in Ga-stabilized δ-Pu from x-ray magnetic circular dichroism
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Density-functional theory models of δ-Pu accurately predict crystal structure, phonon density of states, and
unit cell volumes but require magnetic degrees of freedom which have never been experimentally verified. Some
models invoke an on-site cancellation of spin and orbital moments, engendering a near-zero bulk magnetization,
undetectable by most probes. Here, we employ x-ray magnetic circular dichroism at the Pu M4,5 edges to
directly probe spin and orbital moments using the magneto-optical sum rules. The data show no dichroism
within experimental error, constraining polarized moments at 6 T and 3 K to μL,S < 0.1μB. These experiments
point to the absence of even unconventional spin-orbit compensated order in δ-Pu.
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I. INTRODUCTION

Since its discovery in 1940, plutonium has had an outsized
influence on global events as a weapon of war and deterrent,
as a national security fulcrum, as a source of carbon-free
power, and as a vehicle to power exploration beyond the
solar system. Despite the importance of these applications,
our fundamental understanding of Pu lags far behind all other
macroscopically available elements, due to the logistical dif-
ficulty of performing experiments, and the rich complexity of
its electronic structure. Modern theories of Pu face challenges
in reproducing the narrow free-energy landscape and struc-
tural properties of the unprecedented six ambient-pressure
phases of this element. Major progress was made in the early
2000s when valence and magnetic degrees of freedom were
considered within dynamical mean-field theory (DMFT) [1,2]
and density-functional theory (DFT) [3–5]. Both frameworks
had significant success in predicting observed phenomena
including structural phase transformations or photoemission
spectra; however, the theories were distinguished by disparate
magnetic behavior. Early DFT models invoked magnetic or-
dering to better predict observed properties, and while this
was a victory for predictive theory for Pu, this proposition also
ignited a major controversy: Pu was known to be experimen-
tally nonmagnetic; it had been shown to preclude magnetic
order and classical local moment behavior in the bulk, instead
showing only an enhanced Pauli paramagnetic response [6].

In recent years, refinements of the DFT model have settled
on a description of Pu lacking a bulk magnetization, but still
requiring magnetic degrees of freedom. The lack of magnetic
ordering is proposed to be driven by a nearly complete on-site
cancellation of the spin and orbital moments, both of order
3μB, of the 5f electronic states in Pu [3]. This near-net-zero
moment cancellation theory still predicts the temperature-
dependent structures of Pu, reproduces the phonon spectra
[7–9], and remains consistent with existing bulk magnetic
measurements due to the small on-atom net moment. DMFT
approaches, conversely, do not require canceling orbital and
spin moments and instead involve mixed or fluctuating

valence states [10,11], where the magnetic moment is not
missing but rather undetected by laboratory techniques, and
can be revealed through neutron spectroscopy [12]. In light of
these competing models it is important to provide a direct test
of the DFT’s prediction of on-site cancellation, which cannot
be refuted or confirmed with conventional bulk probes of
magnetization, leaving a key conjecture of the model without
validation.

X-ray magnetic circular dichroism (XMCD), as a tool to
measure spin and orbital moments separately through the
magneto-optical sum rules, is uniquely suited to resolve this
question of near-net-zero moment cancellation in Pu [13–16].
A corollary near-net-zero moment system is ferromagnetic
Gd-doped SmAl2, for which the Sm3+ ion exists with equal
and opposite spin and orbital 4 f moments of order 1μB/Sm.
Sm0.974Gd0.026Al2 has been experimentally verified to have
a vanishing bulk moment while also evincing substantial
XMCD at the Sm M4,5 edges [17]. Similarly, UFe2 has been
shown to host on-site cancellation of 5 f moments through
XMCD measurements at the M4,5 and N4,5 edges [18,19]
corroborating earlier neutron scattering experiments [20].
Near-cancellation of spin and orbital moments has also been
shown in [UF6]2−, where a small net moment belies relatively
large individual contributions [21].

