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In order to investigate the magnetic properties of Am4+ ions in the cubic fluorite structure, we have per-
formed 17O NMR measurements on (Pu0.91Am0.09)O2. We have observed a temperature-dependent 17O
NMR line broadening induced by classical dipolar hyperfine fields from the Am 5f moments. From
NMR line simulations, the effective moment of the Am moments has been estimated to be
leff ¼ 1:38lB=Am. This value is comparable with leff ¼ 1:32 or 1:53lB=Am reported for AmO2. We have
also carried out nuclear relaxation measurements for 17O nuclei. The magnetization recovery has been
found to exhibit a nonexponential time dependence with an exponent b � 0:5. This result is well under-
stood in terms of the nuclear relaxation mechanism induced by the Am 5f moment fluctuations via dipo-
lar hyperfine fields.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Actinide dioxides (AnO2: An = U, Np, Pu, and Am etc.) represent
possibly the most intensely studied series of any actinide com-
pounds. From chemical and industrial perspectives, this interest
has stemmed from their use as nuclear fuels. Recently, however,
AnO2 has attracted a great deal of attention in the field of f-electron
physics. Their surprisingly varied physical properties stimulate
continuing interest for both theory and experiment. All the acti-
nide ions in AnO2 have the same tetravalent state, so that the num-
ber of localized f-electrons per actinide ion varies systematically,
with two for U4+, three for Np4+ and four for Pu4+ in the same cubic
fluorite structure. In addition, in f-electron systems, real spin and
orbital are not independent degrees of freedom, since they are
tightly coupled with each other. Then, in order to describe such a
complicated spin–orbital coupled system, it is rather appropriate
to represent the f-electron state in terms of ”multipole” degrees
of freedom. Available multipoles on each material are dependent
on the number of f-electrons as well as the symmetry of the crystal.
In the cubic symmetry of AnO2, even the higher order multipoles
(quadrupole and octupole) are not quenched, and are found to
affect the physical properties at low temperatures.

In order to investigate the electronic state of AnO2 from a
microscopic viewpoint, we have performed a series of nuclear
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magnetic resonance (NMR) studies using 17O nuclei [1–8]. The
advantage of NMR experiments is that the static and dynamical
electronic properties can be selectively probed for each site in a gi-
ven compound. In the ordered state of UO2, for example, the 17O
NMR has revealed the existence of a large internal field with a tiny
electronic field gradient at oxygen sites [1,6,7]. These results have
confirmed the transverse triple-q type ordering of magnetic di-
poles in UO2. In NpO2, on the other hand, the 17O NMR data has
provided clear evidence for novel magnetic order associated with
octupole degree of freedom [2,4,8]. In addition, spin–lattice relax-
ation rate ð1=T1Þ measurements have revealed the occurrence of a
cross relaxation process between the 237Np 5f spins and the 17O
nuclei via a greatly enhanced indirect nuclear spin–spin coupling
[9]. From the 17O NMR studies, clear distinctions between the elec-
tronic states of UO2, NpO2, and PuO2 have been obtained.

AmO2 is known to exhibit an exotic phase transition at 8.5 K
[10]. However, due to a limited number of experimental data for
AmO2, the mechanism of this phase transition remains a mystery
more than 30 years [11,12]. In order to clarify the mechanism of
the phase transition, it is important to promote a better under-
standing of the magnetic properties of Am4+ ions in the cubic
fluorite structure. For this purpose, we extend our 17O NMR studies
to Am doped PuO2. Note that the study of the Am doped PuO2 is
also important from the technological perspective. It is a candidate
form of minor actinide including oxides of the target for both a fast
reactor [13] and/or an accelerator driven sub-critical system [14].
The knowledge of the fundamental properties would support a ba-
sic interpretation of a complicated nuclear fuel system, e.g. the ef-
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fects of Am addition on the physical properties of the standard fuel,
irradiation behavior, and so on.
2. Experimental