The ferromagnetic compound PuSb has, well below its
Curie temperature, a net saturation moment of 0.68μB/Pu at
5 K [22]. Low-temperature x-ray spectroscopy measurements
on PuSb in a magnetic field H = 50 mT at the Pu M4,5 edges
reveal very large XMCD signals corresponding to spin and or-
bital 5f moments of −2.0 and 2.8μB/Pu, respectively, despite
the modest saturation moment. Similarly, XMCD measure-
ments on the unconventional superconductor PuCoGa5 [23]
yielded XMCD on the order of ∼3% against spin and orbital
5f moments of −0.04 and 0.068μB/Pu, albeit in a 17 T field.
The field-polarized moment of δ-Pu is constrained by muon
spin relaxation and superconducting quantum interference de-
vice (SQUID) magnetometry to be ∼ 0.005μB/Pu at H = 6 T
[24–26], a factor of at least 100 smaller than the saturation
magnetization of PuSb. However, even with such a small,
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polarized moment in Pu, the predicted large, antialigned, on-
site spin and orbital moments from the DFT model would
still be expected to manifest measurable Pu M4-edge XMCD
signals, which are large when the (effective, which includes
magnetic dipole contribution [22,27]) spin and orbital mo-
ments have large values with opposite sign, as predicted by
Ref. [3]. If such moments are not present, then SQUID mea-
surements of susceptibility would suggest that the XMCD
signal would be very small, below the detection limits achiev-
able with the current experimental configuration. In this study,
Pu M4,5-edge XMCD measurements of Ga-stabilized δ-Pu
allowed constraining the orbital and spin moments by com-
parison with the experimental noise level, leading to values
below 0.1μB/Pu at 6 T and 3 K.

II. EXPERIMENTAL

A homogenized, face-centered cubic δ-phase Pu-0.6 wt. %
Ga alloy (phase confirmed by density measurements) was
polished to a right cylinder of 3-mm diameter and 100-µm
thickness according to established metallographic procedures
for δ-phase Pu. An approximately 200-µm-diameter hole was
laser drilled in the center of the polished specimen to serve
as an alignment fiducial. The sample was then contained in a
hermetically sealed sample holder comprising two layers of
Be windows (25 and 50 µm thick) and one layer of Kapton
window (50 µm thick) to minimize x-ray attenuation from the
specimen holder at the M4,5 edges (3.7–4 keV). The sample
showed no evidence of oxidation or surface degradation, con-
firming the quality of the seals. Measurements were conducted
at beamline 4-ID-D of the Advanced Photon Source, Argonne
National Laboratory. The sample holder was mounted in a Cu
clamp inside the variable temperature insert of a supercon-
ducting magnet and cooled by 4He vapor. The sample was
cooled to base temperature (∼3 K), then a magnetic field of
6 T was applied parallel to the incident x-ray beam direction.
Fluorescence yield spectra were acquired using a four-element
silicon drift diode detector placed at 90 ° to the incoming
beam—the sample was oriented at 45 ° to the incident beam.
The incident x rays were circularly polarized using a diamond
phase plate, and incident intensity (I0) was measured immedi-
ately upstream of the magnet. X-ray absorption spectra (XAS)
data were collected by switching x-ray helicity at every en-
ergy step to minimize drift and enable point-by-point XMCD.
The applied field was flipped approximately every 12 h
to collect data with field along and opposite to the x-ray
helicity vector. The lower-energy M5 edge exhibited a higher
noise level due to increased self-attenuation of fluorescent
photons, as well as a lower expected XMCD signal, which
is proportional to the sum of the effective spin and orbital
moments (which is near zero in the cancellation scheme, if
the magnetic dipole contribution is neglected). For this reason,
more time was spent acquiring data at M5; ultimately, data at
M5 were accumulated for approximately 80 h, while data at
M4 were accumulated for 20 h, yielding a total of 100 h of
beam-on-sample. Ultimately, this scheme resulted in approx-
imately 20 000 integrated counts at the white line of the M5

edge, and 80 000 at M4. The averaged spectra for each helicity
were normalized to I0, then a linear preedge background was

subtracted. The edge steps across the M4,5 edges were scaled
to unity prior to the self-absorption corrections.