2.1. Sample preparation

A (Pu0.91Am0.09)17O2 sample for the NMR measurements was
prepared by oxidation of (Pu0.91Am0.09)N using isotopic-enriched
gas 17O2. About 9 mg of the starting material, (Pu0.91Am0.09)16O2,
was converted to (Pu0.91Am0.09)N by the carbothermic reduction
process [15]. Americium in the (Pu0.91Am0.09)16O2 powder was de-
rived from 241Pu. The (Pu0.91Am0.09)16O2 was thoroughly mixed and
milled with reagent grade graphite powder (Wako Pure Chemical
Industries Ltd.) in an agate mortar with a pestle. The molar ratio
of C to metal (Pu+Am) was three. The mixed powder was then
pressed into a columnar pellet. Heat treatment of the compacted
pellet was carried out in flowing N2 gas for 5 h at 1673 K for car-
bothermic reduction and conversion of (Pu0.91Am0.09)16O2 into
(Pu0.91Am0.09)N. Subsequent heat treatment in N2/4% H2 gas for 4
h at 1673 K was then done in order to remove the residual graph-
ite. The (Pu0.91Am0.09)N so obtained, in which no 16O was included,
was then heat treated in 90% 17O enriched O2 gas for 1.5 h at 1273
K. The Am content in the sample was determined from a chemical
analysis result of the powder, considering the possible loss of Am
during the heat-treatment process evaluated from a preliminary
study by the authors. Although no X-ray diffraction analysis of
the prepared (Pu0.91Am0.09)17O2 was carried out on account of the
small amount of sample, it is believed that the prepared (Pu0.91A-
m0.09)17O2 was well crystallized in view of the results of a similar
test using CeO2 as a surrogate of (Pu, Am)O2 that was prepared
from CeN using the same procedure; X-ray diffraction peaks of
the CeO2 sample indicated the fluorite-type structure without
any peaks derived from impurities.

2.2. NMR measurements

The (Pu0.91Am0.09)O2 powder was wrapped with polyimide tape
and encapsulated in a polyimide tube using epoxy resin. The encap-
sulated sample in the tube was doubly sealed in a Teflon capsule
using epoxy resin, and then mounted into an rf coil and settled at
the center of a superconducting magnet installed in a special area
for handling radioisotopes. 17O NMR measurements were carried
out using a phase coherent, pulsed spectrometer. The 17O nucleus
has I ¼ 5=2 with a gyromagnetic ratio cN ¼ 5:7719 MHz=T, and thus
possess a nuclear quadrupole moment. The NMR spectrum was ob-
tained from fast Fourier transformation (FFT) of spin-echo profiles
under an external magnetic field of H0 ¼ 51:51 kOe. The spin–lat-
tice relaxation time T1 was measured on the same powder sample
using the saturation–recovery method.
3. Results and discussion

3.1. NMR spectrum

Fig. 1 shows a series of 17O NMR spectra at temperatures of 10,
20, 35, 55, and 86 K, respectively. The NMR spectra broaden grad-
ually with decreasing temperature, while they do not change their
peak position at the frequency f ’ cNH0 for the whole temperature
range. There are no satellite peaks associated with a quadrupole
splitting, reflecting the cubic symmetry at the oxygen positions.

In Fig. 2, we plot the full widths at half maximum of the NMR
spectra, Df , against temperature. The temperature dependence of
Df is well reproduced by the sum of a Curie–Weiss (CW) term
and a constant term, that is,
Df ðkHzÞ ¼ C
T þ h

þ f0; ð1Þ

as shown by the solid line in Fig. 2. The existence of the CW term
reveals that the temperature-dependent part of the NMR line
broadening is due to an interaction with localized magnetic mo-
ments. Similar temperature-dependent line broadening has been
observed recently in Gd-doped CeO2, where a fraction of the non-
magnetic Ce atoms is substituted with magnetic Gd atoms [16].
On the other hand, in fitting the data, a temperature-independent
line width f0 ¼ 14:4 kHz was also obtained. This f0 term tells us that
there are other sources of line broadening existing even at high
temperatures. It is supposed that a part of the f0 term arises from
lattice distortions or defects induced by radiation damage. The
imperfections of the cubic lattice are known to cause tiny electronic
field gradients at the O sites, which lead to NMR line broadening
through quadrupolar interactions [1,4].

Note that PuO2 is known to exhibit a temperature-independent
magnetic susceptibility ðvðTÞÞ, reflecting the non-magnetic C1

crystal electric field (CEF) ground state of the Pu4+ ions [17–20].
On the other hand, vðTÞ for AmO2 shows CW behavior in the para-
magnetic state. The CEF ground state of Am4+ð5f 5Þ has been consid-
ered to be the magnetic C7 doublet and likewise for the
isoelectronic Pu3+ [10,21]. Recently, however, a possibility of the
magnetic C8 quartet ground state due to the competition between
Coulomb interactions and spin–orbit coupling has been pointed
out [22]. In either case, the CEF ground state is magnetic. Therefore,
it would be natural to consider that the CW term in Eq. (1) origi-
nates from the magnetic (dipole) moment carried by Am 5f elec-
trons. The magnetic moments can be coupled with 17O nuclei
through magnetic interactions and thus become a source of NMR
line broadening as discussed below.

In AnO2, the 17O nuclei are regarded as belonging to ligand sites,
which have no intrinsic magnetic moment. In such a case, the nu-
clear spin Hamiltonian of 17O may be written using the dipolar
hyperfine field Hdip and the second rank Knight shift tensor eK as,

Hspin ¼ �cN�hI � H0 � cN�hI � Hdip � cN�h½I � eK � H0�: ð2Þ

The first term is due to the Zeeman interaction between the nu-
clear spin I and the applied field H0. The second term is the classi-
cal dipolar hyperfine interaction arising from the 5f spin moments
of An ions. The third term is the so-called transferred hyperfine
interaction arising from the on-site spin density at O sites as a con-
sequence of the orbital hybridization effect between An 5f and O 2p
electrons. For AnO2, however, the transferred term is expected to
be relatively small compared with the other two terms, since the
AnO2 are all insulators and thus the 5f electrons are well-localized.
This has been confirmed with 17O NMR in the ordered state of UO2

[1]. If the transferred term is neglected in Eq. (2), the NMR fre-
quency fN is simply given by

fN ¼ cNðH0 þ H0dipÞ; ð3Þ

since Hdip � H0. Here H0dip is the projection of Hdip along H0, i.e.
H0dip ¼ Hdip cos h, where h is the angle between Hdip and H0. There-
fore, if there is no other source of NMR line broadening, a NMR line
profile directly corresponds to a histogram of H0dip at nuclear sites.

The dipolar field from a magnetic ion at site j to the nucleus at
site i can be calculated numerically by using the formula,

Hdipði; jÞ ¼ 3
ð �mj � rijÞrij

r5
ij

�
�mj

r3
ij

" #
; ð4Þ

where rij is the distance between sites i and j, and �mj is the time
average moment of Am along H0. The total Hdip is obtained by sum-
ming over all the contributions from magnetic moments in the crys-
tal. Using Eqs. (3) and (4), we simulated the 17O NMR line
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Fig. 1. (a) A series of 17O NMR spectra for (Pu0.91Am0.09)O2 obtained with H0 ¼ 51:51 kOe at temperatures 10, 20, 35, 55, and 86 K, respectively. (b) The corresponding NMR
line simulations using estimated values of the Am moment m (see text).

40

30

20

10

0

Δ
f 

  (
 K

H
z 

)

200150100500
Temperature (K) 

f0

50
40
30
20
10

0

m
-1

 (
  μ

Β-1
 )

806040200
T ( K )

Fig. 2. The temperature dependence of the full width at half maximum of the NMR
spectrum, Df . The solid line shows the result of a least-squares fitting to Eq. (1). The
dotted line represents the temperature independent part f0. The inset shows the
temperature dependence of m�1 estimated from the NMR line simulation at each
temperature (see text). The solid line corresponds to the CW expression with an
effective moment leff ¼ 1:38lB per Am ions.
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broadening due to the dipolar fields from the Am 5f moments in
(Pu0.91Am0.09)O2. For this simulation, we took a PuO2 cubic lattice
consisting of 64 Pu and 128 O sites and randomly selected six Pu
sites as Am sites (corresponds to �9% substitution); we put
�mj ¼ m for Am sites, while �mj ¼ 0 for Pu sites. These numbers were
determined in such a way that a further increase in the lattice sizes
does not give any visible changes in the results. We calculated Hdip

for the eight oxygen sites located at the center of the cubic lattice,
and then drew the histogram of their NMR frequencies fN , where
the direction of H0 was chosen randomly since we used a powder
sample. The histogram was accumulated by repeating the calcula-
tion; each time the positions of Am ions on the lattice as well as
the direction of H0 were chosen randomly. The calculation was re-
peated about 500 times until convergence of the result was ob-
tained. Finally, in order to compare the results with experimental
data, we took into account another source of broadening, i.e. the
f0 term in Eq. (1). A simple way to model the effect is to take a con-
volution with a Lorentzian broadening function of width f0. If f ðxÞ is
the histogram of the NMR frequencies and gðyÞ the broadening
function, the resulting envelope will be FðyÞ ¼

Rþ1
�1 f ðxÞgðx� yÞdx.