III. RESULTS AND DISCUSSION

Figure 1 shows the uncorrected XAS, derived from the
fluorescence signal of the sample by normalizing the fluores-
cence to the incident beam intensity and subtracting a linear
background. In addition, Fig. 1 displays the XMCD signals
computed from the difference of the positive- and negative-
helicity XAS at the M4 and M5 edges. Despite this strong,
clean signal, the XMCD spectra show no overt evidence of
magnetic dichroism outside of the noise. The jump seen in
Fig. 1(b) around 3.987 keV is due to a glitch in the monochro-
mator, rather than originating in the sample. The lack of a
detectable XMCD signal is somewhat unexpected based on
an on-site cancellation model, wherein large moments would
lead to large XMCD, even if the net moment is zero. While
it is possible that a small XMCD signal is contained within
the noise, such a signal would be driven by small spin and
orbital moments, and thus inconsistent with the magnitude of
magnetic moments required by theory to produce the energy
level splitting that matches the observed crystalline densities.
However, corrections for self-absorption of fluorescence pho-
tons must be conducted before this can be conclusively stated.

Analysis of fluorescence data for bulk samples of high-Z
materials must take into account self-absorption effects, as flu-
orescence x rays emitted can be reabsorbed within the sample
before reaching the detector. This effect is most pronounced
around the absorption edge, which can lead to significant
modification of the XAS signal. The self-absorption correc-
tion is performed using the equation [28]

Icor =
N

[
μt f

μe

sinθi
sinθ f

+ μb

�μe

]
[

μt f

�μe

sinθi
sinθ f

+ μb

�μe
+ 1

]
− N

, (1)

where Icor is the absorption-corrected XAS intensity, N the
background subtracted edge-step normalized fluorescence
data (e.g., that of Fig. 1), μtf is the weighted total absorp-
tion cross section of all atoms in the sample at the specific
fluorescence energy (Mα or Mβ of Pu in this case), �μe is the
absorption cross section of the central atom (Pu) across the ab-
sorption edge, μB is the absorption cross section of all atoms
(Pu and Ga) below the absorption edge, θi is the angle of x-ray
incidence relative to the sample surface, and θ f is the angle
between the sample surface and the detected emitted photon
wave vector. In our experimental geometry, θi = θ f = 45 ◦,
so the geometric terms containing these parameters cancel to
unity. The edge-step ratio of the absorption-corrected data for
spin-orbit split M5,4 edges was scaled according to the tab-
ulated absorption cross sections, i.e., �μe(M4)/�μe(M5) =
0.61, with M4 scaled immediately before the glitch around
3985 eV. All cross sections are taken from the XCOM photon
cross-section database [29].

The absorption-corrected XAS and XMCD data are plotted
in Figs. 1(c) and 1(d), displaying significant enhancement
of the peak strength around the white line compared to the
uncorrected data of Figs. 1(a) and 1(b). A complication of
such corrections is that they can also lead to magnification of
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FIG. 1. Uncorrected XAS and XMCD data collected in fluorescence yield mode at the M5 (a) and M4 (b) absorption edges of Pu. Note that
XMCD is plotted on an expanded scale on the right axis. No dichroism is observed above the noise floor; error bars (comparable to point size in
most cases) arise from counting statistics propagated through data analysis. Applying the self-absorption correction yields the modified spectra
presented in (c) and (d). The nonlinear nature of the correction greatly enhances small differences around the peak of the absorption edge. The
scattered points around the M5 edge could indicate the development of XMCD (albeit with an unusual local structure), but any dichroism at the
M4 edge remains small, and would be expected to be of comparable size to the XMCD for PuSb. Solid gray regions indicate an approximate
noise band based on scatter of data, which is then scaled according to the self-absorption correction scaling factors of the XAS, causing an
energy-dependent expansion of noise.

noise in the data [presented as the gray band from Figs. 1(a)
and 1(b) projected via the energy-dependent scaling of Eq. (1)
into Figs. 1(c) and 1(d)] as well as experiencing extreme
divergence when the raw fluorescence approaches specific
values, because of the presence of N in the denominator of
Eq. (1). This magnification of noise is particularly prominent
in Fig. 1(c) around the M5 absorption edge, which displays
exaggerated point-to-point variance between adjacent energy
points in the XMCD data. The validity of these corrections can
be confirmed by calculating the branching ratio (B), defined
as the integrated area of the M5 XAS peak divided by the
integrated area of the M4 and M5 peaks. The data here yields
B = 0.84, which is in close agreement with values determined
at the N4,5 edges using electron-energy-loss spectroscopy
[30], as well as XAS measurements on PuSb [22]. This value
matches that produced by an intermediate coupling scheme
[31] and is much closer to that expected from a j j coupling
scheme, rather than a Hund’s rule ground state, consistent
with strong spin-orbit coupling that splits the 5f band. In-

ferred dichroism spectra from the amplified noise in Fig. 1(c)
or 1(d), however, do not resemble data gathered on other
Pu compounds and would likely require an exotic multiplet
configuration to reproduce any inferred energy dependence;
this is especially unlikely for an fcc lattice that has only one
crystallographic site [22]. The M4 edge has a similar amplified
noise, though with smaller magnitude than that at M5. This is
due to the higher data quality at M4 and the self-absorption
correction being less sensitive in that energy region. Even with
the self-absorption correction, the experimental XMCD spec-
tra at M4 or M5 do not exhibit unambiguous dichroism above
the noise level, though presumably some small signal due to
paramagnetic susceptibility should be present below experi-
mental detection thresholds. With the present noise level, it
is not possible to assess the contributions of spin and orbital
moments to the paramagnetic susceptibility.

Given the lack of clear magnetic dichroism in Fig. 1, it
is instructive to use the available information to perform a
simple bounding exercise to constrain the magnitude of any
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FIG. 2. XMCD spectra collected at the M5 (a),(c) and M4 (b),(d) edges (black points, taken from Fig. 1 and expanded for M5), plotted with
solid lines indicating the approximate expected spectra (Gaussians of areas dictated by the magneto-optical spin-orbit sum rules) that would
result from values μS = 3.4μB, μL = −3.0μB with moments fully polarized, 10% polarized (saturation field = 600 T), and 1% polarized
(saturation field = 600 T). These correspond to the near equal and opposite values of spin and orbital moments that arise from the on-site
cancellation model (a),(b), as well as the purely spin moment that arises from the case of quenched orbital moments and fully delocalized
electrons (c),(d). In all cases it is clear that the moments are not fully polarized, with the sensitive M4 edge enforcing at most 1% polarization
(μS = 0.034μB). This places heavy constraints on the possible configurations of magnetic moments in δ-Pu, in contrast to many theoretical
works, but matching well with other direct and indirect experimental probes of magnetism in Pu. Shaded areas indicate an estimate of the
scatter in the uncorrected XAS data, projected through the self-absorption correction. Error bars arise from counting statistics.

5 f magnetic moment in δ-Pu that can be hidden within the
noise floor of the experiment. The magneto-optical sum rules,
which enable extraction of the orbital moment, 〈Lz〉, and ef-
fective spin polarization, 〈Seff〉, are given as [13,14,32]

−μL = 〈Lz〉 = nh
�IM5 + �IM4

IM5 + IM4

(2)

and

−μS,eff

2
= 〈Seff〉 = 〈SZ〉 + 3〈TZ〉 =

(nh

2

)�IM5 − 3
2�IM4

IM5 + IM4

,

(3)

where nh is the number of holes in the 5f shell (8.6/Pu)
[30,33], �IM 5,4

the integrated area of the XMCD at the
M5,4 edges, IM 5,4

the integrated area of the XAS at the M5,4

edges, 〈Lz〉 the orbital angular momentum, 〈Sz〉 the spin an-
gular momentum, and 〈Tz〉 the magnetic dipole contribution.
The magneto-optical sum rules can be rearranged to provide
estimates of the expected area of the XMCD at the M4,5

absorption edges based on the measured integrated area of the
XAS, known values of nh, and predictions for μL,S from the
near-net-zero, on-site cancellation DFT model [3]. A value of
−0.13μB/Pu was chosen for 〈Tz〉, based on previous XMCD
studies of PuSb [22]. The degree of polarization and balance
of spin and orbital terms determines signal size, 〈Tz〉 provides
a correction on the order of 10% when changed from 0 to
−0.13μB/Pu, and less than 5% when increased to the value of
0.06 determined for PuFe2 [27]. A negative 〈Tz〉 implies more
localized electrons, which aligns with the proposed magnetic
configuration. For this exercise we approximate the peaks
in the dichroism spectra as Gaussians with areas dictated
by the values of �IM 5,4

determined by rearranging Eqs. (2)
and (3). While this approximation is not strictly accurate and
ignores details of atomic multiplet configurations, it is likely
constraining to the order of magnitude.