In Fig. 3, we show the simulated envelope with m ¼ 0:14lB

along with experimental data at T ¼ 10 K. For comparison, we also
plot the envelope with m ¼ 0 (no dipole interaction). Further
examples of the simulations are also shown in Fig. 1b. The figures
show that the nearly symmetric line broadenings at low tempera-
tures are well reproduced by the simulations, which allowed us to
estimate the magnetization per Am ion m at each temperature, as
shown in Fig. 1b. In the inset of Fig. 2, we plot the temperature
dependence of m�1 at H0 ¼ 5:151 T. The solid line corresponds to
the CW expression with an effective moment leff ¼ 1:38lB per
Am with h ¼ 5:8 K. Note that the estimated value of leff is compa-
rable with the values leff ¼ 1:32 or 1:53lB per Am reported from
vðTÞ for AmO2 [10].

It should be also noted that our NMR line simulations for
m > 0:08lB show a broad structure at lower frequencies, as shown
in Fig. 3. This broad structure originates from the 17O sites adjacent
to the Am ions. In the experiment, however, no such structure has
been observed even at the lowest temperature of 10 K. We expect
that the relaxation times of these adjacent O sites may be too short
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to detect their NMR signals, since they are strongly coupled with
the Am 5f moments. Further experimental effort is needed to clar-
ify this point.
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Fig. 5. The temperature dependence of the 1=s and ð1=T1Þhost in (Pu0.91Am0.09)O2.
3.2. Nuclear spin–lattice relaxation

NMR can probe the dynamical property of a electron system via
the nuclear spin–lattice relaxation measurements. The relaxation
rate 1=T1 is related to the low-energy spin-fluctuation densities
perpendicular to the quantization axis. Experimentally, 1=T1 is
determined by fitting the nuclear recovery pðtÞ � ½Mð1Þ�
MðtÞ�=Mð1Þ to a theoretical function, where t is the time after a
saturation pulse to the observation pulses and MðtÞ is the nuclear
magnetization. In the pure PuO2, pðtÞ for the 17O nuclei shows an
exponential time dependence, that is, pðtÞ ¼ pð0Þ exp½�ðt=T1Þ� [6].
This is a characteristic of the nuclear spin system where there is
no quadrupole splitting and no dispersion of 1=T1 among nuclei.
In (Pu0.91Am0.09)O2, on the other hand, we have observed a nonex-
ponential pðtÞ in the whole temperature range studied. An example
of the pðtÞ curves is shown in Fig. 4. The nonexponential decay re-
veals that there is a distribution in 1=T1 over nuclei depending on
the distance ðrÞ from dilute relaxation sources.

The solid line in Fig. 4 shows the result of a least-squares fit to a
product function, that is,

pðtÞ ¼ pð0Þ exp½�t=T1;host � ðt=sÞb�; ð5Þ

where pð0Þ; b and 1=s are fit parameters. The product function of Eq.
(5) is widely applicable to systems containing magnetic impurities
[23,24], where the 1=T1;host is the nuclear relaxation rate of the host
system, while the 1=s represents the relaxation process induced by
the magnetic impurities. Here the values of 1=T1;host were estimated
from the 1=T1 of PuO2. The temperature variation of the exponent b
is shown in the inset of Fig. 4, where approximately b � 0:5 is ob-
tained in the whole temperature range. Note that the b � 0:5 has
been predicted for diffusionless relaxation process associated with
the dipolar or Ruderman–Kittel–Kasuya–Yoshida (RKKY) interac-
tions with dilute impurities, where the nuclear relaxation rate
decays as 1=T1;impðrÞ ¼ a=r6 [23,24]. 1=s is related with a by

ð1=sÞ1=2 ¼ 4
3
p3=2cN0a1=2; ð6Þ

where c is the ratio of magnetic to non-magnetic sites and N0 is the
Avogadro number.
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Fig. 4. An example of the observed pðtÞ curves in (Pu0.91Am0.09)O2. The solid line
shows the result of a least-squares fit to Eq. (5). The inset shows the temperature
variation of the exponent b.
In Fig. 5, we plot the temperature dependence of 1=s and
1=T1;host. Here 1=T1;host is estimated from 1=T1 of PuO2. In the whole
temperature range, 1=s is more than an order magnitude larger
than 1=T1;host . This reveals that the 17O nuclear relaxation is domi-
nated by the Am 5f moment fluctuations in (Pu0.91Am0.09)O2. In
addition, 1=s increases with decreasing temperature and shows a
broad maximum around 20 K. At present, the origin of the broad
maximum is uncertain. However, we expect that the 1=s maxi-
mum may be associated with the slowing down of Am moment
fluctuations at low temperature. In the presence of the moment
fluctuations with a characteristic frequency xfl; að/ 1=sÞ is given
by [25],

a � ðcN �mjÞ2
xfl

x2
fl þx2

res
ð7Þ

where xres is the resonance frequency of observation (�30 MHz).
When xfl � xres at high temperatures, a will be temperature-inde-
pendent at � ðcN �mjÞ2=xfl. At lower temperatures, on the other hand,
a will be enhanced with decreasing xfl, and show a maximum at
xfl ’ xres. We suggest that the foregoing scenario may be tested
by measuring the c and xres dependences of 1=s. From Eqs. (6)
and (7), 1=s is expected to have linear relations with c2 and x�2

res .
These experiments are now in preparation.
4. Summary

We have initiated the first 17O NMR study on (Pu0.91Am0.09)O2. A
temperature-dependent NMR line broadening has been observed
at low temperatures. This result is well understood in terms of
classical dipolar hyperfine fields from the 5f moments of the Am
ions. By comparing the results of NMR line simulations with the
experimental data, we have estimated the effective moment of
the Am ions to be leff ¼ 1:38lB. This value is comparable with
leff ¼ 1:32 or 1:53lB per Am in AmO2. We have also measured
the nuclear spin–lattice relaxation of 17O. The 17O nuclear magne-
tization recovery was found to show a nonexponential time depen-
dence with the exponent b � 0:5. This effect has been identified as
a relaxation process induced by Am moment fluctuations via dipo-
lar hyperfine fields.
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Nakamura, S. Nasu, Y. Ōnuki, Phys. Rev. B 63 (2001) 104404.

[2] Y. Tokunaga, Y. Homma, S. Kambe, D. Aoki, H. Sakai, E. Yamamoto, A.
Nakamura, Y. Shiokawa, R.E. Walstedt, H. Yasuoka, Phys. Rev. Lett. 94 (2005)
137209.

[3] Y. Tokunaga, Y. Homma, S. Kambe, D. Aoki, H. Sakai, E. Yamamoto, A.
Nakamura, Y. Shiokawa, R.E. Walstedt, H. Yasuoka, Physica B 359-361 (2005)
1096.

[4] Y. Tokunaga, D. Aoki, Y. Homma, S. Kambe, H. Sakai, S. Ikeda, T. Fujimoto, R.E.
Walstedt, H. Yasuoka, E. Yamamoto, A. Nakamura, Y. Shiokawa, Phys. Rev. Lett.
97 (2006) 257601.

[5] Y. Tokunaga, Y. Homma, S. Kambe, D. Aoki, H. Sakai, E. Yamamoto, A.
Nakamura, Y. Shiokawa, R.E. Walstedt, H. Yasuoka, Physica B 378–380 (2006)
929.

[6] Y. Tokunaga, H. Sakai, T. Fujimoto, S. Kambe, R.E. Walstedt, K. Ikushima, H.
Yasuoka, D. Aoki, Y. Homma, Y. Haga, T.D. Matsuda, S. Ikeda, E. Yamamoto, A.
Nakamura, Y. Shiokawa, K. Nakajima, Y. Arai, Y. Ōnuki, J. Alloys Compd. 444–
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