The results of this approximation are plotted in Fig. 2 for
two cases: on-site self-cancellation (a),(b) and fully quenched
orbital moments (c),(d) (note that the M5 data is zoomed in to
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show the small predicted signals). Here we take μS = 3.4μB

and μL = −3.0μB from [3] (yielding a saturation magnetiza-
tion of 0.4μB) and estimate the signal that would arise if the
sample were fully polarized (note that Pu is known to not be
fully polarized at 6 T [24]), 10% polarized (saturation field =
60 T), and 1% polarized (saturation field = 600 T). The large
noise envelope at the M5 edge challenges strong constraints
on the 5 f magnetic moments, although full polarization of
the Pu moments is highly implausible. Significantly stronger
constraints are imposed when considering both edges, which
is required for the sum rules. At the M4 edge, the higher data
quality clearly indicates that the cases of 100% and 10% po-
larization are incompatible with the measured results for both
on-site cancellation and fully quenched orbital moments. The
small signal arising from 1% polarization (μS = 0.004μB)
cannot be excluded with the acquired data, with the noise
envelope suggesting that less than 2% of the predicted total
moment is accessible at these fields, implying a saturation
field in excess of 300 T. These limits on magnetization in a 6
T field yield less than 5 µeV of Zeeman energy, well less than
the 20 meV that separates α- and δ-Pu [5]. Magnetometry of
δ-Pu confirms that the saturation field is greater than 6 T [24],
but data at significantly higher fields are not available. Rare
earth–doped Pd samples have been reported to have saturation
fields in excess of 20 T [34], but no reports exist of saturation
above 100 T. A high saturation field fits with an enhanced
Pauli paramagnetic response [6], where fields in the kilo-
tesla range are required to reach such magnetizations. These
results therefore place strict limits on the near-net-zero mag-
netic cancellation DFT model for the electronic structure of
δ-Pu, demonstrating a need for predictions of field-dependent
magnetism, and experiments to test them. While these mea-
surements cannot rule out on-site cancellation of moments
with a very high saturation field, they do suggest that the
energy associated with magnetic order at low fields does not
compare with phase transformations above room temperature
that Pu demonstrates. Even if ordered magnetism is found at
high fields, it appears to not provide the degrees of freedom
required for DFT to make accurate predictions of plutonium’s
physical properties.

The simple model of fully quenched orbital moments with
large spin moments is similarly challenged by these data,
again requiring saturation fields in the range of hundreds
of tesla. The possibility of fully quenched orbital moments,

μL = 0μB, is therefore precluded for μS > 0.1μB, which
would be the case if δ-Pu were a purely spin-only magnetic
system (and would also be incompatible with the measured
branching ratio of 0.84).

IV. CONCLUSION

These results thus place significant new constraints on the
presence of polarized moments in δ-Pu yet are consistent with
several decades of experimental work that has failed to find
any evidence of conventional, ordered magnetism. XMCD
allows the resolution of spin and orbital contributions to mag-
netic moments and based upon the absence of dichroism in
these experiments and the measured noise level, we are able
to place strict limits on the individual contributions to the
magnetic moments. The spin and orbital moments must be
less than 0.1μB at 6 T, and likely much less, meaning that
the moments are not more than 2% polarized. This implies
a saturation field in excess of 300 T at 3 K, significantly
larger than anything observed in comparable systems. This
finding suggests a clear need for improved DFT frameworks
to treat magnetic degrees of freedom in δ-Pu, and high-field
measurements to test them, as well as providing indirect sup-
port for DMFT models. We note that magnetism included
in electronic structure theories provides degrees of freedom
that are required to accurately reproduce physical quantities
such as Young’s modulus, crystalline structures, and lattice
parameters. The fact that these predictions yield descriptions
of Pu that are compatible with observable data suggests that
some energy splitting exists within the electronic structure
of δ-Pu, but the preponderance of experimental data, now
including individual limits on orbital and spin magnetic mo-
ments, strongly suggests that magnetism may not be the sole
progenitor of this energy splitting.
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